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Abstract 
 

Cytonuclear coordination is an important aspect in plant evolution which 

involves the synchronized interactions between nuclear and organellar genomes. 

Allopolyploidy, resulting from interspecific hybridization and genome duplication, could 

result in cytonuclear incompatibilities. Therefore, to coordinate cytonuclear interactions, 

allopolyploids may undergo alterations in duplicated nuclear gene expression via 

incorporating maternally biased expression patterns. To investigate cytonuclear responses 

to allopolyploidy, in this study, expression patterns of duplicated nuclear genes and their 

organelle counterparts, implicated in cytonuclear enzyme complexes, as well as dual-

targeted genes were investigated in the reciprocally formed young T. miscellus 

allopolyploids (90-100 years) and diploid parent species; T. dubius and T. pratensis. In 

addition, the effect of polyploidy on morphological traits of T. miscellus allopolyploids 

were examined and assessed relative to parent species. The expression data showed that 

T. miscellus allopolyploids are regulating expression at the homeolog level, primarily 

through T. pratensis bias, while maintaining the total gene expression levels as to parental 

levels. The morphological evaluation of allopolyploids and diploids demonstrated that 

both reciprocal forms of T. miscellus have significantly longer, but fewer leaves compared 

to the diploid parent species. These findings reflect that young T. miscellus allopolyploids 

are certainly undergoing homeolog expression regulation to accommodate cytonuclear 

interactions as well as displaying morphological responses to allopolyploidy. This study 

provides insights into polyploid genome evolution and contributes to further 

understanding of the cytonuclear coordination in allopolyploids. 
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Figure 2.1 : Ortholog identification of organelle-targeted and organelle non-targeted 

nuclear proteins in the Tragopogon dubius genome. The first step involved an alignment 

of canonical isoforms of all T. dubius and Arabidopsis thaliana proteins (A), followed by 

an alignment between Lactuca sativa and A. thaliana proteins in the second step (B) to 

find missing A. thaliana proteins from first step. Lastly, protein orthologs corresponding 

to Lactuca proteins found in the second step were identified in the T. dubius genome (C).

 ......................................................................................................................................... 57 

Figure 2.2: Representation of orthologous groups identified in the Tragopogon dubius 

genome. The grey area represents the organismal relationship between Arabidopsis 

thaliana and T. dubius. The black lines represent relationships among genes from each 

species. Category 1:1 represents orthologous protein groups that are single copy in both 

lineages. Categories n:1 or 1:n include gene duplications in Arabidopsis or Tragopogon, 

respectively. .................................................................................................................... 58 

Figure 2.3: Light harvesting proteins form a complex gene family with many species-

specific paralogs. A maximum likelihood tree was estimated from protein sequences. Tips 

are labeled with respect to species, T.dub = Tragopogon dubius (red), sunflower = 

Helianthus annuus (yellow), B. rapa = Brassica rapa (light green), Athal = Arabidopsis 

thaliana (dark green). Grey labels are from a variety of other Brassicaceae taxa. ......... 60 

Figure 3.1: Graphical representation of additive and non-additive expression patterns in 

allopolyploids for total gene expression and homeolog-specific expression. Circles depict 

the expression levels of a particular gene, and the size of the circles represents the relative 

expression level of a gene. A & B) Additive expression occurs when the total gene 

expression in an allopolyploid is additive (i.e., the sum) of the two parents, who might 

differ in their expression profiles (lower in one parent and higher in the other). C & D) 

Expression level dominance occurs when the total expression of duplicated genes is 

statistically similar to one of the diploid parents. For example, scenarios C and D show 

expression level dominance toward parent A or B, respectively. E & F) Transgressive 

expression patterns occur when the gene expression levels in a polyploid are either up- 

(E) or down-regulated (F) compared to both parents.  G & H) Homeolog expression bias 

is the relative contribution of the homeologs to the total gene expression. This can be 

biased toward either parental species or unbiased (I). .................................................... 78 

Figure 3.2: The map shows USA collection sites (encircled red) where seed collections 

of natural populations of both parental species and reciprocal forms of Tragopogon 

miscellus allopolyploids were made for this study. The markings besides each location 

represent the species collected at a particular site. (Td: T. dubius, Tp: T pratensis, sm: 

short-liguled T. miscellus and lm: long-liguled T. miscellus). ........................................ 82 

Figure 3.3: Overview of RNA CaptureSeq workflow. RNA extracted from leaf tissues 

of each individual was used as starting material for the pre-captured library preparation. 

Following the library preparation, all the libraries were pooled together to carry out 

hybridization using custom designed probes. After probe hybridization the probe-

hybridized transcripts were captured using bead capture followed by washing. Next 

amplification of the captured library pool was done, followed by QC enrichment using 

qPCR. The quality-assured library pool was sequenced on Illumina HiSeq. ................. 84 
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Figure 3.4: Linear correlation plot (R2=0.885) between read counts and input 

concentration of ERCC spike-in transcripts, determining the library preparation. quality.
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Figure 3.5: Plot showing platform fold change response through a linear relationship 

between expected and observed fold change ratios of ERCC spike-in transcripts in ERCC 

Exfold mixes. Data points are shaded based on the significant (padj < 0.01) expression 
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Figure 3.6: PCA plot showing the clustering of individual samples within species at 

different timepoints (early-, middle- and mature-growth stages). The sample labels with 

the same digit (1, 5, 8, etc.) but different letter (a, b, c) represent replicates of the same 

individual. For example, 12a, 12b and 12c represent replicates of one Tragopogon dubius 

individual. The circled samples collected at early- and mature-growth stages, represent 

the T. pratensis individual that showed suspicious behavior and clustered with 

allopolyploid species. ...................................................................................................... 94 

Figure 3.7: PCA of differentially expressed genes (p < 0.05) among parents and 

allopolyploid species at different growth stages. Circled individuals represent 

Tragopogon pratensis samples which clustered with allopolyploid species. ................. 94 

Figure 3.8: Hierarchical clustering of differential expression data of all examined 

cytonuclear and control genes (not targeted to organelles) of individuals from populations 

of Tragopogon dubius, T. pratensis and reciprocal forms of T. miscellus at all growth 

stages. Differential gene expression is displayed in colors ranging from red to blue as 

shown in the legend. The positive to negative values on the scale bar correspond to up- 

and down-regulation of gene expression, respectively. .................................................. 96 

Figure 3.9: Comparison of expression patterns including additive and non-additive 

expression of 185 organelle-targeted duplicated nuclear genes in reciprocal forms of 

Tragopogon miscellus allopolyploids relative to their diploid parent species. Non-additive 

expression patterns involve expression level dominance and transgressive expression. T. 

pra, T. dub and T. mis = T. pratensis, T. dubius and T. miscellus, respectively. The first 

comparison at the early stage was done considering all early-age samples for both late- 

and early-flowering plants............................................................................................... 99 

Figure 3.10: Comparison of the number of organelle-targeted genes exhibiting homeolog 

specific expression patterns between polyploids with respect to expression patterns in 

parent species. Green and yellow circles represent the homeologs derived from 

Tragopogon dubius and T. pratensis, respectively. Parental legacy (categories a, b & c) 

is when the expression patterns of genes in the parent species are vertically transmitted in 

the polyploid species. For example, most of the genes showed no differential expression 

between parents, thus, the homeologs in polyploids showed unbiased expression patterns 

(category a).  Absence of homeolog expression bias means the genes were differentially 

expressed between parent species but in polyploids this trend was absent and homeologs 

showed no bias (categories d & e). Novel homeolog expression bias represents 

expression bias towards either parent in polyploids although such patterns were not 

originally observed in either parent species (categories f, g, h & i). The first comparison 

at the early stage was done considering all early-age samples for both late- and early-

flowering plants. ............................................................................................................ 104 

https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106043
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106043
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106043
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106045
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106046
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106046
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106046
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106047
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106048
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106049


 

xii 
 

Figure 3.11: Comparison of the number of organelle-targeted genes showing unbiased 

and biased homeolog expression toward Tragopogon pratensis or T. dubius for each 

population of short-liguled T. miscellus and long-liguled T. miscellus at the early growth 

stage. The encircled gene showed directional homeolog bias and the genes in bold red 

represented the cross-specific maternal bias toward their respective maternal parent. 105 

Figure 3.12: Comparison of the number of organelle-targeted genes showing unbiased 

and biased homeolog expression toward Tragopogon pratensis or T. dubius between each 

population of short-liguled T. miscellus and long-liguled T. miscellus at the middle growth 

stage. The encircled genes showed directional homeolog bias and the genes in bold red 

represent the cross-specific maternal bias effect. .......................................................... 106 

Figure 3.13: Number of organelle-targeted genes showing patterns of unbiased or biased 

gene expression for early compared to middle- and mature-growth stages in Tragopogon 

miscellus populations. Green and yellow circles represent the homeologs derived from T. 

dubius (T. dub) and T. pratensis (T. pra), respectively. None of the homeologs altered 

expression bias across developmental stages in both allopolyploid forms. .................. 108 

Figure 3.14: Hierarchical clustering of expression data for all organelle genes from 

individuals of Tragopogon dubius, T. pratensis and reciprocal forms of T. miscellus in 

both early- and late-flowering plant groups at all growth stages. Differential gene 

expression is displayed in colors ranging from red to blue as shown in the legend. The 

positive to negative values on the scale bar correspond to up- and down-regulation of 

gene expression, respectively. ....................................................................................... 111 

Figure 4.1: Inflorescence differences between reciprocally formed Tragopogon miscellus 

allopolyploids. Left side shows relaxed inflorescence of long-liguled T. miscellus and 

right side shows constricted inflorescence of short-liguled form. ………………… ...131 

Figure 4.2: Germination rates of Tragopogon diploid and allopolyploid species. Each bar 

represents the mean of all populations from each species. ........................................... 135 

Figure 4.3: Differences between diploid and allotetraploid Tragopogon species in terms 

of number of leaves. Each bar represents mean of all populations from each species. 136 

Figure 4.4: Differences between diploid and allotetraploid Tragopogon species in terms 

of leaf length. Each bar represents mean of all populations from each species. ........... 137 

Supplementary Figure 3.1: Mapping rate of raw reads mapped to the reference gene 

models in all examined samples of Tragopogon dubius (blue), T. pratensis (purple) and 

reciprocal forms (orange: long-liguled, green: short-liguled) of T. miscellus 

allopolyploids. ............................................................................................................... 197 

Supplementary Figure 3.2: Multi-mapping rate demonstrating the percentage of reads 

mapped to multiple reference gene models in all individual samples of Tragopogon 

dubius (blue), T. pratensis (purple) and reciprocal forms (orange: long-liguled, green: 

short-liguled) of T. miscellus allopolyploids. ................................................................ 198 

Supplementary Figure 3.3: Mean proportion of mismatches between raw reads and 

reference gene models in all individual samples of Tragopogon dubius (blue), T. pratensis 

(purple) and reciprocal forms (orange: long-liguled, green: short-liguled) of T. miscellus 

allopolyploids. ............................................................................................................... 199 

Supplementary Figure 3.4: PCR confirmation of the ploidy level of diploid parent 

species via TDF-85 gene amplification. Bands a-f and j correspond to various 

https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106050
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106050
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106050
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106050
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106050
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106051
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106051
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106051
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106051
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106051
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106052
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106052
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106052
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106052
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106052
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106053
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106055
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106055
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106056
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106056
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106057
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106057
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106059
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106059
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106059
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106059
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106060
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106060
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106060
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106060
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106061
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106061
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106061
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106061
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106062
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106062


 

xiii 
 

Tragopogon dubius individuals and g-i bands show different T. pratensis individuals. h 

is the T. pratensis individual with suspicious behavior, clustered with allopolyploid 

species in principal component analysis. ...................................................................... 199 

Supplementary Figure 3.5: Number of genes showing anomalous expression patterns in 

reciprocal forms of Tragopogon miscellus allopolyploids compared to their parent 

species. These genes did not fall into any expression categories mentioned in Figure 3.7.

 ....................................................................................................................................... 200 

Supplementary Figure 3.6: Comparison of expression patterns of 12-13 duplicated 

control genes in reciprocal forms of Tragopogon miscellus allopolyploids relative to their 

diploid parent species. T. pra, T. dub and T. mis = T. pratensis, T. dubius and T. miscellus, 

respectively. First comparison at early stage was done by combining the early age samples 

of both late and early flowering plants. ......................................................................... 201 

Supplementary Figure 3.7: Comparison of expression patterns of seven duplicated 

retrograde-signaling partners of dual-targeted genes in reciprocal forms of Tragopogon 

miscellus allopolyploids relative to their diploid parent species. T. pra, T. dub and T. mis 

= T. pratensis, T. dubius and T. miscellus, respectively. First comparison at early stage 

was done by combining the early age samples of both late and early flowering plants.

 ....................................................................................................................................... 202 

Supplementary Figure 3.8: Comparison of the number of control genes exhibiting 

homeolog specific expression patterns between polyploids with respect to expression 

patterns in parent species. Green and yellow circles represent the homeologs derived from 

Tragopogon dubius and T. pratensis, respectively. Parental legacy (categories a, b & c) 

is when the expression patterns of genes in the parent species are vertically transmitted in 

the polyploid species. For example, most of the genes showed no differential expression 

between parents thus, the homeologs in polyploids showed unbiased expression patterns 

(category a).  Absence of homeolog expression bias means the genes were differentially 

expressed between parent species but in polyploids this trend was absent and homeologs 

showed no bias (categories d & e). Novel homeolog expression bias represents 

expression bias towards either parent in polyploids although such patterns were not 

originally observed in either parent species (categories f, g, h & i). ............................ 204 

Supplementary Figure 3.9: Comparison of the number of retrograde-signaling partners 

of dual-targeted genes showing homeolog specific expression patterns between 

polyploids with respect to expression patterns in parent species. Green and yellow circles 

represent the homeologs derived from Tragopogon dubius and T. pratensis, respectively. 

Parental legacy (categories a, b & c) is when the expression patterns of genes in the 

parent species are vertically transmitted in the polyploid species. For example, most of 

the genes showed no differential expression between parents thus, the homeologs in 

polyploids showed unbiased expression patterns (category a).  Absence of homeolog 

expression bias means the genes were differentially expressed between parent species 

but in polyploids this trend was absent and homeologs showed no bias (categories d & e). 

Novel homeolog expression bias represents expression bias towards either parent in 

polyploids although such patterns were not originally observed in either parent species 

(categories f, g, h & i). .................................................................................................. 206 

https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106062
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106062
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106062
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106063
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106063
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106063
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106063
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106064
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106064
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106064
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106064
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106064
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106066
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106067


 

xiv 
 

Supplementary Figure 3.10: Comparison of the number of control genes belonging to 

expression patterns including unbiased, bias toward Tragopogon pratensis and T. dubius 

between each population of short-liguled T. miscellus and long-liguled T. miscellus at 

early- (top) and middle- (bottom) growth stages. The genes in bold red represented the 

cross specific maternal bias effect................................................................................. 207 

Supplementary Figure 3.11: Comparison of the number of retrograde-signaling genes 

belonging to expression patterns including unbiased, bias toward Tragopogon pratensis 

and T. dubius between each population of short-liguled T. miscellus and long-liguled T. 

miscellus at early- (top) and middle- (bottom) growth stages. The genes in bold red 

represented the cross specific maternal bias effect. ...................................................... 208 

Supplementary Figure 3.12: Comparison of the number of control genes demonstrating 

homeolog expression patterns between early vs middle growth stage and early vs mature 

growth stage within each population of short- and long-liguled Tragopogon miscellus. 

Green and yellow circles represent the homeologs derived from T. dubius (T. dub) and T. 

pratensis (T. pra), respectively. The orange highlight across all populations means no 

directional homeolog bias with respect to a developmental stage. ............................... 209 

Supplementary Figure 3.13: Comparison of the number of retrograde-signaling genes 

displaying homeolog expression patterns between early vs middle growth stage and early 

vs mature growth stage within each population of short- and long-liguled Tragopogon 

miscellus. Green and yellow circles represent the homeologs derived from T. dubius (T. 

dub) and T. pratensis (T. pra), respectively. The orange highlight across all populations 

means no directional homeolog bias with respect to a developmental stage. ............... 210 

Supplementary Figure 3.14: Hierarchical clustering of expression data for all organellar 

(mitochondrial and plastid) genes from individuals of Tragopogon dubius, T. pratensis 

and reciprocal forms of T. miscellus in the early-flowering plant group at all growth 

stages. Differential gene expression is displayed in colors ranging from red to blue as 

shown in the legend. The positive to negative values on the scale bar correspond to up- 

and down-regulation of gene expression, respectively. ................................................ 211 

Supplementary Figure 3.15: Hierarchical clustering of expression data for all organellar 

(mitochondrial and plastid) genes from individuals of Tragopogon dubius, T. pratensis 

and reciprocal forms of T. miscellus in the late-flowering plant group at all growth stages. 

Differential gene expression is displayed in colors ranging from red to blue as shown in 

the legend. The positive to negative values on the scale bar correspond to up- and down-

regulation of gene expression, respectively. ................................................................. 212 

  

https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106068
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106068
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106068
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106068
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106068
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106069
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106069
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106069
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106069
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106069
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106070
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106072
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073
https://masseyuni-my.sharepoint.com/personal/shussai1_massey_ac_nz/Documents/Final%20Thesis/Examiners'%20thesis%20changes/Sidra_Final%20Thesis%20Changes_27-08-2023-JT%20finalllllllllllllllllllll%20-%20Copy.docx#_Toc146106073


 

xv 
 

List of Abbreviations 
 

AltA  Alternative acceptor  

AltD  Alternative donor 

AltFE  Alternative first exon 

AltLE  Alternative last exon  

ANOVA Analysis of variance 

AS  Alternative splicing 

AtIPT3 Adenosine phosphate-isopentenyl-transferase 

BLAST Basic local alignment search tool 

Clp  Caseinolytic protease 

CyMIRA The Cytonuclear Molecular Interactions Reference for Arabidopsis 

DCL  Dicer like proteins 

DNA  Deoxyribonucleic acid 

ERCC  External RNA Controls Consortium 

ES  Exon skipping  

FLC  Flowering locus C 

GFP   Green fluorescent protein 

GR  Genetic recombination  

IR  Intron retention  

LSU  Large subunit 

MAFFT Multiple alignment using fast fourier transform 

MI  Meiosis I 

MII  Meiosis II 

mRNA  Messenger ribonucleic acid 

My  Million years 

NGE  Nuclear gene expression 

NMD  Nonsense-mediated decay 

Nt  Nucleotide 



 

xvi 
 

OGE  Organelle gene expression 

OXPHOS Oxidative phosphorylation 

PAS2  PASTICCINO 2 

PCA  Principal component analysis 

PCR  Polymerace chain reaction 

PTCs  Premature termination codons 

PTMs  Post-translational modifications 

QC  Quality control 

RdDM  RNA directed DNA methylation 

RNA  Ribonucleic acid 

RNAi  Ribonucleic acid interference 

RNA-Seq Ribonucleic acid sequencing 

ROS  Reactive oxygen species 

RQS  Ribonucleic acid quality score 

rRNA  Ribosomal ribonucleic acid 

RT-PCR Reverse transcription polymerase chain reaction 

siRNA  Small interfering ribonucleic acid 

smRNA Small ribonucleic acid 

SNP  Single nucleotide polymorphism 

SSU  Small subunit 

STAR  Spliced transcripts alignment to a reference 

Tat  Twin-arginine translocation 

TE  Transposable element 

TF  Transcription factor  

tRNA  Transfer ribonucleic acid 

ul  Microliter 

uM  Micromolar 

USA  Unites States of America 

WGD  Whole genome duplications



 

 
 



 

1 

Chapter 1  

  

Introduction 
 

1.1. Polyploidy 

Polyploidy is characterized by the presence of more than two complete sets of 

chromosomes within an organism. Polyploidization is considered to be a significant 

mechanism of plant speciation and diversification, thus contributing a major part in plant 

evolution (Otto and Whitton 2000; Adams and Wendel 2005; Soltis et al. 2009; Madlung 

2013a). Although polyploidy has occurred in animals such as insects, reptiles, fishes and 

amphibians (reviewed in Van de Peer et al. 2017a), it is more common in plants (Otto and 

Whitton 2000). Many plant lineages have experienced one or more rounds of ancient 

polyploidization events through their evolutionary history (De Bodt et al. 2005; Cui et al. 

2006; Soltis et al. 2009). For instance, genomic data revealed that all angiosperms, at least 

once in their evolutionary history, encountered ancient whole genome duplications (Jiao 

et al. 2011b). Additionally, recent polyploidy events have been found in almost 25-35% 

plant species (Salman-Minkov et al. 2016b). In support of this notion, many studies have 

identified the presence of repeated rounds of whole genome duplications during the 

course of plant evolution and even species with small genomes that were long believed 

to be diploids, like Arabidopsis thaliana, have experienced ancient polyploidy (Adams 

and Wendel 2005). The frequency of polyploidy for different groups of green plants is 

wide-ranging, from very low in bryophytes to 31% in ferns and up to 15% in angiosperms 

(Wood et al. 2009). Polyploidization events are documented as key events in the history 

of seed plants (Fawcett et al. 2009; Jiao et al. 2011b; Leitch and Leitch 2013). Even within 

the angiosperm group, polyploidy is more frequent in monocots than dicots (Otto and 

Whitton 2000). Moreover, closely related species and even different populations within 
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species may have ploidy level differences and multiple origins as well (Lewis 1980; Soltis 

et al. 1993; Soltis and Soltis 1999). These observations propose that polyploidy in plants 

is a constant process leading to evolutionary innovation. As many important crops are 

recent polyploids, including wheat, sugarcane, potato, canola and cotton, or the outcome 

of an ancient polyploidization event, such as rice, maize, and soybean (Leitch and Leitch 

2008).  

 

1.2. Classification of Polyploids 

Stebbins characterized three main types of polyploids; autopolyploids, 

segmental allopolyploids and allopolyploids (Stebbins Jr 1947) based on their origin and 

chromosome pairing behavior (Chen and Ni 2006b; Grant 1981b; Stebbins 1971b). 

However, in many cases, a species cannot be clearly designated as one type or another, 

leading to uncertainty or debate on the subject (Barker et al. 2016; Doyle and Sherman‐

Broyles 2017). Autopolyploids undergo the process of genome duplication within the 

same species, which results from either identical or quite similar genomes (Stebbins Jr 

1947; Lewis 1980). In allopolyploids, hybridization between two different species 

followed by genome doubling, leads to two or more divergent genomes within the same 

nucleus (Stebbins Jr 1947; Grant 1978). Segmental allopolyploids involve the doubling 

of partially distinct genomes and include natural hybrid polyploids forming multivalents 

(Stebbins Jr 1947; Levin 2002). Furthermore, aneuploids, which either lack a 

chromosome or possess an extra one, may arise from meiotic errors leading to gametes 

with various haploid numbers (Myers and Hill 1940).  

Chromosome pairing leads to distinct types of polyploids (Jackson 1982). 

Multivalent formation and polysomic inheritance play a crucial role in characterizing 

autopolyploids, whereas bivalent formation and disomic inheritance are the distinguished 
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features of allopolyploids (Stebbins 1971a; Ramsey and Schemske 2002; Comai 2005b; 

Le Comber et al. 2010; Parisod et al. 2010b; Zielinski and Scheid 2012). Exceptional 

patterns of inheritance are observed either in autopolyploids showing consistent bivalent 

formation (Weiss and Maluszynska 2001) or segmental allopolyploids that show a 

mixture of disomic and polysomic segregation patterns (Stebbins 1971a). 

Based on the age of whole genome duplication (WGD) events, polyploids can 

be classified as neo-, meso- or paleopolyploids (Mandáková et al. 2010), but ideas around 

these ages can vary. Neopolyploids (~ < 200,000 years old) are newly synthesized young 

polyploids, which are characterized by clearly distinguishable progenitor sub-genomes 

and extant diploid ancestors (Ramsey and Schemske 2002; Kagale et al. 2014; Vallejo‐

Marín et al. 2015). With the passage of time, neopolyploids evolve into mesopolyploids 

(~ 8-17 My ago) whose sub-genomes are only discernible via comparative genetic and 

genomic approaches (Parkin et al. 2005; Mandáková et al. 2010; Parkin et al. 2014; Wang 

et al. 2011). The term paleopolyploids refers to polyploids that have diploidized over 

several million years through extensive genome restructuring that leads to the 

assimilation of parental sub-genomes (Wolfe 2001; Mandáková et al. 2010). 

The prevalence and relative contributions of auto- and allopolyploidy to plant 

speciation vary.  Estimates show that in natural populations, the prevalence of 

allopolyploidy is higher than autopolyploidy (Levin 2002; Ramsey and Schemske 1998). 

However, autopolyploidy might be underestimated because it is quite difficult to identify 

in natural settings (Tate et al. 2005a; Soltis et al. 2007). The apparent prevalence of 

allopolyploids could be because of heterosis conferred by their hybrid origin that gives 

them an edge over autopolyploids (Stebbins 1950; Grant 1981b). Also, autopolyploids 

are more prone to chromosome pairing problems in meiosis (Grant 1981b) and therefore 

might not persist over longer evolutionary timeframes.  
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1.3. Formation of Polyploids                                                                                                                       

Gametic non-reduction and somatic doubling, to some extent, are the main 

means of polyploid formation (Lewis 1980; Ramsey and Schemske 1998; Levin 2002; 

Coyne and Orr 2004). In meiotic nuclear restitution, commonly known as gametic non-

reduction, alterations in the meiotic program or cellular defects in meiosis I (MI) or 

meiosis II (MII) may switch the meiotic cell division into a mitotic-like process, 

generating diploid or unreduced gametes (Brownfield and Köhler 2010), thus leading to 

progeny with an increased chromosome number. This mechanism can be subdivided into 

two types: bi- and unilateral sexual polyploidization (Ramsey and Schemske 1998; Comai 

2005b; De Storme and Geelen 2013). In the former, fusion between two gametes having 

a fully somatic complement of chromosomes can result in a tetraploid individual, which, 

depending on favorable conditions, can initiate the de novo establishment of a tetraploid 

lineage. However, in unilateral sexual polyploidization, the fusion of a normal haploid 

gamete with an unreduced gamete leads to the formation of a triploid embryo. Although 

triploid seeds are not viable due to imbalanced parental genome input in the endosperm, 

this triploid block is often absent or incomplete, permitting triploid plant formation 

(Simioni et al. 2006; Köhler et al. 2010). Through meiotic cell division or random 

segregation, these triploids generate aneuploid and/or euploid gametes, which may result 

in the establishment of stable polyploid populations over time (Henry et al. 2005). This 

process is commonly termed the triploid bridge hypothesis (Ramsey and Schemske 1998) 

and has been proposed to play a role in the evolution of polyploidization events. These 

pathways might be common as in almost every plant species, the first or second meiotic 

division results in variable but small amounts of unreduced gametes (Mok and Peloquin 

1975; Carputo et al. 2000). Cytological studies from various plant species suggest a 

plethora of cellular defects can lead to this phenomenon.  Three main divisions of these 
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defects are: (1) meiotic spindle dynamic alterations; (2) defects in the formation of the 

meiotic cell plate; (3) omission of meiosis I or II, (reviewed in Brownfield and Köhler 

2010; De Storme and Geelen 2013; Bretagnolle and Thompson 1995). It has been 

estimated that non-hybrid flowering plants produce 0.56% diploid gametes 

(diplogametes) (Ramsey and Schemske 1998). Environmental stresses like nutrient 

shortage, frost, herbivory, and wounding enhance the frequency of diplogamete 

production (Mayrose et al. 2011; Pécrix et al. 2011). Strikingly, unreduced gamete 

production is 50-fold higher in hybrids compared to non-hybrid systems (Zhang et al. 

2010b). Additionally, the production of diplogametes is heritable and their production is 

controlled by a small number of genes (Zhang et al. 2010b; d'Erfurth et al. 2008). 

Although the underlying molecular phenomenon of unreduced gamete formation is 

known, much is yet to be revealed (Brownfield and Köhler 2010).  

The other main avenue of polyploid formation is via somatic doubling. 

Mixoploid chimeras are produced by somatic doubling in meristem tissue of either adult 

or juvenile sporophytes (Ahloowalia and Garber 1961; Hiesey et al. 1971; Jorgensen 

1928; Newton and Pellew 1929; Skalińska 1947). Fertile tetraploid shoots of otherwise 

sterile diploid F1s, of Primula floribunda × P. verticellata, generated Primula kewensis, 

one of the first described allopolyploids (Newton and Darlington 1929). Likewise, a 

tetraploid shoot was observed in wounded (“decapitated”) tomato plants (Jorgensen 1928) 

and on a diploid F1 hybrid between Mimulus nelsoni and M. lewisii (Hiesey et al. 1971). 

Somatic polyploidy is commonly observed in numerous non-meristematic plant tissues 

(D'Amato 1952, 1964), including normal diploid Vicia faba, which possesses octoploid 

and tetraploid cells in pith and cortex of stem (Coleman 1950). Such polyploid cells are 

a source of new polyploid shoots (D'Amato 1952, 1964; Lewis 1980). Complete polyploid 

sporophytes can also be generated through the process of somatic doubling occurring 
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either in a young embryo or zygote. How frequently somatic doubling occurs naturally 

and the effects of interspecific hybridization on its frequency are still not well understood 

(Lewis 1980; Ramsey and Schemske 1998).  

Synthetic polyploids, to imitate the established natural polyploids, are mostly 

produced by somatic doubling, although this pathway is less prevalent in natural 

polyploids (Tayalé and Parisod 2013). The generation of synthetic polyploids can be done 

by the use of colchicine, trifluralin, oryzalin or amiprophos-methyl, i.e., anti-mitotic 

substances that block the cell cycle (Jaskani et al. 2005; Semeniuk and Arisumi 1968; 

Madon et al. 2005; Amiri et al. 2010; Rodrigues et al. 2011; Tamayo-Ordóñez et al. 2016). 

Colchicine is the most commonly used means that inhibits the segregation of 

chromosomes in mitosis through the depolymerization of the microtubular cytoskeleton 

in early stages of metaphase, consequently leading to polyploidization of the cells. In 

higher concentrations, in a later stage, it induces polymerization of new tubulin-

containing structures in c-metaphase cells, allowing the reconstitution of 4C nuclei and 

their progression into the cell cycle (Caperta et al. 2006). 

 

1.4. Genomic and Genetic Consequences of Polyploidy 

Interspecific hybridization and polyploidy have played a pivotal role in 

modifying genomes of flowering plants (Soltis et al. 2015). Genomic studies of modern 

and ancient polyploids demonstrate immediate and long term consequences of polyploidy 

at the genomic and transcriptomic level that result from merging two genomes (Wendel 

et al. 2018a). In the short term, some of the immediate consequences include duplicated 

gene loss, divergence in molecular evolutionary rates, homoeologous exchange of 

reciprocal or non-reciprocal nature, gene silencing and inter-subgenomic spread of TEs 

(Figure 1.1) (Parisod et al. 2010a; Senerchia et al. 2015). Longer-term  consequences of 
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polyploidy include structural rearrangements in the polyploid genome, the emergence of 

novelty in genome function (neofunctionalization) or the sharing of gene function 

between duplicates (sub-functionalization) (Yoo et al. 2014a; Renny-Byfield et al. 2014). 

Over time, at a structural level, loss of duplicated genes and repetitive sequences, a 

decrease in the number of chromosomes and extensive chromosomal rearrangements are 

observed frequently, which may lead to genome downsizing in polyploids (Freeling et al. 

2012; Woodhouse et al. 2014; Leitch and Leitch 2008).  All these genomic alterations can 

occur collectively over time, ultimately resulting in polyploid systems that behave like 

diploids cytogenetically (Wendel 2015). The diverse nature of polyploid systems affects 

both the speed and the extent to which these variations occur (reviewed in Soltis et al. 

2016). Moreover, the diploidization process can also occur with respect to loss/retention 

Figure 1.1: Variation in allopolyploids at the genome level including 

changes in the karyotype, patterns of methylation and transposable 

element distribution (from Soltis et al. 2014a).   
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of certain types of genes and gene losses/retention from a particular genome (Wendel 

2015) (discussed in sections 1.4.2 and 1.5.3). These various aspects of genome 

downsizing or diploidization suggest that polyploidy, to some extent, is a reversible 

process (Leitch and Leitch 2008). In polyploid genomes, the occurrence of similar 

sequences derived from parents enhances the likelihood of structural variants. The 

following genomic effects have been extensively studied and observed in multiple 

polyploid species. 

 

1.4.1. Chromosomal Rearrangements and Homeologous Exchanges 

Chromosomal variations in polyploids are mostly caused by abnormal 

chromosomal segregation at meiosis due to multivalent formation during early 

generations (Comai 2005b). Thus, the segregation of chromosomes and meiotic/mitotic 

stability are major challenges for cells after polyploidization (reviewed by Comai 2005b). 

In allopolyploids, the phenomenon of disomic inheritance, where homologous 

chromosomes pair and recombine during meiosis, is commonly observed (Griffiths et al. 

2006). However, some polyploids have been shown to deviate from an expected disomic 

pattern and display various chromosomal rearrangements including intergenomic 

translocations, aneuploidy, and homeologous (duplicated chromosomes in polyploids 

derived from different parent species) recombination (Soltis and Soltis 2000). For 

instance, Chester et al. (2012b) reported that 69% and 76% of Tragopogon miscellus 

populations showed aneuploidy of one or more chromosomes and intergenomic 

translocations, respectively, with no apparent population having a fixed karyotype. 

Importantly, the populations showing aneuploidy were observed to be compensatory 

aneuploids (Figure 1.1) as they still had the stable chromosome number (2n=24), because 

aneuploidy occurred mostly through reciprocal monosomy-trisomy of homeologous 
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chromosomes (1:3 copies) or nullisomy-tetrasomy (0:4 copies) (Chester et al. 2012b). 

Tragopogon mirus showed similar results with a few exceptions in the frequency of 

compensated aneuploidy (Chester et al. 2015). These findings confirm that after WGD 

the prolonged and significant instability in chromosomes is a common effect in natural 

populations. Moreover, Nicotiana allopolyploids and synthetic lines of Brassica napus 

also showed similar intergenomic translocations and aneuploidy (Xiong et al. 2011; Gaeta 

et al. 2007). However, plant allopolyploids such as cotton and Spartina anglica were 

observed to display relatively few exchanges between homeologous chromosomes which 

might be due to divergence between parental genomes, thus led to stable allopolyploid 

genomes (Liu et al. 2001; Ainouche et al. 2012; Ainouche et al. 2004). These findings 

suggest that in angiosperms, different plant species react differently to polyploidy.  

 

1.4.2. Gene Loss 

As duplicated genes are located at all loci of allopolyploids, these extra loci can 

be lost, maintained and/or modified (Figure 1.2). Loss may consist of either homeologous 

gene conversions or physical loss of DNA (Wang and Paterson 2011).  It has been 

reported both in synthetic and natural allopolyploids that gene losses of one duplicated 

copy have occurred over short time scales (Kashkush et al. 2002a; Nie et al. 2008; 

Anssour et al. 2009; Buggs et al. 2010a; Koh et al. 2010). Nie et al. (2008) identified 

immediate gene loss following polyploidization in a S1 synthetic hexaploid Triticum. On 

the contrary, gene losses in other groups occurred in later generations after WGD (Song 

et al. 1995; Buggs et al. 2009b). The frequency of gene losses can be high in young 

polyploids, as evident in Tragopogon miscellus, which showed high variation in 

homeolog losses among populations and individuals (Tate et al. 2009b; Buggs et al. 

2012a). Moreover, in multiple origins of both T. mirus and T. miscellus, recurrent patterns 
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of homeolog retention and loss were reported (Tate et al. 2006a, 2009; Koh et al. 2010; 

Buggs et al. 2012a).  

Over longer evolutionary time, gene function plays major roles in governing the 

fate of duplicated genes, whether they are retained in duplicate or returned to single copy 

(Paterson et al. 2006; Barker et al. 2008; Severin et al. 2011; De Smet et al. 2013a; Wendel 

2015). Genes that encode subunits of multi-subunit proteins (such as transcription factor 

complexes, ribosomes and proteosomes) or related proteins are more likely to be retained 

(Van de Peer et al. 2017a; Freeling et al. 2015; Conant et al. 2014). Whereas, genes related 

to DNA metabolism, RNA binding proteins and nuclease activity are singleton genes and 

are anticipated to work alone (Freeling 2009). Even though the genomic events associated 

Figure 1.2: Variation in allopolyploids at the genetic level involving 

homeolog loss, retention or conversion across multiple lineages (from 

Soltis et al. 2014a). 
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with neopolyploids may seem random, over longer periods, patterns of duplicated vs 

single gene retention eventually appear. 

Bias in gene loss from particular parental genomes has also been documented in 

studies investigating gene duplications in A. thaliana (Thomas et al. 2006), B. rapa 

(Cheng et al. 2012) and Z. mays (Schnable et al. 2011). In B. rapa, one of the three sub-

genomes encountered considerably fewer gene losses than the others (Tang et al. 2012; 

Wang et al. 2011).  A similar pattern is also mirrored at the expression level, where a gene 

producing more transcripts tends to be retained (Schnable et al. 2011) and located on the 

dominant sub-genome (Woodhouse et al. 2014). This aspect of expression dominance is 

linked to differences in the density of transposable elements between parental genomes, 

such that the dominant genome with less TEs would reflect less methylation and higher 

gene expression levels compared to the co-resident genome.  

The divergence between progenitor genomes of the allopolyploid may impact 

the differential fate of homeologs. For instance, some homeologs may already be well 

adapted to particular ecological conditions or may contribute more to the total expression. 

Also, because of the inherited initial differences in local genome context between two 

progenitor genomes of an allopolyploid, selection and mutation might act differentially 

on homeologs (Grover et al. 2017).  For example, differences in epigenetic modifications, 

cis/trans regulation, the recombinational landscape, gene density and gene activity 

between parents could lead to differential regulation of homeologs, with subsequent 

unequal effects of diversity-altering phenomena (He et al. 2010; Guo et al. 2008; Grover 

et al. 2017). Lastly, gene conversion may alter homeolog interactions in the nucleus of an 

allopolyploid via creating chimeric and novel alleles but minimizing intragenomic 

nucleotide diversity. Gene conversion (non-reciprocal recombination between alleles or 

paralogous loci) is apparently a common phenomenon in species of allopolyploids, 
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including cotton, Nicotiana rustica, Brassica napus, Haloferax volcanii, and Coffea 

arabica (Matyasek et al. 2003; Udall et al. 2005; Gaeta and Pires 2010; Salmon et al. 

2010; Lange et al. 2011; Page et al. 2016; Flagel and Wendel 2010; Lashermes et al. 

2016). Certainly, stability in fungal and plant genomes following polyploidization or 

hybridization can be maintained by gene conversion (McGrath et al. 2014; Chalhoub et 

al. 2014; Sriswasdi et al. 2016). Qiao et al. (2019) reported dynamic changes in the rate 

of gene conversion, which was high immediately after polyploidization and decreased 

overtime, reflecting the 1 My (million years) of cotton evolution (Guo et al. 2014). 

Collectively, all these different avenues of gene loss contribute to the diversity of 

polyploid genomes post-formation.  

 

1.5. Transcriptomic Consequences of Polyploidy 

The transcriptome is the sum of all the RNA transcripts of an organism. 

Following WGD, polyploids go through changes in gene expression generated by massive 

genomic restructuring (chromosomal translocations, gene losses, homeologous 

exchanges) and epigenetic mechanisms (cis/trans effects, histone modifications, DNA 

and transposons methylation), with subsequent effects on the metabolome and proteome 

(Chen 2007a). In allopolyploids, transcriptome shock occurring via the combination of 

diverged genomes also contributes to the rapid and substantial variation in the expression 

levels between homeologs, though to varying extents (Hegarty et al. 2006; Jackson and 

Chen 2010). Interspecific hybridization, rather than chromosome multiplication itself, has 

a major impact on the reprogramming of the allopolyploid transcriptome (Chen 2007a; 

Osborn et al. 2003b). Thus, moderate transcriptomic modifications triggered in 

autopolyploids are not as apparent as in allopolyploids, due to their intraspecific origin 

(Comai 2005b). 
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Previous studies have revealed four possible fates of duplicated genes in 

allopolyploids: both homeologs are functional, one parental copy is silenced while other 

maintains the original function, both copies diverge and partition their ancestral function 

or one copy may gain a novel function (Prince and Pickett 2002; Doyle et al. 2008; Conant 

and Wolfe 2008; Edger and Pires 2009; Lynch and Conery 2000; Blanc and Wolfe 2004; 

Roulin et al. 2013). Duplicated genes may not conserve their parental legacy and their 

expression levels can show divergence from parental additivity (Buggs et al. 2014). In 

allopolyploids of wheat (Pumphrey et al. 2009; Qi et al. 2012), cotton (Flagel et al. 2008), 

Tragopogon (Buggs et al. 2011a), Arabidopsis (Shi et al. 2012a; Wang et al. 2006b) and 

Senecio (Hegarty et al. 2006) non-additive expression patterns have been reported, and 

so exhibit expression phenotypes that are not additive to those of the parental taxa.  Such 

dynamic expression discrepancies in allopolyploids generate genetic and phenotypic 

novelty, which promotes polyploid evolution. In many allopolyploids, transcriptomic 

responses to interspecific hybridization followed by genomic doubling have been 

revealed, including a variety of phenomena, such as genome dominance, restoring of co-

expression networks, homeolog expression bias and expression level dominance (Figure 

1.3) (Hu and Wendel 2019a; Grover et al. 2012a; Soltis et al. 2012; Wendel et al. 2012). 

These scenarios are elaborated upon in the following sections. 

 

1.5.1. Homeolog Expression Bias 

In an allotetraploid, when expression of one homeolog (duplicated genes) is 

favored over the other, this phenomenon is called homeolog expression bias (Figure 1.3). 

The outcome differs among tissues and is expected to be based on the expression levels 

inherited from the progenitor diploids (Flagel et al. 2008; Chaudhary et al. 2009; Buggs 

et al. 2011a; Dong and Adams 2011; Combes et al. 2011). This definition of expression 
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bias has an obvious evolutionary dimension in the sense that it involves expression level 

comparison among polyploid and progenitor or model progenitor genomes. In cases  

where parental levels of expression cannot be determined, biased expression is relaxed 

relative to ancestral states by assuming 1:1 parental expression (Schnable et al. 2011). 

Moreover, when progenitor expression levels are unequal, bias is often determined by 

comparing the expression of each homeolog to a mid-parent expression value or to the 

expression level of the parents (Rapp et al. 2009a; Chagué et al. 2010; Flagel and Wendel 

2010). The causes of biased expression may be due to epigenetic mechanisms (discussed 

in section 1.6.1), including cis/trans regulatory differences between merged genomes 

(Figure 1.3) (Shi et al. 2012a; Bell et al. 2013; Xu et al. 2014).  Homeolog expression 

Figure 1.3: Variation in allopolyploids at the transcriptome level involve 

differential expression of homeologs resulting in homeolog expression bias, 

expression level dominance or tissue specific expression patterns. The cis/ trans 

regulatory differences and their interactions may cause such expression level 

changes (Soltis et al. 2014a). 
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bias has been reported in many allopolyploid systems, including Arabidopsis (Wang et 

al. 2004; Chang et al. 2010), Brassica (Gaeta et al. 2007; Auger et al. 2009), Gossypium 

(Adams et al. 2003b; Flagel et al. 2008; Hovav et al. 2008), Tragopogon (Buggs et al. 

2010a, b; Koh et al. 2010), Spartina (Chelaifa et al. 2010),  Triticum (Mochida et al. 2004; 

Bottley et al. 2006) and others. 

Across diverse species, synthetic and natural allopolyploids behave differently 

with regard to expression bias. For instance, an RNA sequencing study in cotton 

allopolyploids showed that one sub-genome expressed more genes and the nature of the 

sub-genome varied in synthetic versus natural allopolyploids (Hu et al. 2013).  In 

comparison to diploids, 48% and 59-62% of genes showed differential expression in 

synthetic and natural polyploids, respectively (Hu et al. 2013). Among 25,000 cotton 

genes encompassing single nucleotide polymorphisms distinguishing homeolog origins, 

only 0.71–0.75% genes have no visible expression in synthetic polyploids. Since the 

allopolyploidization event in cotton occurred 1–2 My ago, it was concluded that there 

may not have been enough time for gene loss or expression of pseudogenized copies are 

still detectable (Wendel and Cronn 2003a). Homeolog-specific patterns showed 

immediate bias in expression of one homeolog over the other in Tragopogon miscellus 

following hybridization (Buggs et al. 2011a), with a minimum influence of polyploidy 

per se (Buggs et al. 2014). Across synthetic lines and natural populations, evolutionary 

patterns are significantly repeated, with T. mirus exhibiting similar outcomes (Tate et al. 

2009b; Buggs et al. 2009b). 

Genome-wide investigations of expression differences are challenging for most 

organisms, because of the scarcity of genome sequence data for most species. In these 

cases, small scale experiments to investigate expression bias in non-model allopolyploid 

systems have been conducted. For example, only 13 genes in Coffea arabica (Combes et 



 

16 

al. 2011), 30 in Tragopogon mirus (Koh et al. 2010) and 144 in T. miscellus were analysed 

(Buggs et al. 2011a). With only a few studies examining duplicate gene expression, our 

understanding of how homeologs are regulated in allopolyploids is limited. Due to the 

advancement of RNASeq technology, studies of homeolog expression bias in non-model 

allopolyploids can be carried out without prior information regarding complete parental 

genome sequences.  

 

1.5.2. Expression Level Dominance 

Expression level dominance (originally termed as genomic dominance) occurs 

when the total expression of a homeologous gene pair turns out to be more similar to one 

parent irrespective of the expression level of the gene in the parent in question (Figure 

1.3) (Grover et al. 2012a; Li et al. 2014; Rapp et al. 2009a). Both expression level 

dominance and homeolog expression bias may be balanced among loci in a genome with 

regard to diploid progenitors or they may favor one parental genome over the other 

(described as unbalanced) (Grover et al. 2012a). Initially, expression level dominance 

was observed in cotton (Rapp et al. 2009a; Yoo et al. 2013a) and now has been 

demonstrated in other plant species including wild allopolyploids (Chelaifa et al. 2010), 

coffee (Bardil et al. 2011), and wheat (Qi et al. 2012). Expression level dominance in 

coffee plants was only observable when grown at higher (Bardil et al. 2011). Such 

observations add a fascinating environmental dimension to the stability of gene 

expression in polyploids. Like coffee and cotton, ~21-22% of transcripts examined in leaf 

tissue of Tragopogon allopolyploids displayed unbalanced expression level dominance 

(toward the maternal parent) (Boatwright et al. 2018a). In cotton and coffee, both of which 

are older allopolyploids compared to Tragopogon polyploids, the modulation and 

selection of regulatory networks over time (Flagel and Wendel 2010) may lead to an 
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increase in non-additive expression compared to recent allopolyploids that exhibit a lower 

degree of non-additive expression. Similarly, Flagel and Wendel (2010) described a 

sequential dimension to this phenomenon in a study of five natural allopolyploid species, 

showing that although recent allopolyploids display maximum level of bias in genomic 

dominance, it dissipates over evolutionary time even though the overall extent remains 

comparatively high.  

A connection between homeolog expression bias and expression-level 

dominance was shown by three studies conducted using RNA-Seq; two studies indicated 

no link between them (Combes et al. 2013; Rambani et al. 2014), while the third study 

showed that either down- or upregulation of the non-dominant parental copy might lead 

to expression level dominance (Yoo et al. 2013a). These findings illustrate the action of 

various molecular mechanisms comprising silencing of the non-dominant homeolog, or 

trans-effects overpowering cis-regulatory differences. Despite the limited knowledge of 

underpinning mechanisms, homeolog expression bias and expression-level dominance 

proved to be a source of novelty and diversity in polyploids relative to their diploid 

parents, hence they can have significant roles in polyploid evolution.  

 

1.5.3. Sub-genome/Genome Dominance  

 In allopolyploids that show biased fractionation, one of the prominent whole 

genome features is sub-genome dominance, where genes of one sub-genome seem to be 

expressed at a higher rate, depending on their maternal or paternal origin, as compared to 

the genes of second sub-genome (reviewed in Yoo et al. 2014a). Feldman et al. (2012) 

reported this interesting scenario in wheat allopolyploids in which the A genome was 

shown to control morphological traits, including grain shape, glumes with keels, free 

caryopsis, plant habitus and inflorescence structure. In addition, this genome also harbors 
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many domestication genes, e.g., free-threshing on long arm of chormosome 5A (5AL) 

(Sears 1954), QTLs for kernel size (Elias et al. 1996), the genes for non-brittle spike on 

short arm of chromosome 3A (3AS) (Nalam et al. 2006). Hence, the A genome likely has 

a complete suite of important genes, thereby regulating differential sub-genome control 

of morphological traits, whereas the B genome in wheat allopolyploids confers tolerance 

to biotic and abiotic stresses, thus playing a role in ecological adaptation of populations 

(Peng et al. 2003b; Peng et al. 2003a; Fahima et al. 2006). Genome dominance requires 

some generations to be established since it is a characteristic feature mostly found in 

ancient polyploids instead of synthetic ones (Woodhouse et al. 2014). A real-time study 

involving diploid parents, a hybrid and a recent allotetraploid is the best way to 

understand the origin of sub-genome dominance. While studying monkey flower 

tetraploids, Edger et al. (2017) confirmed that sub-genome expression dominance 

occurred in a wide hybrid (produce via intergeneric hybridization) immediately following 

hybridization, and substantially increased over generations. This was evidenced by low 

methylation levels of TEs and nearby genes in the wide hybrid, followed by intermediate 

levels in the synthetic allotetraploid.  However, natural allopolyploid (< 140 years) 

showed highest differential levels of methylation between dominant and submissive sub-

genomes (Edger et al. 2017). Such differences in methylation levels between hybrid, 

synthetic- and natural allotetraploids reflected a progressive increase in expression bias 

patterns. Moreover, they concluded that after millions of years, in allotetraploids derived 

from a wide hybrid, the submissive genome expressing fewer genes will be inclined 

toward biased gene fractionation compared to its homeolog. Hence, while sub-genome 

dominance occurs instantaneously in a hybrid, it requires evolutionary time to increase.  

Even though it is difficult to measure sub-genome differences in terms of 

fractionation until a few million years have passed, variation at the gene expression level 
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in recent allopolyploids can be measured. Several cases of sub-genome dominance have 

been demonstrated by various allopolyploids including wheat (Li et al. 2014), cotton 

(Renny-Byfield et al. 2015) and Tragopogon mirus (Buggs et al. 2010b). Likewise, 

mesopolyploid (B. rapa and maize) sub-genomes have been differentially fractionated, 

and the sub-genome with more genes tended to display comparatively higher expression 

levels of mRNA (Schnable et al. 2011; Cheng et al. 2012). In contrast to the above-

mentioned studies, sub-genomes of pumpkin allotetraploids (> 3My old) showed no 

biased fractionation or sub-genome expression dominance and interestingly, they are 

chromosomally intact, even though deletions have taken place (Sun et al. 2017). It could 

be because of no noteworthy differences in TE distributions in cucurbit diploid progenitor 

species (reviewed in Wendel et al. 2018a). 

Differential density of TEs and their methylation status in original diploid 

progenitors of an allopolyploid as well as chromatin modifications are among those 

mechanisms that have been proposed to mediate inter-genomic suppression of gene 

function (Feldman et al. 2012), thus leading to the origin of genome dominance (Renny-

Byfield et al. 2015, 2017; Edger et al. 2017; Steige and Slotte 2016; Cheng et al. 2016; 

Wendel et al. 2018a; Woodhouse et al. 2014; Pophaly and Tellier 2015). Previous studies 

have mainly investigated the diverse expression patterns of duplicated genes in old 

allopolyploid species. Young Tragopogon miscellus allopolyploid could prove 

potentially valuable to study sub-genome dominance as its history of origin is tractable 

(90-100 years old) and also the parental diploid species are known which still coexist with 

their allopolyploid derivatives. 

 

1.5.4. Developmental and Tissue-specific Regulation of Gene Expression 

In various plant allopolyploids, the evolutionary outcome of homeologs has been 
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reported in numerous studies investigating homeolog-specific expression analyses 

(Adams 2007; Hughes et al. 2014; Takahagi et al. 2018b). A study examining genome-

wide expression changes in Arabidopsis allotetraploids discovered that during flower 

development, silenced rRNA genes in leaves get activated in flower organs including 

sepals, pollen, petals and anthers, (Wang et al. 2006b). In B. napus, multiple homeologs 

encoding ribosomal proteins show tissue-specific expression, revealed through 

transcriptome analysis (Whittle and Krochko 2009). Furthermore, in cotton, analysis of 

relative expression levels of homeologous and allelic genes revealed that genes showing 

sub-functionalization expressed in reproductive tissues and non-functionalized alleles are 

the derivatives of the A-genome, suggesting most likely genome-of-origin bias for neo-

functionalization (Chaudhary et al. 2009). An alternative study conducted on cotton 

confirmed that organ-specific gene expression is exhibited by many homeologous genes 

that in allotetraploids display unequal expression (Adams et al. 2003b). One homeolog of 

the locus, AdhA, was interestingly silenced in one organ and other homeolog in another 

organ. This reciprocal silencing mechanism occurs in both natural and synthetic 

allotetraploids of cotton and is dependent on genotype (Adams et al. 2004), thus 

indicating stable maintenance of gene duplicates during evolution and their rapid sub-

functionalization (Huerta-Cepas et al. 2011). Similarly, studies based on recent 

Tragopogon polyploids reveal that immediately following WGD, sub-functionalization 

may begin to happen (Buggs et al. 2011a).  In allopolyploid species, the evolutionary 

changes in gene regulatory networks caused by differential expression of diverged 

homeologs are believed to mediate responses to environmental cues and developmental 

programs (Chen and Ni 2006a).  
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1.6 Mechanisms for Regulation of Non-additive Gene 

Expression 

In allopolyploids, numerous controlling factors acting either discretely or 

collectively may lead to non-additive gene expression. One of these factors is the 

expression differences inherited from parental diploid species that result in differential 

expression of homeologs in allopolyploids (Figure 1.3) (Buggs et al. 2014). This concept 

was developed decades ago (Gottlieb 2003) but still has implications for elucidation of 

gene expression data, i.e., without carefully examining the progenitor expression patterns, 

differential homeolog expression should not be described as post-polyploidization shifts 

in expression and it may not necessarily show a departure from parental patterns.  

Therefore, a combination of parental legacy and other influences, as described below, 

may result in these variable expression patterns in polyploids.  

 

1.6.1. Epigenetic Regulation of Duplicated Genes 

In allopolyploids, reprogramming of developmental patterns and gene 

expression is induced by polyploidy through epigenetic modifications of homeologous 

chromosomes (Song and Chen 2015). This results into innovative dosage-dependent and 

independent expression variations at the genome level (Shi et al. 2015). Studies on both 

natural and synthetic polyploids have demonstrated that such changes at the functional 

level are reproducible, to a large extent, and happen quickly (e.g., Brassica, Tragopogon 

or Triticum)  (reviewed in Tayalé and Parisod 2013; Soltis et al. 2012; Grover et al. 

2012a). Contrary to canonical genetic mechanisms, epigenetic marks control the access 

to genetic information more than the genetic sequence alteration itself (reviewed in 

Galindo-González et al. 2018). RNA-interference (RNAi), DNA methylation and histone 

modifications are three main epigenetic mechanisms described in plants (Pikaard and 
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Scheid 2014). In addition to these, non-additive expression patterns (e.g., homeolog 

expression bias) can also be induced by modulation of trans- and/or cis-regulatory 

elements. It has been described that different patterns of homeolog suppression and 

activation can result from the combination of two divergent regulatory systems (reviewed 

in Yoo et al. 2014a). Low sequence divergence presented by two parental genomes, such 

as those found in cotton [20% between 89,588 (A-genome) and 65,542 (D-genome) 

contigs (Grover et al. 2007; Guan et al. 2014)], Tragopogon [1.45% in 50,766 coding 

nucleotides (reviewed in Buggs et al. 2014; Boatwright et al. 2018a)] and coffee [1.35% 

in 60,000 coding nucleotides (Cenci et al. 2012)] may, in resulting allopolyploids, assist 

cross-talks among parental trans-regulatory elements. Hence, it is likely to infer that 

intertwined mechanisms of regulatory elements from both parents regulate homeologs. 

Despite their significant role in duplicated gene regulation, only a few polyploids have 

been studied for homeolog expression bias and cis/trans regulatory factors [e.g., cotton 

(Chaudhary et al. 2009; Yoo et al. 2013a), Arabidopsis suecica (Shi et al. 2012a), and 

coffee (Combes et al. 2013)].  

DNA methylation, one of the epigenetic mechanisms, represses the transcription 

of genes by inhibiting the binding of transcription factors (TFs) to the promoter through 

methylation of the coding or promoter regions of the genes, thus silencing the duplicated 

genes (Salmon et al. 2005; Salmon and Ainouche 2010). In plants, DNA methylation 

occurs in CHH, CG and CHG (H = A, T or C) contexts by diverse pathways. Molecular 

processes such as those involved in plant and animal development, including gene 

imprinting, transposon silencing and virus defense, are affected by DNA methylation 

(Law and Jacobsen 2010; Richards 1997). Following both allo- and autopolyploidization, 

DNA methylation shows non-additive patterns (Salmon et al. 2005; Kraitshtein et al. 

2010; Lavania et al. 2012; Zhao et al. 2011) and is anticipated to play a role in homeolog 
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silencing in situations where both copies have counterproductive activities (Chen and 

Tian 2007). For instance, monomeric subunits encoded by homeologous genes assemble 

to form dimeric or polymeric proteins (Phillips et al. 1995). In allopolyploids, fitness can 

be increased by preventing the formation of heterodimers, through silencing of one 

homeolog of such subunit encoding genes. It has also been stated that DNA methylation 

may act in a concerted way with histone modifications to regulate gene expression. A 

study conducted on Arabidopsis determined that during hybridization, DNA methylation 

acts upon a different subclass of heterochromatic genes than those affected by histone 

acetylation (Chen and Tian 2007). These authors proposed that in early generations of 

polyploids, histone acetylation leads to remodeling of chromatin structure of these loci, 

thus inhibiting transcription immediately. Subsequently, silencing is done in a stable 

manner through DNA and histone methylation.  

In polyploids, regulation of gene expression via cytosine methylation has 

received great attention in recent years. It has been observed in wheat that cytosine 

methylation acts as an immediate response to whole genome duplication (Shaked et al. 

2001). Verhoeven et al. (2010) demonstrated that various ecological stresses induce 

heritable methylation modifications between genetically identical triploid dandelions. 

Moreover, a study conducted on Oryza sativa to estimate the methylation level of coding 

regions of different gene categories in five plant tissues showed that low and high levels 

of methylation are linked with low and high levels of gene expression, respectively (Wang 

et al. 2013). This suggests that duplicate gene expression and survivorship is related to 

genome-wide methylation patterns (Wang et al. 2013). Likewise, in allopolyploids of 

Spartina anglica (Parisod et al. 2009; Salmon et al. 2005), Tragopogon (Sehrish et al. 

2014), B. napus (Lukens et al. 2006), and Arabidopsis (Madlung et al. 2002), extensive 

DNA methylation changes have also been reported.  
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Similar to DNA methylation, histone modifications are expected to play 

substantial roles in transcriptome shock resulting from whole genome duplications (Ha et 

al. 2011). Eukaryotic DNA is wrapped into chromatin, a highly compacted structure, 

through interacting with histones (Luger et al. 1997). Covalent modifications of core 

histones (H2A, H2B, H3 and H4) predominantly through acetylation and methylation, 

have been reported to have various effects on gene expression (Chen and Tian 2007; Liu 

et al. 2010). Histone marks such as H3K4me3 and H3K9ac, are generally located on 

euchromatin, thus linked to active transcription, while H3K27me3 and H3K9me2 

modifications, found on heterochromatin, are associated with gene repression (Jenuwein 

and Allis 2001; Liu et al. 2010; Li et al. 2007).  

The genomic shock linked with polyploidization and interspecific hybridization 

may be responsible for causing modifications in chromatin structure and subsequently 

gene expression (McClintock 1983; Chen 2007a; Comai 2005b). The role of chromatin 

modifications in silencing or activating the homeologs in allopolyploids has been reported 

in various studies (Kashkush et al. 2002b; Lee and Chen 2001; Madlung et al. 2002; 

Scheid et al. 2003; Wang et al. 2006a; Wang et al. 2004). For example, Zhang et al. (2017) 

demonstrated that in a wheat hexaploid, differential expression of TaGS2 homeologs is 

regulated by H3K4me3 in different developmental stages and organs. Likewise, in 

allotetraploids, high and low levels of H3K4 methylation and H3K9 acetylation in 

promoters causes up-regulation (TOC1 and GI) and repression (CCA1 and LHY) of central 

circadian clock genes, respectively (Ni et al. 2009). Moreover, in Arabidopsis 

allopolyploids, increased levels of H3K4 dimethylation and H3K9 acetylation in 

promoters regulate up-regulation of FLC (FLOWERING LOCUS C) that prevents early 

flowering (Wang et al. 2006b). Thus, late flowering was observed in synthetic 

allotetraploids compared to their progenitors, while flowering in natural A. suecica 
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allotetraploids starts even later than synthetic lines (Wang et al. 2006b). The above-

mentioned data suggest that investigating the role of histone modifications, in regulating 

the homeolog expression by profiling progenitors and allopolyploids might be an 

interesting question. This will help unravel the interfaces that link epigenetics, functional 

pleiotropy and cellular phenotype.  

 

1.6.2. Transposable Elements and siRNAs 

Transposable elements (TEs) are prevalent in eukaryotic genomes and in order 

to persist, their sequences undergo “selfish” replication (Joly-Lopez and Bureau 2014; 

Doolittle and Sapienza 1980), thus, acting as an important driver of evolution and 

contributing to genome plasticity (Gifford et al. 2013; Oliver et al. 2013; Friedli and 

Trono 2015). It is also widely evident that TEs control many plant traits through having 

cis‐regulatory effects on host genes (Chuong et al. 2017). Although most TEs are silent 

in their host plants, certain environmental stresses and genomic shock resulting from 

interspecific hybridization, can lead to genomic instability and activation of merged TEs 

(McClintock 1983) and subsequently, these TEs may modulate gene expression, 

specifically non-additive expression patterns. Polyploidy immediately activates specific 

TEs (Parisod et al. 2010a). For example, as reported in wheat allopolyploids, 

transcriptional activation of retrotransposons (Kashkush et al. 2002b) suggests that in 

allopolyploids gene expression modulation might be triggered by epigenetic alterations 

in TE expression (Parisod et al. 2009). So far, there is little evidence for gene expression 

changes by TE activation or repression in polyploids. 

Various mechanisms regulating TE activity have been described. One of these 

mechanisms includes the role of repressive small interfering RNAs (siRNAs), that target 

and silence homologous inserted copies via DNA methylation (Bourc’his and Voinnet 
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2010). Small interfering RNAs (siRNAs; 21-24 nucleotides) are a class of small RNAs 

arising from double-stranded RNA (dsRNA) precursors via the activity of Dicer-like 

proteins (DCL2, DCL3, and DCL4) (Shamandi et al. 2015). The diversity of small RNAs 

and their ability to function in trans, and to communicate their silencing effects across 

members of gene or TE families, have been emphasized by various reviews (Axtell 2013; 

Fei et al. 2013). The siRNA silenced TEs that are located near the functional 

transcriptional units may have the tendency to silence the expression of adjacent genes 

by position effects through a mechanism postulated as small RNA (smRNA)- directed 

DNA methylation (RdDM) (Hollister et al. 2011; Zhang et al. 2015b; Hollister and Gaut 

2009). Because all TEs in plants are not able to initiate spreading (Eichten et al. 2012), 

the underlying mechanisms responsible for ‘spreading’ of silenced chromatin from 

transposons to nearby chromatin (Talbert and Henikoff 2006) are not yet understood in 

plants.   

The concept regarding sub-genome dominance observed in ancient polyploids, 

is based mainly on a ‘trade-off’ hypothesis presented by Hollister and Gaut (2009). This 

hypothesis states that genomes experiencing the huge impact of transposons must make 

a trade-off between silencing the active TEs and their effects as silencers of expression 

of nearby genes. Thus, it has been proposed that biased expression of homeologs in 

allopolyploids is likely regulated by the methylation status of TEs depending on sub-

genome location (Zhang et al. 2015b; Springer et al. 2016; Hollister and Gaut 2009). 

Also, the origin of sub-genome dominance is hypothesized to occur at the wide hybrid 

level, facilitated by the differences in TE loads, and/or methylation status of the original 

progenitor diploids (Renny-Byfield et al. 2017; Renny-Byfield et al. 2015; Edger et al. 

2017; Steige and Slotte 2016; Cheng et al. 2016; Woodhouse et al. 2014; Pophaly and 

Tellier 2015; Wendel et al. 2018a). Therefore, the epigenetic regulation of parental 
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transposable elements, combined in one polyploid nucleus may consequently affect gene 

expression modulation in allopolyploids. 

In ancient allopolyploids, the dominant sub-genome is characterized by the 

presence of both more genes and more transposons among those genes (Renny-Byfield et 

al. 2015; Murat et al. 2013; Cheng et al. 2016).  A study conducted by Woodhouse et al. 

(2014) on sub-genome differences of B. rapa determined that lower expression of genes 

in the ‘submissive’ sub-genome was linked with both higher coverage of DNA upstream 

to transcriptional unit by 24nt-siRNA and transposons. However, in cases where genes 

with higher expression are located on the submissive sub-genome, the ‘switchers’, it was 

concluded that rather than sub-genome location, smRNA coverage was likely to be more 

associated with the expression of the gene (Cheng et al. 2016). Renny-Byfield et al. 

(2017) reported the same behavior pattern in maize as demonstrated in B. rapa by 

Woodhouse et al. (2014). Similarly, in A. lyrata and A. thaliana, siRNA targeted TEs are 

linked with decreased gene expression, the former species has two or three times more 

transposable elements than the latter (Hollister et al. 2011). Such massive adjustments 

associated with TE density and methylation occurring in allopolyploids are thought to 

become stabilized and return to near parental levels with successive generations. For 

instance, a genome-wide dramatic drop in CHH methylation was observed in 

monkeyflower hybrids but later on in polyploids, ‘methylation repatterning’ led to near 

parental methylation levels by readjustment in the TE densities (Edger et al. 2017). 

It is becoming clear that conflicts between interspersed TEs and repressing 

siRNAs revealed by merging of divergent genomes, can lead to genome-wide 

reorganization (Parisod et al. 2010a). Such changes indeed lead to the rise of new 

stabilized states across the genome, but our understanding regarding the extent to which 

they are responsible for drastic changes in gene expression and phenotypes is limited. As 
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polyploidy instigates epigenetic and structural reorganization of both repetitive and 

coding fractions, young polyploids with known parental species, offer convenient models 

to address the question of how raw genetic material transforms into a significant 

evolutionary change. 

 

1.6.3. Alternative Splicing in Regulating Gene Expression 

In eukaryotes, alternative splicing (AS) acts as an important post-

transcriptional regulator of gene expression and generates proteome and transcriptome 

diversity (Sultan et al. 2008; Syed et al. 2012; Kornblihtt et al. 2013). Alternative 

splicing produces numerous splicing variants by precise removal of introns and 

combinations of differential exons, from the same pre-mRNA (Wang et al. 2019). AS 

events are categorized into six major types, including alternative first exon (AltFE), 

intron retention (IR), alternative acceptor (AltA), alternative last exon (AltLE), exon 

skipping (ES) and alternative donor (AltD) (Sturgill et al. 2013; Wang et al. 2019). In 

plants, IR is observed to be the most common AS event with AS rates in genes 

containing introns ranging from ~30% to > 60% according to the available 

transcriptome data (Reddy et al. 2013; Sablok et al. 2011; Sablok et al. 2017). For 

example, it has been reported that 61% of multi-exonic genes in Arabidopsis thaliana, 

exhibited alternative splicing, including ~15.5% alternative 3’ splice site, 7.5% 

alternative 5’ splice site, ~40% intron retention, and 8% exon skipping/inclusion (Reddy 

et al. 2013). Transcriptomes of maize (Wang et al. 2016) and sorghum (Abdel-Ghany 

et al. 2016) showed similar results with intron retention being the most abundant mode 

of splicing, accounting for about 40%.  

Gene expression can be influenced by alternative splicing on various levels: 

(a) by creating various forms of mRNA from a single gene, that further translates into 
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various types of protein isoforms; (b) by influencing mRNA stability through nonsense-

mediated decay (NMD) pathway as indicated through studies conducted on Arabidopsis 

(Drechsel et al. 2013; Kalyna et al. 2011; Nyikó et al. 2009); and (c) by modulating 

mRNA stability and translation through miRNA regulation as suggested in studies on 

rice and Arabidopsis (Hirsch et al. 2006; Meng et al. 2013; Szarzynska et al. 2009; Yan 

et al. 2012; Yang et al. 2012). Consequently, in plants, AS plays significant roles in 

environmental fitness and developmental processes, including vernalization-mediated 

flowering (Rosloski et al. 2013; Marquardt et al. 2014), normal working of circadian 

clock (Seo et al. 2012; Filichkin et al. 2015), abiotic stress and biotic immune responses 

(Xu et al. 2012; Feng et al. 2015; Ling et al. 2015; Liu et al. 2018). 

Alternative splicing provides an important means of driving evolution and 

adaptation in polyploids. Polyploidization could lead to dramatic and immediate 

changes in the activity and stoichiometry of splicing factors that further regulate AS 

profiling at the whole genome level (Syed et al. 2012). Considering an allotetraploid in 

which diploid parents contribute differing homeologs, various possible patterns of AS 

might arise in an allopolyploid. If no AS event is observed in diploid parents, then 

polyploidization may lead to new AS events in either one or both homeologs (Figure 

1.4a). If AS events are detected in diploid parents, then the polyploid may retain, lose, 

or gain novel AS events in either one or both homeologs (Figure 1.4b). 

AS changes affect many genes during the first few generations after 

allopolyploid formation. It has been reported that AS changes in homeologs are 

noticeably more common compared to homeolog silencing, which has been anticipated 

as affecting ∼1–9% of homeologs (Wang et al. 2004; Kashkush et al. 2002a; Adams et 

al. 2004; Buggs et al. 2010a). However, AS changes examined in resynthesized 

Brassica allopolyploids have been shown to affect 26% of the genes (Zhou et al. 2011). 
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Moreover, the AS changes in A. thaliana and rice were reported to be affecting about 

33% of genes (Filichkin et al. 2010; Zhang et al. 2010a). 

Initially, AS patterns may be more stochastic and stability may be achieved 

over time, possibly resulting in AS patterns more like the parental patterns (Zhou et al. 

2011). In view of that, a number of studies have been conducted on natural and synthetic 

polyploids to study AS changes (Saminathan et al. 2014; Zhou et al. 2011; Wang et al. 

2018). For instance, Zhou et al. (2011) studied 82 AS events through sequencing and 

RT-PCR in B. napus polyploids and reported that various homeologous pairs exhibited 

Figure 1.4: The outcome of alternative splicing in allopolyploids. (a) No 

alternative splicing (AS) events are present in the diploids at a given gene, but a 

new AS isoform is present post-polyploidization: gain of AS in homeologs from 

at least one parent. T1–T3: gain of AS in one or both homeologs. (b) AS events 

were observed in both diploids at a given gene, and the AS pattern changes post-

polyploidization: gains or losses of AS in the homeologs from the different 

parents. T1: no change in homeolog AS patterns; T2: gain of novel AS isoform; 

T3–T5: loss of AS in one or both homeologs. Figure modified from Yoo et al. 

(2014a). 
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different AS patterns in natural allotetraploids. Resynthesized allotetraploids showed 

loss of a high fraction of AS events compared to the parents. On the contrary, an increase 

in AS levels has been reported in vegetative tissues of tetraploid watermelon compared 

with the corresponding diploid parent (Saminathan et al. 2014). A study conducted on 

natural allotetraploid cotton revealed that more than half of the homeologs in each sub-

genome produced divergent transcriptional isoforms (Wang et al. 2018). All these 

findings demonstrate that polyploidy induced AS changes are frequent and may present 

many remarkable functional consequences in polyploids.  

Alternative splicing in conjunction with transcriptional regulation controls 

tissue-specific expression of gene isoforms (Kornblihtt et al. 2004). Many observations 

have proposed that tissue-specific cues regulate several AS events (Yoshimura et al. 

2002). For example, Shen et al. (2014) demonstrated that one third of the AS events 

displayed differential tissue expression in paleopolyploid soybean and different tissues 

exhibit dramatic variations in the frequency of AS types and number of AS events. 

Developing tissues like young seeds and the shoot meristem showed higher AS 

frequency as compared to other tissues (Shen et al. 2014). It might be possible that such 

tissue-specific AS events regulate in a synchronized manner in specific interaction 

pathways as groups of genes that are transcriptionally co-regulated (Blencowe 2006). 

Additionally, sub-functionalization of AS could also occur due to partitioning of AS 

forms between duplicated genes. For instance, in resynthesized Brassica allopolyploids, 

AS might have played an important role in the regulation of PASTICCINO2 (PAS2) 

expression level through division of parental AS patterns between homeologs. 

Homeologs derived from B. rapa and B. oleracea displayed retention of only intron 2 

and intron 8, respectively (Zhou et al. 2011). This partitioning of AS forms could result 

in retention of both genes, if different functions are performed by each splice form. 
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Another possibility could be the degradation of intron-containing transcript isoforms 

through non-sense mediated RNA decay (Reddy 2007), which would potentially lower 

the total level of gene expression.  

The spatiotemporal specificity of AS is governed by multiple factors, 

collectively termed the “splicing code”, which work in a concerted manner (Wang and 

Burge 2008; Reddy et al. 2012). These include trans-regulatory elements (Busch and 

Hertel 2012) and cis-regulatory elements like intronic splicing silencers and enhancers 

(Yeo et al. 2007) and exonic splicing silencers and enhancers (Fu and Ares Jr 2014). 

Therefore, changes in AS patterns can occur when a combination of these diverged AS 

factors derived from both progenitor species leads to different interactions with target 

splice sites in genes (Riddle and Birchler 2003). Another possible mechanism can be 

the epigenetic changes in allopolyploids such as histone modifications and cytosine 

methylation changes, which might play a role in modulation of AS (Zhou et al. 2011). 

Moreover, genetic recombination (GR), transcriptional level and gene structure (intron 

length and GC content) may also affect AS, as reported in a Brassica hexaploid (Wang 

et al. 2019). AS genes comprise lower GC content, higher GR rates, more exons, a high 

level of expression and considerably longer introns (Shen et al. 2014). In short, 

allopolyploidization affects a selection of splice sites which results in gain and loss of 

AS events that subsequently lead to diverged AS patterns among allopolyploids and 

their parents. Such divergence in AS patterns may contribute to functional evolution of 

genes, which enables allopolyploids to become more adaptable to the environment.  

 

1.6.4. Role of Post-Transcriptional/Translational Mechanisms in 

Shaping the Proteome 

In cells, translation is one of the most energy consuming processes (Buttgereit 
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and Brand 1995; Lynch and Marinov 2015), therefore its proper regulation is necessary 

for controlling the level of gene expression and protein synthesis to the animals or plants 

actual needs. Considering additional genetic systems in the mitochondria and 

chloroplast and the complex translational apparatus of plants, translational regulation is 

particularly important in plants (Ferrando et al. 2017). Moreover, for the post-

transcriptional mechanisms specifically, alternative splicing generates various 

functional patterns of gene expression and differences in abundance of transcripts that 

are not always meaningful biologically (Keene 2007; Joshi et al. 2011). Consequently, 

the correlation between mRNA abundance and protein levels is inconsistent, hence it is 

anticipated that proteins rather than transcripts modulate cellular biochemistry (Gygi et 

al. 1999). Thus, to increase working efficiency under various conditions, the interaction 

between various levels of gene regulation including co-transcriptional, post-

transcriptional, and post-translational regulation is critical for plants (Reddy et al. 2013; 

Guerra et al. 2015; Skelly et al. 2016). 

Alternative splicing (AS) may likely influence protein diversity and levels in 

plants. Different proteins can be translated from various alternatively spliced isoforms 

and could be found in a sample at different developmental stages and at different 

expression levels (reviewed in Reddy et al. 2013). In eukaryotic organisms, such 

proteins exhibit significantly diverse functional characteristics (Kelemen et al. 2013). 

That is, truncated proteins with lost functional domains (Keller et al. 2017), and proteins 

having altered subcellular locations (Shin et al. 2015) can be produced from spliced 

transcripts. Moreover, structurally and functionally diverse protein isoforms having 

gain or lost certain motifs might be translated from the mRNA variants (Zhang et al. 

2019). Approximately 60-75% AS events are observed to occur in the protein-coding 

regions of mRNAs, and these events result in changes in protein stability, binding 
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properties, intracellular localization, enzymatic and signaling activities (Stamm et al. 

2005; Campbell et al. 2006).  

AS not only leads to increased protein diversity (Graveley 2001; Kazan 2003), 

but also influences the ratio of relative isoforms that further regulates protein levels 

(Wang et al. 2008). For instance, a study of up-frame shift mutants has proposed that 

AS potentially reduces the gene expression levels via nonsense mediated decay (NMD) 

that causes degradation of non-functional transcript isoforms having premature 

termination codons (PTCs) (Kalyna et al. 2011; Drechsel et al. 2013). It has been 

proposed that approx. one third of AS events could lead to the production of PTCs 

(Lewis et al. 2003; Wang and Brendel 2006), and thus are targeted for degradation by 

NMD (Kalyna et al. 2011; Drechsel et al. 2013; Ottens and Gehring 2016). As a result, 

phenotypic changes regarding physiological processes and developmental growth can 

be modulated by AS (Staiger and Brown 2013). Therefore, considering the role of AS 

in modulating protein levels and properties, it is regarded as an important mechanism 

that leads to proteome and transcriptome diversification, especially in mammals (Keren 

et al. 2010; Bush et al. 2017). 

The role of AS in the development of functional protein diversity is less clear 

in plants as compared to humans (Kim et al. 2006). In polyploids, only a few studies 

have demonstrated expression at the protein level (Albertin et al. 2006; Albertin et al. 

2007; Hu et al. 2011; Hu et al. 2013; Yao et al. 2011) and because of biological and 

technical limitations these studies have revealed data on homeolog-specific expression 

concerning only a few genes (Hu et al. 2011; Hu et al. 2013; Koh et al. 2012). These 

studies showed that polyploids may either display novel proteins not found in either 

parent or imbalanced contribution of parents to protein expression levels (reviewed in 

Soltis et al. 2014a). However, association between protein synthesis and transcript 
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abundance still needs to be revealed and in the absence of in-depth proteomic studies, 

the role of AS toward protein diversity is tenuous. A study conducted on maize and 

Arabidopsis depicted a negative association between translational efficiency and 

divergence of mRNA abundance, revealing that the paralog copy with lower 

translational efficiency has a higher abundance of mRNA (Wang and Chen 2019). 

Hence, regulation of duplicated genes at the translational level frequently contradicts, 

rather than follows, the divergence in abundance of mRNA, which somewhat 

compensates for their divergence in mRNA abundance (Wang and Chen 2019). Coate 

et al. (2014) reported that changes in translation varied soon after polyploidization to 

minimize expression differences between a Glycine polyploid and its parents. This, 

along with a study conducted by Wang and Chen (2019), unveiled the extensive impact 

of translational buffering on expression of duplicate genes in maize and Arabidopsis, 

suggesting that the degree to which function and expression of duplicated genes deviate 

is probably miscalculated when examined only at the transcriptional level. As functional 

similarity can be indicated by expression similarity (Blanc and Wolfe 2004; Wagner 

2005), buffering of expression divergence at the post-transcriptional level might lessen 

the functional divergence among paralogs. Moreover, for duplicated genes, particularly 

those involved in the same pathway or in the same complex, it might be crucial to 

maintain the right dosage balance (Edger and Pires 2009; Birchler and Veitia 2012; 

Wang and Chen 2018; Gout et al. 2019). So, by buffering the expression divergence at 

the transcriptional level, the expression level of both paralog copies might be adjusted 

by translational regulation and so help them in maintaining appropriate gene dosage. 

Because protein amount and mRNA abundance are poorly associated (Gygi et al. 1999), 

it seems to be an interesting concept to reveal the evolutionary imbalance in 

allotetraploids. Therefore, proteomic approaches establish an alternative strategy to 
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examine if some metabolic networks or functional categories are under or over-

represented, or modification of subcellular localization of the proteins is carried out in 

an allopolyploid. 

Another significant mechanism causing variation at the protein level is post-

translational modifications (PTMs). PTMs play crucial roles in the cell as they regulate 

protein subcellular location, turnover, and activity, or protein and protein/nucleic acids 

interactions and can be examined only at protein level (Uversky 2015, 2016). A few 

proteomic studies have described differential regulation of PTMs (Vincent et al. 2005), 

but with regards to allopolyploids limited data are available. In allopolyploids, 

proteomic data suggested that PTMs of the same gene product could be regulated 

differentially. For example, different amounts of protein isoforms (PTMs, but also 

homeo-alleles or paralogous genes) in synthetic Brassica napus may lead to novel 

metabolic equilibrium, contrary to its diploid parents (Albertin et al. 2007). Hence, 

protein abundance is the net product of translation, transcription, and other post-

transcriptional/translational regulatory steps such as PTMs and mRNA degradation and 

therefore does not predict how these steps contribute individually. Thus, although 

regulation at the translational level possibly represents evolutionary and biologically 

important aspects of gene expression, numerous expression studies conducted on 

polyploids have only examined transcript abundance, leaving open the query of how 

regulatory steps, particularly PTMs and AS downstream of transcription, affect periodic 

patterns of gene expression. 

 

1.7 Cytonuclear Interactions 

The genetic control of plant’s important metabolic pathways, such as 

photosynthesis and cellular respiration, is regulated by nuclear and cytoplasmic (i.e., 
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plastid and mitochondrial) genomes. Because mitochondria and plastids originated via an 

endosymbiotic event, they still retain the remnants of their ancestral genomes from their 

respective alpha-proteobacterial and cyanobacterial progenitors, which resulted in a 

genomic division of labour (Gray and Archibald 2012a). It is noteworthy how multiple 

genomic compartments along with their complex arrangements remain preserved over 

several hundred millions of years of evolution. The genetics of cytoplasmic and nuclear 

genomes vary in almost every aspect including mutation rates, mechanism of expression 

and replication, copy number and mode of inheritance (reviewed in Sloan et al. 2018b). 

However, they still function in a concerted manner and profoundly affect the biology of 

the plant. Coevolution and integration among these genomic compartments is required 

for the execution of core eukaryotic functions (Rand et al. 2004). One of the important 

outcomes of cytonuclear integration is the presence and maintenance of enzyme 

complexes that are comprised of interacting subunits encoded by nuclear and cytoplasmic 

genomes. These ‘chimeric’ complexes play central roles in eukaryotic bioenergetics as 

they contain enzymes involved in photosynthesis, organelle ribosomes and cellular 

respiration (Rand et al. 2004). Their evolutionary history is reflected by this organization 

as numerous genes, ancestrally present in cytoplasmic genomes, have been replaced by 

gene transfer to the nucleus or substituted by existing nuclear genes (Sloan et al. 2018b). 

Besides these chimeric enzyme complexes, many nuclear encoded proteins interact either 

directly with the cytoplasmic genomes or their RNAs to mediate DNA replication, repair, 

transcription (Zhang et al. 2016; Gualberto and Newton 2017) and many post-

transcriptional processes including intron splicing, tRNA aminoacylation, base 

modification, RNA editing and transcript end-processing (Germain et al. 2013; Salinas-

Giegé et al. 2015). Hence, it is expected that in plant cells, variation in one genomic 

compartment can influence evolution in other genomes (Sloan 2015). 
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In addition to the aforementioned transcriptomic and genomic alterations that 

occur in polyploids, cytonuclear accommodation appears to be an important yet 

understudied aspect of allopolyploid evolution, considering the complex coordination 

between nuclear, mitochondrial and plastid genomes (Taylor 1989; Leon et al. 1998). 

During speciation of allopolyploids, two nuclear genomes from both progenitor species 

along with cytonuclear genomes from only one parent (usually the maternal) are 

maintained. Thus, two divergent regulatory hierarchies become combined and the 

stoichiometry between nuclear and organellar genes is altered, leading to physiological 

disruptions (reviewed in Gong et al. 2012). To achieve stability, selection is likely to favor 

compensatory mechanisms for maintaining coordinated expression between nuclear and 

cytoplasmic genes immediately after polyploidization (e.g., up-regulated cytoplasmic 

genome copy number, elevated levels of organelle biogenesis and down-regulation of 

expression of nuclear genes encoding organelle-targeted proteins) as well as over longer 

time periods (e.g., pseudogenization, sub-functionalization) (Sharbrough et al. 2017; 

Fernandes Gyorfy et al. 2021). Though gene balance theory (Birchler and Veitia 2007, 

2010) and observations regarding cytoplasmic male sterility in interspecific hybrids 

(Schnable and Wise 1998) suggested that cytonuclear coevolution is a remarkable feature 

of evolution and responsible for stabilization of allopolyploid lineages, comparatively 

very little work has been done on the cytonuclear dimension of polyploid evolution so 

far.  

 Altered cytonuclear interactions, specifically plastid-nuclear incompatibilities, 

have been reported in allopolyploid species and interspecific hybrids (reviewed in 

Sharbrough et al. 2017). Several mechanisms may lead to these alterations, including the 

presence of non-synonymous substitutions that modify protein structure and regulatory 

networks (Greiner et al. 2011) and deletions in plastid intergenic sequences (Greiner et 
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al. 2008). Plastid-nuclear conflict is thought to be avoided by preferential transcription of 

nuclear genes inherited from the maternal parent over the paternally inherited copies. 

Thus far, it has been investigated in limited allopolyploid plant systems and mainly in 

genes encoding Rubisco (Ribulose 1, 5-bisphosphate carboxylase/oxygenase) subunits: 

small (SUU) and large (LSU) subunits (reviewed in Sharbrough et al. 2017). For instance, 

in Gossypium hirsutum, non-reciprocal homeologous recombination events were 

observed to occur between sub-genomes of natural allopolyploids, possibly leading to 

homogenization through maternal to paternal gene conversion between nuclear 

homeologs (Gong et al. 2012). Interestingly, preferential expression of maternal Rubisco 

homeologs was observed in both cultivated and wild cotton allopolyploids and also in 

resynthesized F1 hybrids as compared to paternal homeologs (Gong et al. 2012). 

Likewise, between homeologous genomes of Arachis hypogaea, Nicotiana tabacum and 

Arabidopsis suecica allopolyploids, differential evolution of paternal and maternal 

Rubisco genes was reported (Gong et al. 2014). Accordingly, it has been proposed that 

interacting cytoplasmic genes might rapidly evolve due to their higher mutation rates or 

inefficient selection against deleterious mutations, which leads to subsequent changes in 

their nuclear counterparts in enzyme complexes (Osada and Akashi 2011; van der Sluis 

et al. 2015). This perspective suggests that cytonuclear co-evolution is primarily driven 

by cytoplasmic genomes, while nuclear genomes are viewed as primary responders. Even 

though there is mounting evidence regarding this model, many of its key components 

need to be tested critically. 

Studies reporting contrasting results to maternal bias have also been published.  

The process of nuclear rbcS homogenization through gene conversion was not reported 

in resynthesized allotetraploid Oryza sativa or in young allopolyploid Tragopogon 

miscellus, although in these species Rubisco plastid-encoded parental sequences showed 
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non‐synonymous substitutions (Sehrish et al. 2015; Wang et al. 2017b). Furthermore, 

Sehrish et al. (2015) revealed that cytonuclear coordination does not occur 

instantaneously upon polyploidy formation, as a low percentage of naturally occurring T. 

miscellus individuals exhibited maternal bias either in gene loss or expression. 

Additionally, an exceptional case occurs in B. napus, which inherited maternal diploid 

homeologs with no amino acid divergence from the paternal diploid homeolog (Gong et 

al. 2014). Based on this observation, it can be assumed that selection likelihood at the 

level of SSU/LSU interaction would be eliminated, and random interactions between 

homeologs regardless of their parental origin, can be expected. However, only 

intergenomic maternal to parental conversions were detected in Brassica (Gong et al. 

2014). In support to this is the fact that various cytoplasmic factors are required to 

recognize SSU proteins, and these proteins need to be transported to the surface 

membrane of maternally derived plastids and subsequently, face the transmembrane 

channel for transport into the plastid. Therefore the gene conversion detected in B. napus 

reveals that selection may act at this level during some process of maternal trans-

membrane transport (Bruce 2000; Lee et al. 2002). Besides this, the paternal homeolog 

with no maternal gene conversions showed expression bias in Brassica (Gong et al. 2014). 

Two possible situations can explain such diverse patterns of cytonuclear interactions in 

B. napus: 1) in plastids, weak selection of those maternal LSU that are identical to the 

paternal one; and/or 2) insufficient time for transcriptional selection to occur (Gong et al. 

2014). Another study performed on B. napus involving different plastid enzyme 

complexes, reported no evidence of homogenization via maternal gene conversions and 

biased transcription in allopolyploids (Ferreira de Carvalho et al. 2019). These authors 

also described that even after ancient allopolyploidization, nuclear genes associated with 

plastid protein complexes, contrary to other plant protein complexes, likely have a 
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tendency of retaining genes as duplicate and triplicate over longer periods. Lastly, a recent 

study by Grover et al. (2022), conducted on large number of nuclear genes targeted to 

cytoplasmic genomes, did not show strong evidence of maternal bias to balance 

cytonuclear interactions in the examined allopolyploid systems. Such conflicting 

outcomes stated above suggest that systematic understanding of the mechanisms that 

uphold cytonuclear interactions in allopolyploids requires detailed research to include 

various enzyme complexes and pathways involved in functioning of plastids and 

mitochondria. More generally, polyploidy and cytonuclear interactions contribute 

towards the species innovation and plant diversity, thus, critical analysis of the 

phenomena that stabilize cytonuclear coordination in the face of whole genome 

duplications will eventually advise about plant evolution and diversification.  

 

1.8 Dual-Targeted Proteins as Gene Expression Regulators  

In plant cells, the energy transducing pathways connected to photosynthesis and 

respiration involve multimeric enzyme complexes that are comprised of both organelle 

and nuclear-encoded polypeptides and diverse cofactors whose synthesis and assembly 

must be well regulated and capable of responding to external and developmental stimuli 

(Pogson et al. 2008). Therefore, it is believed that precise communication and signaling 

pathways tend to exist between organelles (plastid, mitochondria) and the nucleus. 

Certainly, the nuclear genome encodes a large fraction of proteins necessary for organelle 

gene expression (OGE), thus allowing direct control of OGE via nucleus encoded factors 

(“anterograde control/signaling”). On the contrary, “retrograde signaling” refers to the 

concept that mitochondria and chloroplasts communicate messages to the nucleus through 

specific signaling molecules, thereby altering nuclear gene expression (NGE). 

Consequently, changes in physiological and developmental states of organelles can lead 
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to the modulation of NGE (reviewed in Kleine et al. 2009; Leister 2012; Pogson et al. 

2008).  

Dual-localization of proteins (in both the nucleus and organelles) makes them 

suitable candidates for their likely involvement in communication scenarios between the 

nucleus and organelles (Giegé and Duchêne 2012). Dual-targeted proteins are encoded 

by single genes and localized into two cellular compartments. As a result, both of the 

isoforms exhibit identical sequences in most of their length except for slight variation in 

their extremities because of the presence of targeting sequences (Giegé and Duchêne 

2012). Thus far, dual-targeting has been documented in at least 15 diverse species of 

plants (Carrie and Whelan 2013). Surprisingly, in every species studied, the same proteins 

are found to be dual-targeted. For example, glutathione reductase has been examined to 

be dual-targeted in the flowering plants Oryza sativa (Xu et al. 2013), pea (Creissen et al. 

1995), Arabidopsis (Chew et al. 2003) and the moss Physcomitrella patens (Xu et al. 

2013). Among the known dually targeted proteins, only a few are recognized for their 

verified subcellular distribution in the nucleus and organelles (either mitochondria or 

chloroplast) (Krause et al. 2009). Amazingly, all of them appear to contribute to the 

maintenance of DNA and gene expression in the nucleus (Krause and Krupinska 2009). 

These proteins exhibit various targeting mechanisms. In general, these approaches are 

divided into two main categories (Krause and Krupinska 2009): the dual targeting of de 

novo proteins (Figure 1.5) and the relocalization of mature proteins through organelle–

nucleus shuttle. In the latter case, proteins might either be attached to the organelle surface 

or are stored inside the organelles (Figure 1.6) (Krause and Krupinska 2009).  

De novo synthesized proteins are dually targeted by different mechanisms 

(Figure 1.5). The most common mechanism is the use of multiple translation or 

transcription start sites to obtain multiple proteins from one gene, it can also include the 
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use of alternative exons through differential splicing (Krause and Krupinska 2009). In 

Arabidopsis, DNA ligase 1 demonstrates differential translation and transcription leading 

to dual-targeted nuclear and mitochondrial isoforms (Sunderland et al. 2006). On the 

contrary, the use of an alternative first exon through differential splicing is probably the 

reason for the nuclear and chloroplast isoforms of the plant RNA binding protein cp31 

(Ohta et al. 1995). Another familiar mechanism for controlling the localization of those 

proteins with twin targeting motifs is post-translational modification of target proteins via 

for example, phosphorylation (reviewed in Karniely and Pines 2005; Silva-Filho 2003).  

In Arabidopsis, farnesylation (addition of a farnesyl group to a cysteine residue) was 

Figure 1.5: Mechanisms of dual-targeting of de novo synthesized proteins. Dual-

targeting can be achieved by the use of two translation products or a single translation 

product. The use of two translation products can either be the result of alternative 

transcription initiation or differential splicing resulting in two separate mRNAs 

encoding different targeting signals. Alternative translation initiation can also be 

utilized to produce two different proteins with different targeting signals. Single 

translation products can be dual-targeted in two ways. The first uses two separate 

targeting signals on different ends of the protein and the second uses an ambiguous 

targeting signal which directs the protein to two organelles (Carrie and Whelan 

2013). 
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shown to regulate the distribution to the nucleus and to plastids of an adenosine 

phosphate-isopentenyl-transferase (AtIPT3). The farnesylated GFP-tagged form of 

protein was observed to locate to the nucleus, while non-farnesylated protein was located 

inside the plastid (Galichet et al. 2008). 

An alternative mechanism is the release of nuclear regulators, stored inside the 

organelles under certain conditions (Figure 1.6) (Krause and Krupinska 2009). It is 

proposed that nuclear gene expression can be affected significantly through nuclear 

regulators released from only a few of the many mitochondria and plastids (Krause and 

Krupinska 2009). Most likely, the evolution of organelles via the endosymbiotic event 

Figure 1.6: Schematic representation of different 

mechanisms of protein release from the organelles and 

shuttling to the nucleus: (a) release of protein from the 

organelle surface; (b) vesicle-mediated efflux of proteins 

from the organelle into the cytoplasm; (c) channels or 

transporters in the envelope membranes; (d) protein 

release via vesicles produced by tip shedding of 

stromules; and (e) close intercompartmental contacts. The 

question mark indicates that the mechanism is not known 

(Krause and Krupinska 2009). 
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from prokaryotic ancestors results in the preservation of transport systems for the release 

of stored proteins. In plants, components of the bacterial transport systems: the general 

secretory (Sec) pathway and the twin-arginine translocation (Tat) pathway have been 

observed only in the proteome of thylakoid membrane while not in mitochondrial or 

plastid envelopes (Krause and Krupinska 2009; Tjalsma et al. 2000). Nonetheless, 

retrograde translocation has been documented. For instance, mitochondrial fumarase 

protein might release from the organelle, shortly after the cleavage of the N-terminal 

target sequence in the mitochondrial matrix and enter the nucleus (Singh and Gupta 

2006). In plants, numerous proteins from the Arabidopsis ABC protein directory are 

designated as candidates for plastid-envelope-based transporters based on their sequence 

analysis (Sánchez-Fernández et al. 2001). Many of these proteins have not been 

characterized yet, therefore, whether few accomplish an unknown function in retrograde 

protein translocation has not been established, compared to observations in animal and 

yeast mitochondria. Protein trafficking between compartments might also be done 

through transport vesicles similar to that seen in bacteria (Soltys and Gupta 1996; Singh 

et al. 1997; Radhamony and Theg 2006) or intercompartmental contacts (Soltys and 

Gupta 1999; Andersson et al. 2007; Seguí-Simarro et al. 2008). 

Retrograde regulatory pathways from the chloroplast to the nucleus have been 

well studied in plants. These involve the control of nuclear gene expression via epistasy 

of synthesis and tetrapyrrole biosynthetic pathway (Pogson et al. 2008). It has been 

suggested that mitochondrial retrograde signaling to the nucleus includes reactive oxygen 

species (ROS) that are also characterized as mitochondrial oxidative stress markers 

(Rhoads and Subbaiah 2007). These retrograde regulatory pathways suggest that gene 

expression seems to be regulated by plant nucleo-organelle proteins, as done by their 

other eukaryotic counterparts. Therefore, these proteins serve as good candidates for 
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maintaining coordination of gene expression between the nucleus and organelles (Giegé 

et al. 2005; Giraud et al. 2010), which is necessary for organelle biogenesis and normal 

plant development. Nonetheless, no study has been published regarding the role of dual-

targeted proteins in regulating gene expression in allopolyploids. Even though dual-

targeted proteins are fewer in number compared to the total organelle proteomes, exciting 

questions related to inter-organelle communication are raised by the mechanism of dual-

targeting. Thus, an understanding of the process of dual-targeting in the context of 

allopolyploidization may provide useful insights into the targeting of location‐specific 

proteins to mitochondria or chloroplasts and their role as gene expression regulators. 

   

1.9 Tragopogon as a Study System 

The genus Tragopogon (Asteraceae) offers a unique system to study recurrent 

and recent allopolyploidy in natural populations. This system represents a typical example 

of instant speciation via polyploidization. In the early 1900s, the introduction of three 

diploid species: Tragopogon pratensis, T. porrifolius and T. dubius from Europe to 

western North America, subsequently led to the formation of two allotetraploid species 

(T. miscellus and T. mirus) (Ownbey 1950). DNA, flavonoid and isozyme studies were 

conducted to confirm the ancestries of both allotetraploid species (Ownbey and 

McCollum 1953, 1954; Brehm and Ownbey 1965; Roose and Gottlieb 1976; Soltis and 

Soltis 1989; Soltis et al. 1995b). T. porrifolius and T. dubius are the progenitors of T. 

mirus, while T. dubius and T. pratensis are the diploid progenitors of T. miscellus (Figure 

1.7). Molecular data indicate that in just the past 90-100 years, T. mirus  and T. 

miscellus have formed frequently, possibly 13 and 21 times, respectively (reviewed in 

Soltis et al. 2004). T. miscellus is of particular importance as it has reciprocal forms in 

nature that can easily be distinguished morphologically: T. miscellus exhibits short-
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ligulate ray flowers when the maternal parent is T. pratensis, while  T. miscellus shows 

Figure 1.7: Allotetraploids of Tragopogon species and their ancestry 

on the top (Shan et al. 2020c). T. porrifolius and T. dubius are the 

parents of allotetraploid T. mirus. T. pratensis and T. dubius are the 

parents of reciprocally formed allotetraploids of T. miscellus. Long- 

and short-liguled forms exist when T. dubius and T. pratensis are the 

maternal parents, respectively. The map on the bottom shows USA 

towns (encircled red) where natural populations of parental species 

and reciprocal forms of T. miscellus allopolyploids are.  
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long-ligulate ray flowers when the maternal parent is T. dubius (Ownbey 1950; Wendel 

2015). All existing populations (~40) of T. miscellus are short-liguled except for one that 

is long-liguled (Pullman, WA) (Novak et al. 1991).  

 Repeated formation of Tragopogon allopolyploids, including reciprocal forms 

(Soltis and Soltis 1995; Soltis et al. 2004; Soltis and Soltis 1991; Symonds et al. 2010) 

provides a way to determine if such independently formed allopolyploid populations 

develop similar cytonuclear coordination. Studies conducted previously have identified 

transcriptomic and genomic modifications in Tragopogon allopolyploids shortly after 

their formation, including homeolog loss and silencing, differential expression of 

homeologous loci, differential proteomes (Buggs et al. 2010b; Buggs et al. 2012a; Buggs 

et al. 2009b; Buggs et al. 2012b; Buggs et al. 2011a; Koh et al. 2012; Koh et al. 2010; 

Tate et al. 2009b; Tate et al. 2006a; Shan et al. 2020c) and extensive chromosomal 

variations, for instance, intergenomic translocations and aneuploidy (Chester et al. 2012b; 

Lim et al. 2008; Spoelhof et al. 2017). Moreover, genomic modifications at early stages 

of polyploid formation were also analyzed through the establishment of synthetic 

polyploids of Tragopogon (Tate et al. 2009c). Because recently formed natural polyploids 

provide a unique opportunity to investigate the immediate consequences of 

polyploidization, in this project the impact of the dynamic nature of polyploidy on 

cytonuclear interactions at molecular level was investigated using Tragopogon miscellus 

allopolyploids. 

 

1.10 Research Project 

The goal of this PhD project was to investigate cytonuclear interactions and 

coordination following whole genome duplications in Tragopogon miscellus 

allopolyploids. The focus was analysis of transcriptomic responses to cytonuclear 
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coordination in young, recurrent and reciprocally formed allopolyploids as compared to 

their parents. Below is a brief overview of the aims that were achieved during this project.  

 

Chapter 2  

Identification and Characterization of Cytonuclear Genes in 

Tragopogon dubius  

This chapter involves the identification and characterization of nuclear-encoded 

organelle-targeted genes extracted from a draft T. dubius genome, as well as their 

counterpart organelle-encoded (mitochondrial and plastid) genes from previous high-

throughput sequencing data. These genes are implicated in multi-subunit cytonuclear 

enzyme complexes (OXPHOS complexes, photosynthetic complexes, etc.) as well as 

dual-targeted genes. A significant portion of this thesis includes the investigation of 

cytonuclear interactions through gene expression analysis, hence, this chapter involves 

the first basic step in this regard. The genes identified in this chapter were used for 

investigation of cytonuclear interactions in the next chapter. 

 

Chapter 3 
 

Evolution of Duplicated Nuclear Genes (Homeologs) Implicated in 

Cytonuclear Interactions in T. miscellus Allopolyploids 

To analyse transcriptomic responses to cytonuclear interactions, in this chapter, 

gene expression patterns of nuclear homeologs and their organellar counterparts involved 

in both mitochondrial oxidative phosphorylation and plastid complexes (identified in 

chapter 2), were investigated. In view of dual-targeting, three proteins: mTERF6, PNM1 

and Whirly1 were examined for expression levels as well. RNA CaptureSeq (Targeted 

RNAseq) was used to evaluate the selected transcripts from RNA of reciprocally formed 



 

50 

natural T. miscellus populations and progenitor (T. pratensis and T. dubius) populations 

to determine the inherited expression differences between homeologs as well as novel 

expression patterns. CaptureSeq is a highly sensitive tool that involves hybridization of 

complementary oligonucleotides to enriched cDNA libraries for sequencing (Martin et al. 

2016; Mercer et al. 2014). This method was preferred over traditional whole 

transcriptome RNA sequencing (RNAseq) because it focuses on evaluation of selected 

transcripts with increased sensitivity, allowing characterization of low or transiently 

expressed transcripts that may otherwise be missed using RNAseq. In addition, it can be 

done at reduced cost or scale, and thus permitted us to analyse 76 plant samples in this 

study. 

 

Chapter 4 

 

Investigation of Morphological Trait Variation in the Reciprocal T. 

miscellus Allopolyploids  

In this chapter, morphological consequences of polyploidy were investigated in 

reciprocal forms of T. miscellus allopolyploids. This is a preliminary study, focussing on 

the variation in germination rates and leaf morphological traits (leaf number and length) 

in the same plants including both diploid parent species and T. miscellus allopolyploids 

that were used for gene expression analysis (Chapter 3). 
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Chapter 2 

 

Identification and Characterization of Cytonuclear Genes in 

Tragopogon dubius  

 
 

2.1. Abstract 

The proper functioning of a plant’s important bioenergetic processes requires 

tightly regulated and coordinated interactions among nuclear and cytoplasmic genomes. 

Both cytonuclear enzyme complexes and dual-targeted genes involve interacting nuclear 

and organellar genomic counterparts and are the key elements of cytonuclear interactions, 

providing a way to study cytonuclear co-evolution in a plant cell. In this study, putative 

nuclear and organelle genes involved in cytonuclear enzyme complexes, as well as dual-

targeted genes, were identified from a draft Tragopogon dubius genome using the well-

resourced angiosperm species, A. thaliana (Brassicaceae) and L. sativa (Asteraceae), as 

reference species. The purpose of doing so is ultimately to study the co-evolution and 

coordination of these complexes in allopolyploids of Tragopogon. We identified genes 

involved in six mitochondrial OXPHOS complexes, including an alternative OXPHOS 

pathway, nine plastid complexes and three dual-targeted genes. The subunit composition 

of the cytonuclear enzyme complexes in T. dubius varied compared to A. thaliana but 

was similar to L. sativa, which are in the same plant family, Asteraceae. The OXPHOS 

complex II in T. dubius species could not be identified in the nuclear genome and 

therefore could be cytonuclear as it is in L. sativa, where the sdh3 and sdh4 genes of 

complex II are mitochondrial-encoded. Because this putative list of cytonuclear genes 

was identified in a draft T. dubius genome, its validation from a complete annotated 

genome is needed, but was useful for characterizing the cytonuclear complexes and will 
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be used to design probes to further study the expression of the cytonuclear complexes in 

allopolyploids.  
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2.2 Introduction 

The vast majority of genes in eukaryotic organisms, including plants, reside on 

the chromosomes in the nucleus. However, plants also have cytoplasmic genomes located 

in organelles, the mitochondrion and the chloroplast. According to the endosymbiotic 

theory, both mitochondria and chloroplasts are derived from the α-proteobacterial and 

cyanobacterial endosymbiotic ancestors, respectively (Gray and Archibald 2012b). 

During evolution, a large number of organellar genes have been transferred from ancestral 

organellar genomes to the nuclear genome, where they encode organelle-targeted proteins 

(Timmis et al. 2004; Sloan et al. 2018a; Weeden 1981). More than 90% of the organellar 

proteins are imported from the cytoplasm, suggesting the greater dependency of 

organellar genomes on the nucleus (Timmis et al. 2004). In animals, the endosymbiotic 

gene transfer to the nuclear genome no longer occurs, resulting in a stable mitochondrial 

genome. However, in flowering plants, gene transfer remains an active and recurring 

process (Timmis et al. 2004; Johnston and Williams 2016). For example, mitochondrial 

gene rps10 and chloroplast gene infA have showed strong evidence of multiple and 

independent gene transfers to the nucleus (Adams and Palmer 2003; Adams et al. 2000; 

Millen et al. 2001). Therefore, in flowering plants, the tripartite distribution of genomes 

plays a significant role in their evolution and diversification (Roux et al. 2016; 

Sharbrough et al. 2017). For example, organelle-targeted proteins interact with the 

organelle-encoded proteins and form multi-subunit enzyme complexes. These 

cytonuclear enzyme complexes regulate various important processes including aerobic 

respiration and photosynthesis in both mitochondria and the chloroplast, respectively 

(Rand et al. 2004). The cytonuclear enzyme complexes are also involved in ribosome 

biogenesis in both organelles (Rand et al. 2004; Greiner and Bock 2013). In addition, 

nuclear-encoded organelle-targeted proteins also directly interact with the organelle 
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genomes to assist in DNA recombination, replication and repair, as well as transcriptional 

processes (Zhang et al. 2016; Havird et al. 2017). Thus, protein-protein and protein-DNA 

interactions among these genomes require dynamic and coordinated regulation for 

appropriate functionality of plants. 

Cytonuclear coordination and co-evolution is influenced by the evolutionary 

differences between nuclear and organellar genomes, such as differences in mutation 

rates, mechanisms of replication and mode of inheritance (Sloan et al. 2018a). Notably 

plant mitochondrial and chloroplast genomes have different genome sizes and 

substitution rates. The mitochondrial genome generally has lower substitution rates than 

both the chloroplast and nuclear genomes (Wolfe et al. 1987). In the case of genome size,  

the chloroplast genome size (120-160 kb) is more conserved across most flowering plants 

(Wicke et al. 2011; Xiao-Ming et al. 2017) compared to the mitochondrial genome size 

(66 kb-11.3 Mb) (Sloan et al. 2012; Skippington et al. 2015). It is likely that mutation or 

evolutionary change in organelle genomes trigger compensatory changes in the 

corresponding nuclear genes, thus impacting the associated crucial mechanisms (Osada 

and Akashi 2012b; Burton et al. 2013; Rockenbach et al. 2016). For instance, the 

accelerated evolution of the chloroplast genome in Silene species resulted in the rapid 

evolution of nuclear-encoded subunits of caseinolytic protease and Acetyl Co-A 

carboxylase complexes, which physically interact with organelle-encoded subunits 

(Rockenbach et al. 2016). Therefore, cytonuclear co-evolution is an important 

phenomenon occurring in the life history of eukaryotes.  

To understand cytonuclear coordination and molecular co-evolution in plants, 

both plastid and mitochondrial multi-subunit enzyme complexes, as well as dual-targeted 

genes, need to be identified and characterized. Dual-targeted genes are those genes whose 

protein products are targeted to more than one organelle in the cell (discussed in detail in 
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chapter 1, section 1.6). Cytonuclear enzyme complexes have been examined in many 

organisms and lineage-specific differences in the subunit composition have been noticed 

(Adams et al. 2002; Mower and Bonen 2009; Shrestha et al. 2020). For example, the 

number of mitochondrial OXPHOS complex I subunits varies among different species 

including plants (Arabidopsis 48 subunits), animals (cows 45) and fungi (Yarrowia 

lipolytica 40) (Carroll et al. 2006; Morgner et al. 2008; Forsythe et al. 2019). Within plant 

species, the variation in the accessory subunits of OXPHOS complex I also has been 

observed, leading to the differential subunit composition (Meyer 2012). Moreover, the 

occurrence of subunit isoforms (gene duplicates) as detected in the Arabidopsis genome 

could also lead to variable numbers of subunits across different species (Klodmann et al. 

2010). In addition to these, in flowering plants, the active event of endosymbiotic 

organelle gene transfer to the nucleus can also cause alteration in the cytonuclear 

interactions across plant species (Adams and Palmer 2003; Timmis et al. 2004). For 

example, the OXPHOS complex II can be either cytonuclear or entirely nuclear-encoded 

in plant species due to the transfer of sdh3 and sdh4 genes (Timmis et al. 2004). 

In the current study, the subunit composition of various cytonuclear enzyme 

complexes in Tragopogon dubius (Asteraceae), a diploid species that is a parent of the 

polyploid species T. miscellus and T. mirus, were determined. In this regard, nuclear- and 

organelle-encoded genes that are part of multi-subunit enzyme complexes were identified 

in a T. dubius draft genome. Moreover, the dual-targeted genes (targeting to 

chloroplast/mitochondria and the nucleus) were identified as well. In addition to the 

cytonuclear genes, the entirely nuclear-encoded control genes that are not involved in 

cytonuclear interactions, including housekeeping genes, retrograde-signalling partners of 

dual-targeted genes, as well as genes implicated in the OXPHOS alternative pathway, 

were also retrieved from the T. dubius genome.  
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2.3. Methods 
 

 

2.3.1. Genomic Resources Used for Protein Identification 

The CyMIRA (The Cytonuclear Molecular Interactions Reference for 

Arabidopsis) database was used to retrieve the list of nuclear genes involved in the 

candidate cytonuclear enzyme complexes as well as dual-targeted genes in Arabidopsis 

thaliana (Supplementary Table 2.1) (Forsythe et al. 2019). The list of control genes that 

are entirely nuclear-encoded and are not involved in cytonuclear interactions in A. 

thaliana, such as genes implicated in OXPHOS complex II, OXPHOS alternative 

pathways, housekeeping genes and retrograde-signalling partners of dual-targeted genes, 

was also retrieved (Supplementary Table 2.2) (Millar et al. 2004; Expósito-Rodríguez et 

al. 2008; Klodmann et al. 2011; Hammani et al. 2011; Senkler et al. 2017; Ren et al. 2017; 

Jin et al. 2019). To identify these nuclear genes implicated in cytonuclear interactions as 

well as control genes in T. dubius species, all nuclear-encoded proteins in the A. 

thaliana Araport11 genome annotation were used as a primary reference. Because 

extensive work on cytonuclear biology in this model angiosperm has been conducted, its 

genomic annotation can be extended to genomic datasets from non-model plant species 

to obtain their functional data. For candidate species, we used nucleotide and protein 

sequences available from a draft T. dubius genome (Soltis lab). Because the T. dubius 

genome is a draft  (version 1) and some proteins were missing from its annotation, the 

nuclear-encoded proteins of the model Asteraceae, Lactuca sativa cv Salinas (Genome 

ID 28333, version 8), were also used as a secondary reference to identify these additional 

proteins.  

 

https://genomevolution.org/coge/GenomeInfo.pl?gid=28333
https://genomevolution.org/coge/GenomeInfo.pl?gid=28333
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2.3.2. Ortholog Identification of Organelle-targeted and Organelle Non-

targeted Nuclear Proteins  

The detailed overview of protein orthologs’ identification is illustrated in Figure 

2.1. Initially, the Proteinortho (version 5.16) tool was used to identify putative orthologs 

for all A. thaliana cytonuclear proteins (targeted to organelles) and selected control 

proteins (not targeted to organelles) in T. dubius (Figure 2.1). For this purpose, the 

canonical isoforms for all proteins from the A. thaliana genome and the T. dubius draft 

genome were used as input. Proteins were classified into orthologous groups with each 

member having at least 50% identity and 70% overlap. All identified orthologous groups 

containing one of the A. thaliana organelle-targeted nuclear proteins, including 

mitochondrial OXPHOS complexes, plastid complexes, dual-targeted proteins, and 

control proteins, including the OXPHOS alternative pathway, retrograde-signalling and 

housekeeping proteins, were classified into 1:1, 1:n, n:1 or n:n classes (Figure 2.2). 

 Figure 2.1 : Ortholog identification of organelle-targeted and organelle non-targeted 

nuclear proteins in the Tragopogon dubius genome. The first step involved an alignment 

of canonical isoforms of all T. dubius and Arabidopsis thaliana proteins (A), followed by 

an alignment between Lactuca sativa and A. thaliana proteins in the second step (B) to 

find missing A. thaliana proteins from first step. Lastly, protein orthologs corresponding 

to Lactuca proteins found in the second step were identified in the T. dubius genome (C). 
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Category 1:1 is a protein orthologous group that includes only single-copy protein 

orthologs. Categories 1:n and n:1 included putative protein groups where we found 

protein paralogs/duplicates in T. dubius for an Arabidopsis protein or vice versa, 

respectively. 

 

Secondly, the orthologous groups for those A. thaliana proteins for which no 

ortholog was found in the T. dubius proteome were also identified using the canonical 

isoforms of the Lactuca sativa proteins via Proteinortho tool with the same BLAST and 

clustering parameters as described above (Figure 2.1).  

Lastly, to proceed with identification of putative protein orthologs in T. dubius, 

the Proteinortho tool with the same BLAST and clustering parameters was again used: at 

least 50% identity and 70% overlap. All proteins from L. sativa and the T. dubius genome 

were utilized as input for this analysis (Figure 2.1). From the BLAST output, the selected 

L. sativa proteins retrieved in the previous step (BLAST between L. sativa and A. thaliana 

proteins) were used to identify their respective putative orthologs in T. dubius. 

Figure 2.2: Representation of orthologous groups identified in the 

Tragopogon dubius genome. The grey area represents the organismal 

relationship between Arabidopsis thaliana and T. dubius. The black lines 

represent relationships among genes from each species. Category 1:1 

represents orthologous protein groups that are single copy in both lineages. 

Categories n:1 or 1:n include gene duplications in Arabidopsis or 

Tragopogon, respectively. 
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2.3.3. Screening for Single-copy Protein Orthologs 

For putative proteins classified as 1:n, n:1, or n:n, the most likely single-copy 

orthologs were screened by comparing the length and percent-identity of all protein 

alignments. However, we could not differentiate between these putative proteins as their 

BLAST results showed that they are of almost similar length and have the same identity. 

Given a large number of proteins identified as putative homologs to A. thaliana light-

harvesting proteins, the relationship among these proteins was examined more closely. 

The gene family that includes all Arabidopsis light-harvesting proteins was accessed from 

the Ensembl Plants database (https://plants.ensembl.org/index.htm) and the amino acid 

sequences of all proteins from this gene family in Brassicaceae and Asteraceae were 

retrieved. These sequences were aligned together with T. dubius proteins identified as 

putative homologs to the Arabidopsis light-harvesting proteins using MAFFT  (version 

7.310) (Katoh and Standley 2016). A phylogenetic tree was constructed using a maximum 

likelihood approach and the  "CAT" model of amino acid substitution, as implemented in 

RAxML (version 8.2.11) (Stamatakis 2014) (Figure 2.3). This tree showed that light-

harvesting complex proteins in photosystem II displayed higher homology with each 

other within the same species and form clades, suggesting these gene families may have 

undergone multiple rounds of gene duplications in each lineage. Considering this 

complexity, we concluded that these putative proteins are paralogs in T. dubius.  

 

2.3.4. Retrieving Nucleotide Sequences for the Identified Protein 

Orthologs and Paralogs 

Gene models were created for each T. dubius, L. sativa and A. thaliana organelle-

targeted protein identified. Protein sequences were aligned to the respective genomes, 

including T. dubius draft genome, as well as L. sativa and A. thaliana genomes, using 
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exonerate (version 2.4) (Slater and Birney 2005) and the ‘protein2genome’  alignment 

model. Nucleotide sequences were extracted for each gene using the ‘getfasta’ utility from 

bedtools (version 2.30.0) (Quinlan 2014). 

 

2.3.5. Identification of Organellar (Plastid and Mitochondrial) Genes 

The genes for organelle-encoded counterparts of cytonuclear enzyme complexes 

were also identified. For plastid-encoded genes, an available annotated T. dubius plastid 

genome (J. Tate, unpublished data) was used to find sequences of genes involved in 

selected plastid enzyme complexes. In the case of mitochondrial-encoded genes, an 

annotated Lactuca sativa mitochondrial genome (NC_042756) was used to obtain 

sequences for genes implicated in mitochondrial OXPHOS complexes because we 

currently lack an annotated mitochondrial genome for Tragopogon species.  

Figure 2.3: Light harvesting proteins form a complex gene family with many 

species-specific paralogs. A maximum likelihood tree was estimated from protein 

sequences. Tips are labeled with respect to species, T.dub = Tragopogon dubius 

(red), sunflower = Helianthus annuus (yellow), B. rapa = Brassica rapa (light 

green), Athal = Arabidopsis thaliana (dark green). Grey labels are from a variety of 

other Brassicaceae taxa.  
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The identification of candidate organelle genes was done by importing the 

annotated T. dubius plastid and L. sativa mitochondrial genomes into Geneious (version 

9.1.8) (Biomatters, Ltd.) and simply retrieving FASTA sequences for the candidate genes.  

 

2.4. Results 
 

 

2.4.1. Identification of Orthologs of Organelle-Targeted Proteins 
 

In total 169 organelle-targeted putative orthologous proteins were identified in 

T. dubius, and 21 proteins were selected from L. sativa (Table 2.1). The L. sativa proteins 

are compared against Arabidopsis proteins for which no orthologous proteins were found 

in the T. dubius draft genome.   

The additional details for the loci of organelle-targeted putative single-copy 

orthologs as well as paralogs are given in Tables 2.2-2.4. Few T. dubius proteins 

(highlighted in red) were identified using the selected L. sativa proteins. However, there 

were certain Lactuca proteins that gave no BLAST hit in the T. dubius draft genome 

(Tables 2.2-2.4). Likewise, the list of Arabidopsis proteins with missing orthologs in T. 

dubius and L. sativa genomes is presented in supplementary data (Supplementary Table 

2.3).
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Table 2.1: Number of putative protein orthologs identified in Tragopogon dubius and Lactuca sativa. 

Complexes Complex names 

Total 

proteins  

(A. thaliana) 

Proteins retrieved 

from T. dubius 

Proteins retrieved 

from L. sativa 

Missing 

A. thaliana 

proteins 

Total 

proteins 

(T. dubius 

& 

L. sativa) 

Mitochondrial 

OXPHOS 

Complexes 

Complex I 48 38 4 1 42 

Complex II 13 5 2 4 7 

Complex III 14 8 0 3 8 

Complex IV 14 11 0 3 11 

Complex V 15 11 1 0 12 

Plastid Complexes 

ATP synthase 3 3 0 0 3 

Photosystem I 19 14 1 2 15 

Photosystem II 24 21 5 3 26 

Cytochrome b6f 2 1 1 0 2 

Rubisco 4 2 0 0 2 

Caseinolytic protease 15 12 2 1 14 

Acetyl-CoA 

carboxylase 
4 3 0 0 3 

Ribosomal genes 42 32 5 3 37 

RNA polymerase 

PEP 
6 5 0 1 5 

Dual-targeted 

Genes 

Nuclear-mito, 

Nuclear-plastid, or 

Nuclear-mito/plastid 

3 3 0 0 3 

Total  226 169 21 21 190 
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Table 2.2: List of identified putative proteins involved in OXPHOS complexes in 

Tragopogon dubius and Lactuca sativa. Red highlighted T. dubius protein was identified 

using the corresponding L. sativa proteins. The unique codes (e.g., At5g47890, 

Lsat_20989 and TragDub16379-RA) represent the associated genome loci of each protein 

in Arabidopsis thaliana, L. sativa and T. dubius genomes, respectively. Additional details 

of these proteins are given in Supplementary Table 2.1. 

Enzyme Complex A. thaliana L. sativa T. dubius  

OXPHOS Complex I At5g47890   TragDub16379-RA 

OXPHOS Complex I At3g12260   TragDub26927-RA 

OXPHOS Complex I At5g08060   TragDub06569-RA 

OXPHOS Complex I At2g20360   TragDub12281-RA 

OXPHOS Complex I At2g42210   TragDub23106-RA 

OXPHOS Complex I At3g03100   TragDub21105-RA 

OXPHOS Complex I At2g31490   TragDub29984-RA 

OXPHOS Complex I At2g02050   TragDub12762-RA 

OXPHOS Complex I At5g47570   TragDub07138-RA 

OXPHOS Complex I At4g34700   TragDub14659-RA 

OXPHOS Complex I At4g20150   TragDub10962-RA 

OXPHOS Complex I At5g37510   TragDub26636-RA 

OXPHOS Complex I At5g67590   TragDub10325-RA 

OXPHOS Complex I At3g03070   TragDub14746-RA 

OXPHOS Complex I At5g11770   TragDub04484-RA 

OXPHOS Complex I At5g08530   TragDub17396-RA 

OXPHOS Complex I At4g02580   TragDub03149-RA 

OXPHOS Complex I At1g67350   TragDub11786-RA 

OXPHOS Complex I At2g27730   TragDub05527-RA 

OXPHOS Complex I At1g67785   TragDub03625-RA 

OXPHOS Complex I At4g16450   TragDub08105-RA 

OXPHOS Complex I At4g00585   TragDub16685-RA 

OXPHOS Complex I At3g47930   TragDub24868-RA 

OXPHOS Complex I At1g68680   TragDub16873-RA 

OXPHOS Complex I At5g14105 
Lsat_20989 and 

Lsat_245071 
TragDub06960-RA 

OXPHOS Complex I At3g08610   
TragDub05616-RA and 

TragDub16818-RA1 

OXPHOS Complex I At5g52840   
TragDub20259-RA and 

TragDub26190-RA1 

OXPHOS Complex I 
At2g33220 and 

At1g046301 
  

TragDub00026-RA and 

TragDub22160-RA1 

OXPHOS Complex I 
At2g02510 and 

At1g144501 
  TragDub04873-RA 

OXPHOS Complex I 
At1g49140 and 

At3g184101 
  TragDub01644-RA 

OXPHOS Complex I 
At2g42310 and 

At3g577851 
  TragDub17966-RA 

OXPHOS Complex I 
At3g62790 and 

At2g476901 
  TragDub05836-RA 

OXPHOS Complex I 
At1g79010 and 

At1g167001 
  TragDub15230-RA 

OXPHOS Complex I At1g19580   TragDub22387-RA 

OXPHOS Complex I At1g47260   TragDub22387-RA 

OXPHOS Complex I At5g63510   TragDub01208-RA 
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Enzyme Complex A. thaliana L. sativa T. dubius  

OXPHOS Complex I At3g48680   TragDub01208-RA 

OXPHOS Complex I At2g46540 
Lsat_22998 and 

Lsat_83311 
  

OXPHOS Complex I At3g06310  Lsat_34290   

OXPHOS Complex I At5g18800 Lsat_34290   

OXPHOS Complex I At1g76200 Lsat_21648   

OXPHOS Complex II 
At3g27380, At5g40650 

and At5g651651 
  

TragDub21450-

RA,TragDub28696-RA and 

TragDub19713-RA1 

OXPHOS Complex II 
At3g47833 and 

At5g625751 
  TragDub02970-RA 

OXPHOS Complex II 
At5g66760 and 

At2g184501 
  TragDub27665-RA 

OXPHOS Complex II At1g47420 Lsat_10503   

OXPHOS Complex II At1g08480 Lsat_18951   

OXPHOS Complex III At3g02090   TragDub27225-RA 

OXPHOS Complex III At1g51980   TragDub13028-RA 

OXPHOS Complex III At3g52730   TragDub06666-RA 

OXPHOS Complex III 
At5g40810 and 

At3g272401 
  TragDub00409-RA 

OXPHOS Complex III 
At5g13430 and 

At5g134401 
  

TragDub00693-RA and 

TragDub14875-RA1 

OXPHOS Complex III 
At4g32470 and 

At5g254501 
  TragDub01752-RA 

OXPHOS Complex III 
At3g10860 and 

At5g053701 
  TragDub11010-RA 

OXPHOS Complex IV At1g80230   TragDub00413-RA  

OXPHOS Complex IV At4g21105   TragDub22246-RA 

OXPHOS Complex IV At1g72020   TragDub25997-RA 

OXPHOS Complex IV At1g22450   TragDub17478-RA 

OXPHOS Complex IV At2g16460   TragDub29090-RA 

OXPHOS Complex IV 
At4g00860 and 

At1g011701 
  TragDub11388-RA 

OXPHOS Complex IV 
At3g62400 and 

At5g613101 
  TragDub15618-RA 

OXPHOS Complex IV At4g37830   
TragDub17875-RA and 

TragDub23702-RA1 

OXPHOS Complex IV At5g27760   
TragDub19150-RA and 

TragDub20137-RA1 

OXPHOS Complex V At1g51650   TragDub03880-RA 

OXPHOS Complex V At5g47030   TragDub11991-RA 

OXPHOS Complex V At5g13450   TragDub23464-RA 

OXPHOS Complex V At3g52300   TragDub13305-RA 

OXPHOS Complex V At2g21870   TragDub22478-RA 

OXPHOS Complex V 
At5g08670, At5g08680 

and At5g086901 
  TragDub08803-RA 

OXPHOS Complex V At4g30010   
TragDub03894-RA and 

TragDub06877-RA1 

OXPHOS Complex V 
At4g29480, At2g19680 

and At4g262101 
  TragDub18597-RA 

OXPHOS Complex V 
At3g46430 and 

At5g596131 
  

TragDub00280-RA and 

TragDub22194-RA1 

OXPHOS Complex V At2g33040 Lsat_10787   

1 Paralogous proteins 
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Table 2.3: List of identified putative proteins involved in plastid complexes in 

Tragopogon dubius and Lactuca sativa. Red highlighted T. dubius proteins were 

identified using the corresponding L. sativa proteins. The unique codes (e.g., At3g54890, 

Lsat_20510 and TragDub17351-RA) represent the associated genome loci of each protein 

in Arabidopsis thaliana, L. sativa and T. dubius genomes, respectively. Additional details 

of these proteins are given in Supplementary Table 2.1. 

Enzyme Complex A. thaliana L. sativa T. dubius  

Photosystem I At3g54890   TragDub17351-RA 

Photosystem I At3g61470   TragDub17388-RA 

Photosystem I At1g61520   TragDub29220-RA 

Photosystem I At3g47470   TragDub03406-RA 

Photosystem I At1g19150   TragDub18644-RA 

Photosystem I At2g20260   TragDub04930-RA 

Photosystem I At1g31330   TragDub16190-RA 

Photosystem I At1g55670   TragDub03866-RA 

Photosystem I At1g30380   TragDub02303-RA 

Photosystem I At4g12800   TragDub23652-RA 

Photosystem I At5g64040   TragDub25070-RA 

Photosystem I At2g46820   TragDub24947-RA 

Photosystem I At4g02770 and At1g031301   TragDub00390-RA 

Photosystem I At3g16140 and At1g522301   TragDub10108-RA 

Photosystem I At1g08380 Lsat_20510   

Photosystem II At1g06680   TragDub09720-RA 

Photosystem II At1g79040   TragDub03856-RA 

Photosystem II At1g44575   TragDub05540-RA 

Photosystem II At2g30570   TragDub01922-RA 

Photosystem II At2g06520   TragDub28773-RA 

Photosystem II At1g67740   TragDub03620-RA 

Photosystem II At5g54270   TragDub17408-RA 

Photosystem II At4g10340   TragDub03786-RA 

Photosystem II At1g15820   TragDub24331-RA 

Photosystem II At5g66570 and At3g508201   

TragDub03157-

RA,TragDub14927-RA 

and TragDub26172-RA1 

Photosystem II At4g21280 and At4g051801   TragDub24003-RA 

Photosystem II 

At1g29920, 

At1g29910,At1g29930, 

At2g34430 and At2g344201 

  

TragDub04853-

RA,TragDub06078-

RA,TragDub19360-

RA,TragDub28226-

RA,TragDub28661-

RA,TragDub29872-RA1 

Photosystem II At5g01530   
TragDub17135-RA and 

TragDub25925-RA1 

Photosystem II At3g21055 Lsat_9599   

Photosystem II At2g05100 

Lsat_10456, 

Lsat_11580, Lsat_8208 

and Lsat_93321 
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RNA polymerase 

PEP 
At1g64860   TragDub25278-RA 

RNA polymerase PEP At3g53920   TragDub02042-RA 

RNA polymerase PEP At5g24120   TragDub00311-RA 

RNA polymerase PEP At2g36990   TragDub12384-RA 

RNA polymerase PEP At1g08540 Lsat_21617  TragDub24770-RA 

ATP Synthase At4g04640   TragDub04991-RA 

ATP Synthase At4g09650   TragDub19438-RA 

ATP Synthase At4g32260   TragDub14417-RA 

Cytochrome b6f At4g03280   TragDub24280-RA 

Cytochrome b6f At2g26500 Lsat_32495   

Caseinolytic 

Proteases 
At1g66670   TragDub12055-RA 

Caseinolytic Proteases At1g02560   TragDub27574-RA 

Caseinolytic Proteases At1g12410   TragDub24707-RA 

Caseinolytic Proteases At1g09130   TragDub20134-RA 

Caseinolytic Proteases At4g17040   TragDub14867-RA 

Caseinolytic Proteases At5g51070   TragDub10810-RA 

Caseinolytic Proteases At1g68660   TragDub26227-RA 

Caseinolytic Proteases At4g25370 and At4g120601   
TragDub14823-RA and 

TragDub23280-RA1 

Caseinolytic Proteases At5g45390   
TragDub15219-RA and 

TragDub29528-RA1 

Caseinolytic Proteases At5g50920 and At3g488701   TragDub10743-RA 

Caseinolytic Proteases At1g11750 Lsat_20401   

Caseinolytic Proteases At1g49970 Lsat_36990   

Acetyl-CoA 

Carboxylase 
At2g38040 Lsat_35936 TragDub05027-RA 

Acetyl-CoA 

Carboxylase 
At5g35360   TragDub14126-RA 

Acetyl-CoA 

Carboxylase 
At5g16390 and At5g155301   TragDub02230-RA 

Rubisco 
At1g67090, At5g38410, 

At5g38430 and At5g384201 
  

TragDub14370-RA and 

TragDub24397-RA1 

Ribosomal Genes At3g52150   TragDub09573-RA 

Ribosomal Genes At2g38140 Lsat_28510 TragDub22127-RA 

Ribosomal Genes At3g56910   TragDub02089-RA 

Ribosomal Genes At5g17870   TragDub21873-RA 

Ribosomal Genes At1g07320   TragDub21729-RA 

Ribosomal Genes At1g05190   TragDub25148-RA 

Ribosomal Genes At3g44890   TragDub02462-RA 

Ribosomal Genes At5g13510   TragDub09605-RA 

Ribosomal Genes At1g32990   TragDub19994-RA 

Ribosomal Genes At1g78630   TragDub26950-RA 

Ribosomal Genes At3g25920   TragDub03561-RA 

Ribosomal Genes At3g54210   TragDub04410-RA 

Ribosomal Genes At1g48350   TragDub16283-RA 
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Ribosomal Genes At5g47190 and At4g175601 Lsat_34702 TragDub21350-RA 

Ribosomal Genes At1g35680 Lsat_12741 TragDub11920-RA 

Ribosomal Genes At5g54600   TragDub11958-RA 

Ribosomal Genes At5g40950   TragDub18778-RA 

Ribosomal Genes At2g33450   TragDub26728-RA 

Ribosomal Genes At5g65220   TragDub13542-RA 

Ribosomal Genes At1g75350   TragDub09539-RA 

Ribosomal Genes At1g29070 Lsat_2139 TragDub29954-RA 

Ribosomal Genes At2g24090   TragDub28009-RA 

Ribosomal Genes At5g30510   TragDub17323-RA 

Ribosomal Genes At2g33800   TragDub07214-RA 

Ribosomal Genes At1g64510   TragDub15617-RA 

Ribosomal Genes At1g74970   TragDub18518-RA 

Ribosomal Genes At3g13120   TragDub28022-RA 

Ribosomal Genes At5g14320   TragDub09326-RA 

Ribosomal Genes At1g79850   TragDub10107-RA 

Ribosomal Genes At3g15190   TragDub09926-RA 

Ribosomal Genes At3g27160   TragDub28622-RA 

Ribosomal Genes At3g27830 and At3g278501   TragDub12033-RA 

Ribosomal Genes At5g24490 Lsat_5980   

Ribosomal Genes At1g68590 Lsat_3726   

Ribosomal Genes At3g63490 Lsat_15799   

Ribosomal Genes At2g43030 Lsat_1652   

Ribosomal Genes At4g01310 Lsat_17875   

1 Paralogous proteins 
 

Table 2.4: List of identified putative proteins encoded by dual-targeted genes in 

Tragopogon dubius. The unique codes (e.g., At5g60960 and TragDub19304-RA) 

represent the associated genome loci of each protein in Arabidopsis thaliana and T. 

dubius genomes, respectively. Additional details of these proteins are given in 

Supplementary Table 2.1. 

Cytonuclear Gene Category A. thaliana L. sativa T. dubius  

Dual-targeted Genes At5g60960   TragDub19304-RA 

Dual-targeted Genes At1g14410   TragDub01137-RA 

Dual-targeted Genes At4g38160   TragDub06887-RA 

 

In total, 21 control proteins that are not targeted to organellar genomes, involved 

in the OXPHOS alternative pathway, housekeeping genes or act as retrograde-signalling 

partners of dual-targeted genes, were identified (Table 2.5). These control proteins were 

identified to compare their expression patterns with those of organelle-targeted 
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cytonuclear genes (Chapter 3). Two Arabidopsis proteins in the OXPHOS alternative 

pathway (At3g22360 and At3g27620) could not be identified in both the T. dubius and L. 

sativa genomes. 

 

Table 2.5: List of identified putative control proteins in Tragopogon dubius and Lactuca 

sativa. Red highlighted T. dubius protein was identified using the corresponding L. sativa 

protein. The unique codes (e.g., At4g28220, Last_31843 and TragDub21722-RA) 

represent the associated genome loci of each protein in Arabidopsis thaliana, L. sativa 

and T. dubius genomes, respectively. Additional details of these proteins are given in 

Supplementary Table 2.2. 

Control Genes Category A. thaliana L. sativa T. dubius  

OXPHOS Alternative Pathway At4g28220   TragDub21722-RA 

OXPHOS Alternative Pathway At4g21490 Lsat_31843 TragDub05309-RA 

OXPHOS Alternative Pathway At4g05020   TragDub18142-RA 

OXPHOS Alternative Pathway At2g20800   TragDub18142-RA 

OXPHOS Alternative Pathway 
At3g22370 and 

At1g323501 
  

TragDub14977-RA and 

TragDub14976-RA1 

OXPHOS Alternative Pathway At5g64210   TragDub08885-RA 

OXPHOS Alternative Pathway At1g07180   TragDub16181-RA 

OXPHOS Alternative Pathway At2g29990   TragDub16181-RA 

OXPHOS Alternative Pathway At5g08740 Lsat_36739   

Retrograde-signalling Genes At4g26110   
TragDub06418-RA and 

TragDub10196-RA1 

Retrograde-signalling Genes At1g58100   TragDub26682-RA 

Retrograde-signalling Genes At5g24680 Lsat_35148   

Retrograde-signalling Genes At1g44920   TragDub21893-RA 

Retrograde-signalling Genes At5g01820   
TragDub13849-RA and 

TragDub24073-RA1 

Housekeeping Genes At1g13440   TragDub11037-RA 

Housekeeping Genes At4g34270   TragDub09056-RA 

Housekeeping Genes At2g28390   TragDub05341-RA 

Housekeeping Genes At5g46630   TragDub22249-RA 

Housekeeping Genes At4g33380   TragDub05245-RA 

Housekeeping Genes At1g32750   TragDub07752-RA 

1 Paralogous proteins 

 

2.4.2. Identification of Organellar (Plastid and Mitochondrial) Genes 

  The 66 organelle-encoded genes involved in selected plastid enzyme 

complexes and 22 genes implicated in mitochondrial OXPHOS complexes were retrieved 

from T. dubius plastid and L. sativa mitochondrial genomes, respectively (Table 2.6). 
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Table 2.6: List of identified organelle-encoded genes in Tragopogon dubius and Lactuca 

sativa. 

Gene Name 
Gene 

ID 
Genome Enzyme Complex 

NAD(P)H dehydrogenase 1 nad1 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase 2 nad2 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase 3 nad3 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase subunit 4 nad4 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase subunit 4L nad4L Mitochondrial OXPHOS Complex I 

NADH dehydrogenase subunit 5 nad5 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase 6 nad6 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase subunit 7 nad7 Mitochondrial OXPHOS Complex I 

NADH dehydrogenase subunit 9 nad9 Mitochondrial OXPHOS Complex I 

Succinate dehydrogenase 3-1 sdh3a Mitochondrial OXPHOS Complex II 

Succinate dehydrogenase 3-2 sdh3b Mitochondrial OXPHOS Complex II 

Succinate dehydrogenase subunit 4 sdh4 Mitochondrial OXPHOS Complex II 

Apocytochrome B cob Mitochondrial OXPHOS Complex III 

Cytochrome oxidase subunit 1 cox1 Mitochondrial OXPHOS Complex IV 

Cytochrome oxidase subunit 2 cox2 Mitochondrial OXPHOS Complex IV 

Cytochrome C oxidase subunit 3 cox3 Mitochondrial OXPHOS Complex IV 

ATP synthase subunit 1-A atp1A Mitochondrial OXPHOS Complex V 

 ATP synthase subunit 1-B atp1B Mitochondrial OXPHOS Complex V 

ORF25 atp4 Mitochondrial OXPHOS Complex V 

ATPase subunit 6 atp6 Mitochondrial OXPHOS Complex V 

ATP synthase 8 atp8 Mitochondrial OXPHOS Complex V 

Mitochondrial F0-ATPase subunit 9 atp9 Mitochondrial OXPHOS Complex V 

PSAA psaA Plastid Photosystem I 

PSAB psaB Plastid Photosystem I 

PSAC psaC Plastid Photosystem I 

Photsystem I subunit I psaI Plastid Photosystem I 

PSAJ psaJ Plastid Photosystem I 

Photosystem II reaction centre protein A psbA Plastid Photosystem II 

Photosystem II reaction centre protein B psbB Plastid Photosystem II 

Photosystem II reaction centre protein C psbC Plastid Photosystem II 

Photosystem II reaction centre protein D psbD Plastid Photosystem II 

Photosystem II reaction centre protein E psbE Plastid Photosystem II 

Photosystem II reaction centre protein F psbF Plastid Photosystem II 

Photosystem II reaction centre protein H psbH Plastid Photosystem II 

Photosystem II reaction centre protein I psbI Plastid Photosystem II 

Photosystem II reaction centre protein J psbJ Plastid Photosystem II 

Photosystem II reaction centre protein K 

precursor 
psbK Plastid Photosystem II 

Photosystem II reaction centre protein L psbL Plastid Photosystem II 

Photosystem II reaction centre protein M psbM Plastid Photosystem II 

Photosystem II reaction centre protein N psbN Plastid Photosystem II 

Photosystem II reaction centre protein T psbT Plastid Photosystem II 

YCF9 psbZ Plastid Photosystem II 

RNA polymerase subunit alpha rpoA Plastid RNA polymerase PEP 

RNA polymerase subunit beta rpoB Plastid RNA polymerase PEP 

RPOC1 rpoC1 Plastid RNA polymerase PEP 
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Gene Name 
Gene 

ID 
Genome Enzyme Complex 

RPOC2 rpoC2 Plastid RNA polymerase PEP 

ATP synthase subunit alpha atpA Plastid ATP Synthase 

ATP synthase subunit beta atpB Plastid ATP Synthase 

ATP synthase epsilon chain atpE Plastid ATP Synthase 

ATPF atpF Plastid ATP Synthase 

ATPH atpH Plastid ATP Synthase 

ATPI atpI Plastid ATP Synthase 

Photosynthetic electron transfer A petA Plastid Cytochrome b6f 

Photosynthetic electron transfer B petB Plastid Cytochrome b6f 

Photosynthetic electron transfer D petD Plastid Cytochrome b6f 

PETG petG Plastid Cytochrome b6f 

PETL/ORF31 petL Plastid Cytochrome b6f 

PETN/YCF6 petN Plastid Cytochrome b6f 

Caseinolytic protease P 1/Plastid-encoded CLP 

P 
clpP Plastid Caseinolytic Proteases 

Accd, acetyl-coa carboxylase carboxyl 

transferase subunit beta 
accD Plastid Acetyl-CoA Carboxylase 

RBCL rbcL Plastid Rubisco 

Ribosomal protein L2 rpl2 Plastid Ribosomal Genes 

Ribosomal protein L14 rpl14 Plastid Ribosomal Genes 

Ribosomal protein L16 rpl16 Plastid Ribosomal Genes 

Ribosomal protein L20 rpl20 Plastid Ribosomal Genes 

Ribosomal protein L22 rpl22 Plastid Ribosomal Genes 

Ribosomal protein L23 rpl23 Plastid Ribosomal Genes 

Ribosomal protein L32 rpl32 Plastid Ribosomal Genes 

Ribosomal protein L33 rpl33 Plastid Ribosomal Genes 

Ribosomal protein L36 rpl36 Plastid Ribosomal Genes 

Ribosomal protein S2 rps2 Plastid Ribosomal Genes 

Ribosomal protein S3 rps3 Plastid Ribosomal Genes 

Chloroplast ribosomal protein S4 rps4 Plastid Ribosomal Genes 

Chloroplast ribosomal protein S7 rps7 Plastid Ribosomal Genes 

Ribosomal protein S8 rps8 Plastid Ribosomal Genes 

Ribosomal protein S11 rps11 Plastid Ribosomal Genes 

Ribosomal protein S12A rps12a Plastid Ribosomal Genes 

Ribosomal protein S12B rps12b Plastid Ribosomal Genes 

Chloroplast ribosomal protein S14 rps14 Plastid Ribosomal Genes 

Chloroplast ribosomal protein S15 rps15 Plastid Ribosomal Genes 

Ribosomal protein S16 rps16 Plastid Ribosomal Genes 

Ribosomal protein S18 rps18 Plastid Ribosomal Genes 

Ribosomal protein S19 rps19 Plastid Ribosomal Genes 
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2.5. Discussion 

Cytonuclear coordination and co-evolution are crucial mechanisms for the 

effective regulation of plant cells (Greiner and Bock 2013). Cytonuclear enzyme 

complexes are the hub of cytonuclear interactions and are an excellent model to 

investigate the evolutionary consequences of cytonuclear integration and coordination. In 

addition to these interacting multi-subunit enzyme complexes, other nuclear-encoded 

proteins also interact with the organellar genomes. For example, dual-targeted genes 

interact and have dual functional roles, including DNA replication/recombination, DNA 

repair, post-transcriptional modifications and  tRNA aminoacylation etc., in both plastid 

and mitochondria (Carrie and Small 2013; Forsythe et al. 2019). In the current study, 

cytonuclear genes as well as dual-targeted genes were identified in a draft T. dubius 

genome to study the cytonuclear co-evolution in Tragopogon allopolyploid species.  

In flowering plants, the endosymbiotic transfer of organellar genes to the nucleus 

is an extremely active and continual process compared to other eukaryotes which have 

achieved long-term stability in their cytoplasmic gene content (Timmis et al. 2004; 

Johnston and Williams 2016). This may result in the altered cytonuclear interactions and 

integration across plant species. For example, the OXPHOS complex II is entirely 

nuclear-encoded in Arabidopsis thaliana (Adams et al. 2002; Forsythe et al. 2019). 

However, complex II subunits sdh3 and sdh4 have been retained in the mitochondrial 

genomes of several other angiosperm species, including L. sativa (Adams et al. 2001). In 

the current study, the putative orthologs of the Arabidopsis OXPHOS complex II genes 

sdh3 and sdh4 were not found in the T. dubius draft genome. This could suggest that these 

genes in Tragopogon species might also be preserved in the mitochondrial genome, 

making the OXPHOS complex II a cytonuclear complex in Tragopogon species. 
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However, this would need to be confirmed through the analysis of the completely 

annotated nuclear and mitochondrial genomes of Tragopogon species.  

The gene composition of cytonuclear enzyme complexes is lineage-specific, 

meaning that it differs across different linages. For example, the OXPHOS complex I is 

comprised of more than 40 subunits, e.g., 45 in mammals (Carroll et al. 2006), 48 in 

Arabidopsis (Klodmann et al. 2010) and 42 in the green alga, Chlamydomonas reinhardtii 

(Sazanov 2015; Cardol et al. 2004). In this study, we have identified 38 putative protein 

subunits for the OXPHOS complex I in T. dubius species and for the remaining five 

missing Arabidopsis proteins, we have found only 4 putative protein orthologs in the 

related species, L. sativa. The one protein (gamma carbonic anhydrase 3) that we could 

not find even in the Lactuca genome is an accessory subunit of complex I. There are five 

gamma carbonic anhydrase subunits (CA1, CA2, CA3, CAL1 and CAL2) present in 

Arabidopsis (Parisi et al. 2004; Perales et al. 2004). However, in T. dubius, two gamma 

carbonic anhydrases, TragDub22387-RA and TragDub01208-RA, were retrieved against 

CA1 & CA2 and CAL1 & CAL2, respectively. Similarly, in other plant species including 

rice, poplar and maize, only one gene encoding CAL has been found (Meyer 2012). In the 

case of other anhydrases (CA1, CA2 and CA3), plant species either have all three (e.g., 

Arabidopsis, poplar and rice) or only two of them (CA1 and CA2) as observed in sorghum 

and maize (Meyer 2012). Based on these findings, we suggest that the OXPHOS complex 

I in T. dubius might have only two carbonic anhydrase subunits, which may contribute to 

the differential subunit composition in T. dubius compared to Arabidopsis and other plant 

species.  

The number of identified putative protein orthologs involved in other selected 

mito-nuclear and plastid-nuclear interacting enzyme complexes in T. dubius also differed 

in the subunit composition compared to A. thaliana (Table 2.1). The heterogeneity in the 
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gene content resulted from the fact that for certain Arabidopsis gene paralogs, there was 

only a single-copy ortholog found in T. dubius. This could suggest that these genes in 

Tragopogon have not undergone gene duplication events. For example, for paralogs of 

some Arabidopsis genes, including NADH-ubiquinone oxidoreductase-related gene and 

Alpha-helical ferredoxin gene in OXPHOS complex I, photosystem I subunits D and H 

as well as photosystem II subunit Q, single-copy orthologs were identified in the T. dubius 

genome (Tables 2.2 & 2.3). Additionally, a few Arabidopsis genes belonging to various 

enzyme complexes were not found at all in the T. dubius draft genome (Supplementary 

Table 2.3). For instance, three Arabidopsis genes from each cytonuclear complex 

including ribosomal genes, photosystem II, OXPHOS complex III and IV were missing 

in both the T. dubius and L. sativa genomes (Supplementary Table 2.3). Because a draft 

T. dubius genome was used for gene screening, it could be possible these genes were 

missing in the draft genome annotation, or they might not exist at all in the Tragopogon 

species, as we were not able to identify these genes even in the related species, L. sativa 

genome. Lastly, it could be possible that these Tragopogon genes are divergent and have 

no substantial similarity to the Arabidopsis genes, considering A. thaliana is not a close 

relative to T. dubius and belongs to a separate family (Brassicaceae) of plants. In future, 

gene identification using updated versions of the Tragopogon species genomes would be 

a better way to verify these ‘missing’ genes and to further curate a complete list of genes 

involved in different genetic pathways and networks. 
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Chapter 3 
 

Gene Expression Analysis of Duplicated Nuclear Genes 

(Homeologs) Implicated in Cytonuclear Interactions in T. 

miscellus Allopolyploids 

 

3.1. Abstract 

Allopolyploidy is considered one of the major pathways for plant species 

diversification. In allopolyploids, the duplicated and biparentally inherited nuclear 

genomes interact with only one set of maternally inherited cytoplasmic (mitochondrial 

and plastid) genomes, which results in an altered cytonuclear stoichiometry. In this 

project, we employed RNA CaptureSeq to examine expression differences of 

cytonuclear genes in Tragopogon miscellus allopolyploids along with their diploid 

parental species, Tragopogon dubius and Tragopogon pratensis, at different 

developmental stages. These are young, naturally occurring allopolyploids, which have 

formed multiple times, including reciprocally, hence they offer a window into the 

potential for repeated evolution of cytonuclear coordination. Using a T. dubius draft 

genome, we developed probes for ~293 loci involved in nuclear-mitochondrial and 

nuclear-plastid complexes as well as dual-targeted genes. In short- and long-liguled T. 

miscellus, ~90-98% duplicated nuclear genes/homeologs showed no difference in the 

total expression level compared to their parent species, at all growth stages. And only 

1-3% genes generally displayed unbalanced expression level dominance toward their 

respective paternal parent in both reciprocal forms. In terms of homeolog expression 

bias, the homeologs with biased expression in short- (52%) and long-liguled (43%) T. 

miscellus allopolyploids generally showed unbalanced homeolog expression bias 

toward T. pratensis across all developmental stages. In comparison to the parental 
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species, 42-56% and 38-41% of the loci in short- and long-liguled T. miscellus, 

respectively, exhibited novel homeolog expression patterns. The genes that showed 

either diverse patterns of homeolog expression bias or expression level dominance were 

determined to belong to different cytonuclear complexes rather than being enriched to 

a certain complex. The existence of such flexible and diverse expression patterns in T. 

miscellus allopolyploids depicts the complex role of allopolyploidization in co-

regulating the cytonuclear genomes.  
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3.2. Introduction 

Allopolyploidy, which involves interspecific hybridization and whole genome 

duplication, is considered a major driving force in the evolution of plant species (Soltis 

et al. 2016; Madlung 2013b; Van de Peer et al. 2017b). Ancient whole genome duplication 

events are prevalent in almost all angiosperms (Jiao et al. 2011a) and 25-35% of plant 

species have also encountered recent polyploidy events (Salman-Minkov et al. 2016a). 

The high prevalence of polyploidization events in plants may assist polyploids against 

environmental stresses (Wu et al. 2020), in gaining novel traits (Soltis et al. 2009; Soltis 

and Soltis 2016) and faster niche differentiation compared to their diploid parents 

(Baniaga et al. 2020). To date, studies conducted on different allopolyploids and their 

diploid ancestors have demonstrated that whole genome duplication results in various 

complex genomic changes, including alterations in epigenetic modifications, gene loss, 

expression level dominance/transgressive expression (non-additive gene expression), 

homeolog expression bias, additive expression and changes at the chromosomal level 

(Figure 3.1) (reviewed in Osborn et al. 2003b; Doyle et al. 2008; Buggs et al. 2014; Doyle 

and Coate 2019; Wendel et al. 2018a; Madlung and Wendel 2013; Yoo et al. 2014a). In 

allopolyploids, expression level dominance and homeolog expression bias can either be 

balanced (equal number of loci show expression level dominance/homeolog expression 

bias toward each sub-genome) or unbalanced (more genes show expression level 

dominance/homeolog expression bias toward one sub-genome over the other). In addition 

to the aforementioned changes, the merger of duplicated and biparentally inherited 

diverged nuclear genomes in allopolyploids along with only one set of maternally 

inherited cytoplasmic (mitochondrial and plastid) genomes, also brings together complex 

interactions between these tripartite genomes. This ultimately may result in cytonuclear 
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incompatibilities in allopolyploids due to divergence and evolutionary differences among 

these genomes, which can have profound effects on a plant’s fitness (Fishman and Willis 

2006; Hill 2017; Postel and Touzet 2020; Fishman and Sweigart 2018). For instance, 

interactions between nuclear- and cytoplasmic-encoded subunits of chimeric enzyme 

complexes (discussed in Chapter 1; section 1.7) play central roles in eukaryotic 

bioenergetics as these enzyme complexes are involved in photosynthesis, organelle 

ribosomes and cellular respiration (Rand et al. 2004). Also, nuclear-encoded proteins 

mediate DNA replication/repair, transcriptional and post-transcriptional processes of 

organelle genomes through direct interaction with either DNA or their RNAs (Salinas-

Figure 3.1: Graphical representation of additive and non-additive expression patterns in 

allopolyploids for total gene expression and homeolog-specific expression. Circles depict 

the expression levels of a particular gene, and the size of the circles represents the relative 

expression level of a gene. A & B) Additive expression occurs when the total gene 

expression in an allopolyploid is additive (i.e., the sum) of the two parents, who might differ 

in their expression profiles (lower in one parent and higher in the other). C & D) Expression 

level dominance occurs when the total expression of duplicated genes is statistically similar 

to one of the diploid parents. For example, scenarios C and D show expression level 

dominance toward parent A or B, respectively. E & F) Transgressive expression patterns 

occur when the gene expression levels in a polyploid are either up- (E) or down-regulated 

(F) compared to both parents.  G & H) Homeolog expression bias is the relative contribution 

of the homeologs to the total gene expression. This can be biased toward either parental 

species or unbiased (I).  
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Giegé et al. 2015; Gualberto and Newton 2017; Germain et al. 2013; Zhang et al. 2016). 

Hence, the dosage imbalances between these genomes may cause potential disruption of 

the function and assembly of chimeric complexes. Consequently, this poses a major 

challenge for allopolyploids with potential immediate consequences including altered 

cytonuclear stoichiometry, which in turn can impact important physiological processes 

such as photosynthesis and cellular respiration. 

To cope with challenges associated with cytonuclear incompatibilities following 

whole genome duplications, allopolyploids may undergo alterations to synchronize 

imbalances between nuclear and cytoplasmic genomes. These mechanisms might include 

up-regulation of organelle genes and their copy number, up-regulation of maternal 

homeologs with down-regulation of paternal homeologs, maternal gene conversion 

events through homeologous exchanges and/or loss of function of paternal homeologs 

(pseudogenization) (Doyle and Coate 2019; Sharbrough et al. 2017). 

Although cytonuclear co-evolution has long been recognized as a potential 

evolutionary barrier to speciation, these cytonuclear interactions have not been widely 

explored in allopolyploids. Thus far, these interactions have mostly been investigated 

with reference to plastid–nuclear incompatibilities with a focus on the Rubisco enzyme 

complex (Ribulose 1, 5-bisphosphate carboxylase/oxygenase). For example, Gong et al. 

(2012) reported maternal to paternal gene conversion events between nuclear homeologs 

through non-reciprocal homeologous recombination. Moreover, preferential expression 

of maternal homeologs was observed in both cultivated and wild cotton allopolyploids 

(Gong et al. 2012) and later between homeologous genomes of Arachis hypogaea, 

Nicotiana tabacum and Arabidopsis suecica allopolyploids (Gong et al. 2014). However, 

studies conducted in a resynthesized allotetraploid of rice, Oryza sativa, or in young 

allopolyploids of Tragopogon miscellus did not report homogenization of nuclear 
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homeologs through gene conversion events (Sehrish et al. 2015; Wang et al. 2017a). 

Additionally, synthesized rice allotetraploids showed no specific pattern of transcriptional 

bias toward the maternal parent (Wang et al. 2017a). Furthermore, Ferreira de Carvalho 

et al. (2019) reported dominance of nuclear genes involved in various plastid complexes 

towards the paternal sub-genome and found no evidence of homogenization via maternal 

gene conversions in resynthesized and natural B. napus allopolyploids. Likewise, a study 

in a synthesized Cucumis allopolyploid revealed paternally biased expression of nuclear 

rbcS gene (Zhai et al. 2019b). Lastly, Grover et al. (2022) recently conducted an extensive 

survey of a large number of genes targeted to cytoplasmic genomes as well as genes that 

were not targeted to organelles in multiple allopolyploid systems. They noted varying 

patterns of cytonuclear accommodation among lineages, cytonuclear gene categories, as 

well as in genes within a particular category. Also, this study did not find strong evidence 

of maternal bias to balance cytonuclear interactions in the examined allopolyploids. 

Taking into consideration this vast array of outcomes, one can say that maternally biased 

transcription of the nuclear homeologs encoding the cytonuclear enzyme complexes is 

not always the rule in allopolyploids, as we might expect. Instead, diverse responses to 

accommodate the interaction among the genomes are typical. Therefore, to understand 

the mechanisms that stabilize cytonuclear interactions, here we investigated the gene 

expression of nuclear homeologs, and their organelle counterparts involved in 

mitochondrial oxidative phosphorylation, plastid complexes, as well as dual-targeted 

genes in Tragopogon miscellus allopolyploids. T. miscellus allopolyploids offer a unique 

system to study recurrent and recent (90-100 years old) allopolyploidy in natural 

populations (Soltis et al. 2004). Repeated formation of Tragopogon allopolyploids, 

including short- and long-liguled reciprocal forms (Soltis et al. 1995a; Soltis et al. 2004; 

Symonds et al. 2010) provides a way to determine if such independently formed 
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allopolyploid populations develop similar cytonuclear coordination. Interestingly, only 

one natural population of the long-liguled form but multiple populations of the short 

liguled form exist in nature, as discussed in chapter 1 (section 1.9). RNA CaptureSeq 

(Targeted RNAseq) was used to evaluate the selected transcripts in plants from natural 

populations of the reciprocally formed T. miscellus allopolyploids and progenitor (T. 

pratensis and T. dubius) species. The expression patterns among all species were 

examined to test the following hypotheses: 

i. Duplicated nuclear genes involved in cytonuclear enzyme complexes as well as 

dual-targeted genes will exhibit maternally biased expression.  

ii. Reciprocal forms of T. miscellus will show biased homeolog expression, toward 

their respective maternal parent. 

iii. Cytonuclear genes will undergo development-mediated differential regulation of 

homeologs. 

iv. To compensate for the duplicated nuclear genomes, the expression of maternally 

inherited organelle genes will be up-regulated in reciprocally formed 

allopolyploids. 

 

3.3. Materials and Methods 

 

3.3.1. Plant Materials  

Seeds of diploid parental species, Tragopogon dubius and T. pratensis, as well 

as short- and long-liguled T. miscellus allopolyploids were collected from natural 

populations in the United States (2016 and 2017) (Figure 3.2) and were grown in a plant 

growth chamber at Massey University under controlled conditions (20°C and 16/8 hours 

light/dark). Seventeen individuals including 1-3 replicates per lineage (individual) from 

five natural populations of the two diploid parents were included in this study. For T. 
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miscellus, 21 individuals (2-3 replicates per lineage) from five populations were included. 

In total 76 plants (Supplementary Table 3.1) were grown in 4” plastic pots with Tui Pot 

Power soil (Tui, New Zealand) and later were transplanted to larger containers (1.4 L) 

after five weeks of germination. As some plants flowered, these were transplanted into 

bigger pots (7 L) with fresh media to allow further growth. A Randomized Block Design 

was followed to randomly allocate pots into each block (tray) so that each block had a 

mix of different lineages of parents and allopolyploid species. In total, there were 7 trays 

(blocks) with 12 samples per tray. Trays were also rotated each week to avoid any 

positioning effects on plant’s growth.  

 

Td & sm 

Td, Tp & sm 

Td  Td & lm 

Td & sm 

Tp & sm 

Figure 3.2: The map shows USA collection sites (encircled red) where seed 

collections of natural populations of both parental species and reciprocal 

forms of Tragopogon miscellus allopolyploids were made for this study. The 

markings besides each location represent the species collected at a particular 

site. (Td: T. dubius, Tp: T pratensis, sm: short-liguled T. miscellus and lm: 

long-liguled T. miscellus). 
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3.3.2. Sample Collection  

Leaf tissues (4 cm, youngest leaf from base to tip) were collected at young (9 

weeks after germination, hereafter referred to as the early-age) and middle-age (24 weeks 

post-germination) growth stages directly into liquid nitrogen and then stored at -80°C 

until further processing. Tragopogon normally requires cold-treatment to induce 

flowering, however some individuals of T. dubius (5 plants), T. pratensis (1 plant) and 

short-liguled T. miscellus (6 plants) started flowering without a cold treatment. These 

individuals are referred to as the ‘early-flowering group’ and are represented by young (9 

weeks) and mature-age growth stages only. For the latter, cauline leaves from these early 

flowering lineages were collected 22 weeks following germination. The other plants (52 

plants) that did not flower early are referred to as the ‘late-flowering group’ and for these, 

leaf tissue was collected at the early (9 weeks) and middle-growth (24 weeks) stages. 

 

3.3.3. RNA Extraction, Quantification and Quality Check 

RNA extractions from leaf tissues of 76 samples (Supplementary Table 3.1), 

including all candidate species, were performed using the RNeasy Plant Mini Kit 

(Qiagen), including an on-column DNase digestion using the RNase free DNase set 

(Qiagen) as per kit’s instructions. RNA was quantified using a Qubit Fluorometer 

(Invitrogen™) and purity confirmed by measuring A260/A280=2 and A260/A230=2-2.2 

ratios via a Nanondrop spectrophotometer (Thermo Fisher Scientific™ NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer). The RNA integrity was assessed 

by running RNA samples on a LabChip® GX Touch HT (PerkinElmer, United States) 

using the Standard LabChip® assay at Massey Genome Service (Palmerston North, New 

Zealand). RNA samples with RQS (RNA Quality Score) 6.5 and above were later used 

for RNA CaptureSeq library preparation.  
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3.3.4. RNA CaptureSeq 

RNA CaptureSeq is a targeted RNASeq that involves the construction of 

oligonucleotide probes against selected genes of interest, followed by their hybridization 

to cDNA libraries and sequencing (Mercer et al. 2012). This approach was used to target 

316 genes (discussed in chapter 2, Tables 2.2-2.5 & Supplementary Table 2.3) via custom 

probes designed and manufactured by Roche Nimblegen, to analyse their expression in 

both allopolyploid forms and parental species. RNA CaptureSeq procedures are described 

in the following sections and a brief overview of the workflow is shown in the Figure 3.3.  

3.3.4.1. RNASeq Pre-captured Library Preparation, Quantification and 

Quality Assessment 

Following RNA isolation, RNASeq pre-captured libraries were prepared using 

KAPA mRNA HyperPrep Kit (Roche) for Illumina® platforms and each library was 

uniquely indexed using adapters available in KAPA Unique Dual-Indexed Adapter Kit 

(15 μM; Roche). Initially, library preps for 33 samples used 250 ng of total RNA per 

Figure 3.3: Overview of RNA CaptureSeq workflow. RNA extracted from leaf tissues 

of each individual was used as starting material for the pre-captured library preparation. 

Following the library preparation, all the libraries were pooled together to carry out 

hybridization using custom designed probes. After probe hybridization the probe-

hybridized transcripts were captured using bead capture followed by washing. Next 

amplification of the captured library pool was done, followed by QC enrichment using 

qPCR. The quality-assured library pool was sequenced on Illumina HiSeq.  
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sample. Also, 2 µl of ERCC RNA spike-in mixes 1 and 2, included in the ERCC ExFold 

RNA Spike-In Mixes kit (Invitrogen™), were added separately to each total RNA sample 

at 1:400 dilution, according to the user guidelines. After library preparation, these final 

pre-captured libraries were quantified via Qubit assay. The sizing profile of library 

fragments and adapter dimer contamination were determined by running libraries on a 

LabChip® GX Touch HT using the DNA High Sensitivity LabChip® assay at Massey 

Genome Service (Palmerston North, New Zealand). Most of these pre-captured libraries 

showed adapter dimers, as indicated by a sharp 120-140 bp peak. Therefore, a second 1X 

bead clean-up post-amplification was performed to remove adapter dimers as per kit’s 

recommendation. Additionally, to avoid adapter dimers in the remaining library preps, 

the total amount of input RNA was increased to 500-1000 ng. Based on the increased 

amount of RNA, the adapter ligation step of the protocol was modified to use diluted 

adapter stock (5 µl) in 1.5 µM concentration instead of 7 µM (recommended 

concentration for 500-1000 ng input RNA as per kit’s protocol). In the case of two 

samples, where insufficient RNA remained, 100 ng and 250 ng of total RNA was used 

for the library preps. Thus, to compensate for the quantity of starting material and to avoid 

adapter dimers in these libraries, 2 and 3 µl of 1.5 µM diluted adapter stock were added, 

respectively, instead of the recommended 5 µl. PCR grade water was used to make up the 

remaining diluted adapter stock volume. Likewise, 1 µl of ERCC spike-in mixes was 

added into all remaining RNA samples at 1:100 dilution based on the RNA amount (100 

ng, 500 ng & 1000 ng) used. All final pre-captured libraries were quantified, and the 

sizing profile of the library fragments and adapter dimer contamination were assessed as 

previously described.  
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3.3.4.2. RNASeq Captured Multiplex Library Preparation, Quantification 

and Quality Assessment and RNA Sequencing 

A captured multiplex library was prepared using the SeqCap EZ probe pool, 

which included probes for the 316 genes identified and discussed in the previous chapter 

as well as probes for capturing the ERCC spike-ins (included in the probe set for later 

validation of the RNASeq platform), the HyperCap Target Enrichment Kit (Roche) and 

the HyperCap Bead Kit (Roche). At first, 76 pre-captured libraries made in the previous 

step were pooled together in equal amounts (by mass) to obtain a single multiplex library 

pool of combined mass of 1.25 µg. After pooling the libraries together, the concentration 

of the pre-captured library pool was determined via Qubit. One µg of this library pool 

was further used for the probe hybridization, followed by recovery of the final captured 

multiplex library using the kits mentioned above, following kits’ instructions. Next, the 

captured multiplex library was quantified using Qubit. As an internal quality check to 

confirm the success of probe hybridization and to assess the level of enrichment achieved 

from captured multiplex library, a qPCR enrichment assay using LightCycler® 480 SYBR 

Green I 2X Master Mix was accomplished on LightCycler® 480 Instrument II (Roche). 

This qPCR was done using four templates: the pre-captured library pool, the captured 

multiplex library pool, cDNA of any two parental samples included in the library pool as 

positive controls, and a negative control. Three housekeeping genes targeted through this 

assay were included in the probe design (Chapter 2, Table 2.5), thus, providing an 

effective way to determine the success of targets’ capture.  

Prior to next-generation sequencing, the quantification and sizing profile of the 

library pool using the DNA High Sensitivity LabChip® assay were checked, as well as a 

qPCR assay to confirm the quality of the captured pool. The high-quality captured 

multiplex library was then submitted to Novogene Co., Ltd. (Singapore) for paired-end 
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sequencing (150 bp reads) on an Illumina HiSeq system.  

 

3.3.5. RNA CaptureSeq Data Analysis 

 

3.3.5.1. Qualitative Analysis of Raw Reads  

 

The preliminary quality check of sequencing data was done by Novogene Co., 

Ltd. (Singapore). This quality check included filtering of raw reads to remove reads with 

low quality bases (Q score < 5) that constitute more than 50% of the total bases and reads 

containing N > 10%. This filtering process also removed reads containing the sequencing 

adaptors. After receiving the processed data from Novogene, an additional qualitative 

analysis, including pre-processing of raw reads, was done to trim adapters and remove 

low-quality bases using fastp (version 0.20.0) (Chen et al. 2018).  

 

3.3.5.2. Mapping and Classification of Raw Reads with respect to Homeologs 

 

Filtered and good quality raw reads were mapped to the reference gene models, 

including ERCC transcript sequences, using STAR (version 2.7.7a) (Dobin et al. 2012) 

and the mapping statistics evaluated to validate our probe/capture design. Next, mapped 

reads were analysed using HyLiTE (Duchemin et al. 2015), which classified reads to each 

homeolog (parental) class based on SNPs, and also generated a comprehensive file with 

expression levels for each gene in the allopolyploids and diploid parent species. These 

files with information about homeolog read counts, as well as total read counts per gene, 

were used in the downstream analyses.  

 

3.3.5.3. Quality Validation of RNASeq Platform  

 

To evaluate the RNA CaptureSeq platform in terms of technical and biological 

signal, two types of analyses were carried out: ERCC-based analysis, and hierarchical 
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clustering and Principal Components Analysis (PCA) as described below. 

 

ERCC RNAs Based Analysis  

This analysis included assessment of the RNASeq platform with respect to the 

dynamic range and fold-change response. For the former analysis, a plot was made for 

each sample using DESeq2 (version 1.32.0) (Love et al. 2014) with normalised read 

counts of each ERCC transcript against their known molar concentration, which was 

added in the input total RNA at the start of library preparation. A linear regression model 

was used to determine the relationship between input ERCC transcripts’ concentration 

and their output signal through the best fit line.   

For the fold-change response analysis, the observed fold change ratio of Mix 

1:Mix 2 for each ERCC transcript was compared with their expected fold-change ratio 

and their correlation was determined by a linear regression model. To identify genes with 

differential expression among samples with different spike-in mixes, the observed fold-

change ratio for each ERCC transcript was obtained by performing differential expression 

analysis via DESeq2 (version 1.32.0) (Love et al. 2014) using default parameter settings. 

For this differential expression analysis, raw read counts mapped to each ERCC 

transcript, as well as candidate genes across all samples, were used and normalised with 

ERCC spike-ins specified in the design formula of the DESeq2 dataset object. 

 

Hierarchical Clustering and Principal Component Analysis 

To assess if the differences in the sequencing data were biologically accurate 

and to identify any sample outliers, principal component analysis and hierarchical 

clustering were performed at the sample level. For both analyses, rlog transformed read 

count data were used to make a PCA chart as well as clustered heatmaps.  
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3.3.5.4. Differential Gene Expression Analysis 

 

Total gene expression levels were examined for differential expression among 

both parental species and reciprocal forms of T. miscellus at each growth stage. In the 

case of early growth stage samples, three types of differential expression analyses were 

carried out: one including all early-stage samples of both early- and late-flowering plant 

groups and for the other two analyses, early-stage samples of each group were considered 

independently. These differential gene expression analyses were carried out using 

DESeq2 (version 1.32.0) with the negative binomial generalized linear model (Love et al. 

2014). Raw read counts of all genes, except ERCC spike-in transcripts and the 

Arabidopsis-derived genes (which did not successfully target the Tragopogon species), 

were used for this purpose. Read counts were normalised through default normalisation 

settings in the DESeq2 package, which takes sequencing depth and RNA composition 

into account. At the gene level, genes with 0 read counts across all samples and low mean 

normalised counts (<10) were filtered out from the data (Shan et al. 2020a). A gene was 

considered to be significantly differentially expressed if the p-adjusted value was less 

than 0.05 and the log2(fold change) was greater than 1.5.  

 

3.3.5.5. Total Gene Expression Levels 

 

Differentially expressed genes identified by the total gene expression levels were 

partitioned into distinct expression patterns including additive and non-additive gene 

expression (Rapp et al. 2009b; Shan et al. 2020a; Grover et al. 2012b). Non-additive 

expression patterns were further subdivided into expression level dominance and 

transgressive expression (discussed in detail in Chapter 1, section 1.5.2). Briefly, a gene 

displayed additive expression when its total expression level in the allopolyploid was 

higher than one of the parent species but lower than the other parental species, considering 
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that gene is being expressed differentially between parent species (Figure 3.1, categories 

A & B) (Grover et al. 2012b). Expression level dominance was determined when the total 

expression level of a gene in the allopolyploid was comparable to one of the parent species 

(Figure 3.1, categories C & D); transgressive expression was noted when the gene 

expression level in the allopolyploid was either higher or lower than the expression of 

that gene in diploid parent species (Figure 3.1, categories E & F) (Grover et al. 2012b).  

 

3.3.5.6. Homeolog Specific Analyses  

 

Reads assigned to each homeolog via HyLiTE were also analysed for differential 

expression using DESeq2 (version 1.32.0) to determine the relative contribution of 

homeolog expression in the reciprocal forms of T. miscellus. Homeologs were then 

categorized into the following patterns: homeolog expression biased toward either parent 

species (Figure 3.1, categories G & H) or unbiased expression (Figure 3.1, category I). 

Moreover, in comparison to expression differences of loci between diploid parent species, 

the homeologs in the allopolyploids were also grouped into three characteristic expression 

categories: parental legacy (homeolog expression patterns in an allopolyploid are similar 

to those in the diploid parents), no homeolog expression bias or novel homeolog 

expression bias.  

 

3.3.5.7. Organelle Gene Expression 

 

Because organelle genes encoded by the mitochondrial and plastid genomes are 

usually inherited from the maternal parent in Tragopogon allopolyploids (Sehrish et al. 

2015) and did not undergo duplication via an allopolyploidization event, their overall 

general expression patterns were examined via hierarchical clustering analysis. Also, to 

identify differentially expressed organelle genes, three types of differential expression 
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analyses were performed using DESeq2: between parent species, between each 

population of short- and long-liguled T. miscellus, and between reciprocal allopolyploid 

forms and their respective maternal parents.  

 

3.4. Results 
 

3.4.1. Mapping Statistics Support Probe Capture Design 

 

After quality check of raw reads, a promising percentage (78-84%) of reads 

uniquely mapped to the reference gene models in all samples including multiple 

individuals from various natural populations of T. dubius, T. pratensis and reciprocal 

forms of T. miscellus allopolyploids (Supplementary Figure 3.1). Additionally, the ratio 

of multi-mapping reads that mapped to multiple gene models was low for each individual 

sample, ranging between 5-10% (Supplementary Figure 3.2). Likewise, the mean 

proportion of mismatches between sequencing reads and the reference gene models was 

also very low (0.36-1.42%) (Supplementary Figure 3.3). T. dubius samples had an 

expected low mismatch rate across the entire sample set, because probes were designed 

against candidate gene sequences retrieved from a T. dubius draft genome. Although the 

CaptureSeq probes were designed against only the T. dubius parent, one might expect a 

higher proportion of mismatches between sequencing reads and the other parental species, 

T. pratensis.  However, mismatch rates were still quite low for T. pratensis (1.42%), 

considering the probes were designed against the T. dubius draft genome. This may be 

because the genomes of both parent species are highly similar and high-density probes 

were able to capture genes from both genomes efficiently. All these mapping statistics 

suggested that the capture design uniquely captured specific copies of gene paralogs in 

all species and successfully enriched RNASeq libraries for genes of interest, suggesting 

that our capture design worked well for this project.  
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3.4.2. Validation of RNA CaptureSeq platform 

 

ERCC RNAs based Analysis 

Our RNASeq libraries included a set of external controls (ERCC-spike in 

transcripts) with known molarity that allowed us to test the platform’s ability to detect 

transcripts across a range of input concentrations and the sensitivity of differential 

expression analyses. Two types of analyses (dose response and fold change response) 

were done in this regard. In terms of dynamic range and dose response, a linear 

relationship between the reads aligned to 92 ERCC spike-in transcripts and their known 

molar concentration was observed (Figure 3.4). A separate plot was made for each sample 

library, and similar trend of linear correlation was noticed across all 76 libraries. 

 

 

 

The assessment, based on platform fold change response, was done by 

comparing the observed fold change ratio of Mix1:Mix2 for each ERCC transcript to their 

expected fold change ratio, and presented a linear correlation between the expected and 

observed fold change ratios with R2 value of 0.774 (Figure 3.5). Both RNA correlation 

Figure 3.4: Linear correlation plot (R2=0.885) between read counts and input 

concentration of ERCC spike-in transcripts, determining the library preparation. 

quality.  
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plots revealed no extreme technical outliers, suggesting that the sequencing platform 

worked and the observed expression differences in the dataset are real. 

Figure 3.5: Plot showing platform fold change response through a linear relationship 

between expected and observed fold change ratios of ERCC spike-in transcripts in ERCC 

Exfold mixes. Data points are shaded based on the significant (padj < 0.01) expression 

data. 

 

Hierarchical Clustering and Principal Component Analysis 

 

Biological variation among samples, based on the correlation of candidate gene 

expression, was visualised by PCA. Two types of PCA charts were made: the first was 

made using read counts of all genes except the ERCC spike-ins and the Arabidopsis genes 

(Figure 3.6) and the second was made using read counts of only differentially expressed 

genes (p- value < 0.05) between the parental species and reciprocal forms of T. miscellus 

(Figure 3.7).  In the first PCA plot (Figure 3.6), PC1 has split the samples by 

developmental stage and PC2 has separated them by differences in gene expression 

among species, thus, resulting in clustering of both mid-developmental stage and mid-

species (i.e., allopolyploid) in the middle of the sample distribution. The second PCA plot 

(Figure 3.7) led to clustering of samples within the species as well as a clear splitting of 
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species, such that the allopolyploid species was between both parent species. However, 

two samples from the same T. pratensis individual, that were collected at the early- and 

mature-growth stages, demonstrated suspicious behavior and clustered with allopolyploid 

Figure 3.7: PCA plot showing the clustering of individual samples within species at 

different timepoints (early-, middle- and mature-growth stages). The sample labels 

with the same digit (1, 5, 8, etc.) but different letter (a, b, c) represent replicates of the 

same individual. For example, 12a, 12b and 12c represent replicates of one 

Tragopogon dubius individual. The circled samples collected at early- and mature-

growth stages, represent the T. pratensis individual that showed suspicious behavior 

and clustered with allopolyploid species. 

Figure 3.6: PCA of differentially expressed genes (p < 0.05) among parents and 

allopolyploid species at different growth stages. Circled individuals represent 

Tragopogon pratensis samples which clustered with allopolyploid species. 
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species, encircled in both charts. Because these plants were germinated from field 

collected seeds, we checked whether this individual could be a hybrid rather than a diploid 

of T. pratensis via PCR of a diagnostic gene (TDF-85) between T. dubius and T. pratensis 

(Tate et al. 2006b). The PCR confirmed that this individual was diploid T. pratensis, but 

the placement of this individual is still a mystery (Supplementary Figure 3.4). The sample 

swap during RNA extractions and library preps may be another plausible explanation. 

However, RNA from these samples was extracted on different days along with other 

samples, therefore, we can expect that sample swap during extractions is unlikely. On the 

other hand, RNASeq libraries for these 2 samples were prepared in the same batch with 

24 other samples. If swap or contamination happened during this step, we are not sure at 

what point this could have occurred as these samples were in separate tubes and extra 

care was done during all steps. In general, PCA plots displayed clear overall distribution 

of samples, depicting that the signal in the RNASeq data is biologically accurate with no 

obvious outliers. This gave confidence that the data are characteristic of the samples and 

are not due to technical artifacts during library preparation through to the sequencing 

platform.  

Hierarchical clustering analysis was also done to examine the diversity of gene 

expression profiles and to visualise relationships among genes and samples across all 

developmental stages in order to identify potential sample outliers. Like PCA, the 

heatmap generated through hierarchical clustering also confirmed that no apparent 

outliers existed in the dataset, as shown by overall expression patterns across all samples 

and developmental stages (Figure 3.8).  
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Figure 3.8: Hierarchical clustering of differential expression data of all examined cytonuclear and control genes (not targeted to 

organelles) of individuals from populations of Tragopogon dubius, T. pratensis and reciprocal forms of T. miscellus at all growth stages. 

Differential gene expression is displayed in colors ranging from red to blue as shown in the legend. The positive to negative values on 

the scale bar correspond to up- and down-regulation of gene expression, respectively.    
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3.4.3. Differential Gene Expression Analysis 

 

Because no obvious outliers were found in the dataset, all samples of respective 

growth stages from T. dubius and T. pratensis populations were combined for differential 

expression analysis. However, all examined populations of both allopolyploid forms were 

considered independently to identify any differences among their expression patterns, 

since these populations have formed multiple times in nature. Following differential 

expression analysis, genes that passed the previously mentioned filtering criteria (section 

3.3.5.4) were utilized for downstream analyses. A small number of these genes were 

found to be significantly differentially expressed between diploid parent species 

(Supplementary Table 3.2), between each parental species and populations of T. miscellus 

allopolyploids (Supplementary Tables 3.3 & 3.4) and between short- and long-liguled T. 

miscellus populations (Supplementary Table 3.5) as detailed in the following sections.  

 

3.4.4. Total Gene Expression Levels 

 

Differential gene expression analysis between diploid parental species and 

reciprocal forms of T. miscellus was initially done at total gene expression levels, without 

considering homeolog expression differences. This analysis showed that the great 

majority of organelle-targeted duplicated nuclear genes (90-98%) demonstrated no 

expression change in allopolyploids compared to their parent species (Figure 3.9). Those 

genes (1-3%) which did show differential expression in allopolyploids relative to parent 

species, exhibited non-additive expression patterns in individuals of late-flowering plants. 

However, in the case of early-flowering plants, only population 3073 showed such 

patterns at the early growth stage. These non-additive expression patterns were primarily 

expression level dominance (Figure 3.9). In long-liguled T. miscellus, expression level 

dominance was unbalanced toward the paternal parent, T. pratensis, at both the early- and 
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middle-growth stages. Likewise, all late-flowering populations of short-liguled T. 

miscellus showed unbalanced expression level dominance toward the paternal parent, T 

dubius, at the early-age growth stage. At the middle-age growth stage, mixed patterns of 

unbalanced expression level dominance toward either parent (pops. 3049 & 3073) or 

balanced expression level dominance (pops. 104 & 3053) were observed in the short-

liguled populations. In the case of transgressive expression patterns, only short-liguled 

population 3073 showed transgressive down-regulation at the middle- and early-growth 

stages of late- and early-flowering plants, respectively. None of the duplicated genes in 

both reciprocal forms of T. miscellus showed transgressive up-regulation. There were 

certain genes with anomalous gene expression patterns that did not fall into any of the 

above-mentioned expression categories (Supplementary Figure 3.5 & Supplementary 

Table 3.6).  

The differentially expressed organelle-targeted genes that showed expression 

level dominance in late-flowering plants encode two chlorophyll A/B binding proteins 

(photosystem II), light-harvesting complex protein isoform 2.1 (photosystem II), 

rubredoxin like superfamily protein (OXPHOS complex IV) and Sigma factor E (RNA 

polymerase PEP) (Supplementary Table 3.7). One of the chlorophyll A/B binding 

proteins (TragDub19360-RA) showed dominance in short-liguled populations but 

additive expression in the long-liguled form. In the case of early-flowering plants, two 

genes (30S ribosomal protein and ribosomal protein 4) from ribosomal genes complexes 

showed expression level dominance patterns. In the case of transgressive expression 

patterns, sigma factor E and photosystem II light-harvesting complex gene isoforms (2.2 

and 2.3) showed transgressive down-regulation in early- and late-flowering individuals 

of the short-liguled population 3073, respectively.  
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Figure 3.9: Comparison of expression patterns including additive and non-additive expression of 185 organelle-targeted duplicated 

nuclear genes in reciprocal forms of Tragopogon miscellus allopolyploids relative to their diploid parent species. Non-additive 

expression patterns involve expression level dominance and transgressive expression. T. pra, T. dub and T. mis = T. pratensis, T. 

dubius and T. miscellus, respectively. The first comparison at the early stage was done considering all early-age samples for both 

late- and early-flowering plants.  
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The control nuclear genes and retrograde-signaling partners of dual-targeted 

genes, which are encoded entirely by the nuclear genome, followed the parental patterns 

in the case of total gene expression level (Supplementary Figures 3.6 & 3.7). 

 

3.4.5. Homeolog Specific Analyses 

 

Once differential expression analysis at total gene expression levels was done, 

Homeolog expression differences were determined next in both allopolyploid forms by 

performing differential expression analysis on reads mapped to homeologs. In contrast to 

total gene expression levels, a substantial number of homeologs in both reciprocal forms 

of T. miscellus allopolyploid showed differential homeolog expression. These 

differentially expressed homeologs displayed slightly more bias toward T. pratensis 

across all samples, demonstrating unbalanced homeolog expression bias. In short-liguled 

T. miscellus, 29.7% and 21.8% homeolog pairs showed biased expression toward T. 

pratensis and T. dubius, respectively (Table 3.1). In long-liguled T. miscellus, 27.3% and 

15.3% homeologs displayed bias toward T. pratensis and T. dubius, respectively (Table 

3.1). However, on average, 48.5% and 57.4% of the homeologs in short- and long-liguled 

T. miscellus, respectively, also depicted unbiased expression across all developmental 

stages (Table 3.1).  

The majority of control nuclear homeologs and retrograde-signaling homeologs 

showed unbiased expression (Supplementary Tables 3.8 & 3.9). The control nuclear 

homeologs that did show biased expression (40.8%) in short-liguled T. miscellus showed 

mixed patterns of unbalanced homeolog expression bias toward either parent species. 

However, in the long-liguled form, expression bias toward the paternal parent, T. 

pratensis was observed. Likewise, retrograde-signaling partners showed unbalanced 

homeolog expression bias toward respective paternal parent in both allopolyploid forms.
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Short-liguled T. miscellus 

 

Long-liguled 

T. miscellus 

 

 

 

 

 

 

Average 

% 

sm/lm 

 

 

 

 

 

Unbiased 

Early stage Middle stage Mature stage 
Early 

stage 

Middle 

stage 

104 3049 3053 3073 104 3049 3053 3073 3053 3073 3066+101 3066+101 

88 

(48.6%) 

97 

(54.2%) 

84 

(47.2%) 

83 

(46.6%) 

88 

(49.2%) 

91 

(50.8%) 

82 

(46.3%) 

81 

(45.8%) 

95 

(53.1%) 

76 

(43.2%) 

102  

(57%) 

104 

(57.8%) 
48.5/57.4 

Biased toward 

T. pratensis 

 

54 

(29.8%) 

44 

(24.6%) 

58 

(32.6%) 

54 

(30.3%) 

52 

(29.1%) 

47 

(26.3%) 

60 

(33.9%) 

54 

(30.5%) 

51 

(28.5%) 

55 

(31.3%) 

49  

(27.4%) 

49  

(27.2%) 
29.7/27.3 

Biased towards 

T. dubius 

 

39 

(21.5%) 

38 

(21.2%) 

36 

(20.2%) 

41 

(23%) 

39 

(21.8%) 

41 

(22.9%) 

35 

(19.8%) 

42 

(23.7%) 

33 

(18.4%) 

45 

(25.6%) 

28  

(15.6%) 

27  

(15%) 
21.8/15.3 

Total genes 

 
181 179 178 178 179 179 177 177 179 176 179 180 

 

Biased gene 

expression 

 

51.4% 45.8% 52.8% 53.4% 50.8% 49.2% 53.7% 54.2% 46.9% 56.8% 43.0% 42.2% 51.5/42.6 

Table 3.1: The total number and percentage of organelle-targeted nuclear genes showing unbiased or biased expression toward either 

parent species (Tragopogon dubius or T. pratensis) in each population of short- (sm) and long-liguled (lm) T. miscellus at early-, middle- 

and mature-growth stages.  
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In comparison to expression differences observed between parental genomes, 

~44-57% and ~58-60% homeologs displayed parental legacy across all developmental 

stages in both short- and long-liguled T. miscellus, respectively (Figure 3.10). For 

instance, the most  common parental legacy pattern observed in both allopolyploid forms 

included loci that were not differentially expressed between the parents, followed the 

same trend in polyploids by displaying unbiased expression. Following polyploidization, 

only a few genes showed an absence of homeolog expression bias in both allopolyploid 

forms. In addition, both reciprocal forms established novel homeolog expression bias 

patterns that were not evident in the parental loci; 41-56% homeologs in short-liguled T. 

miscellus populations versus 38-41% in the long-liguled form (Figure 3.10). 

The nuclear-encoded control and retrograde-signaling homeologs that were not 

targeted to organelles generally showed similar patterns to the cytonuclear genes, such as 

inherited parental expression patterns and novel homeolog bias patterns following 

polyploidy (Supplementary Figure 3.8 & 3.9). 
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Figure 3.10: Comparison of the number of organelle-targeted genes exhibiting homeolog specific expression patterns between 

polyploids with respect to expression patterns in parent species. Green and yellow circles represent the homeologs derived 

from Tragopogon dubius and T. pratensis, respectively. Parental legacy (categories a, b & c) is when the expression patterns 

of genes in the parent species are vertically transmitted in the polyploid species. For example, most of the genes showed no 

differential expression between parents, thus, the homeologs in polyploids showed unbiased expression patterns (category a).  

Absence of homeolog expression bias means the genes were differentially expressed between parent species but in polyploids 

this trend was absent and homeologs showed no bias (categories d & e). Novel homeolog expression bias represents 

expression bias towards either parent in polyploids although such patterns were not originally observed in either parent species 

(categories f, g, h & i). The first comparison at the early stage was done considering all early-age samples for both late- and 

early-flowering plants. 
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Homeolog expression patterns of each short-liguled population were also 

compared to the expression patterns in the long-liguled form. It was noticed that 75-86% 

and 76-84% of homeologs at early- (Figure 3.11) and middle- (Figure 3.12) growth 

stages, respectively, displayed similar patterns including unbiased expression or 

expression bias toward either parent species in each comparison. Nevertheless, only a few 

homeologs showed directional bias (homeolog expression bias that was altered across 

reciprocal forms), particularly at the middle stage, i.e., if a certain homeolog was biased 

toward T. pratensis in the short-liguled form, it was shown to be biased toward T. dubius 

in the long-liguled T. miscellus. For example, ribosomal protein L31 displayed T. 

pratensis bias in all short-liguled populations and T. dubius bias in the long-liguled form 

(Supplementary Table 3.11). At the early stage, homeologs in short-liguled populations 

Figure 3.11: Comparison of the number of organelle-targeted genes showing unbiased 

and biased homeolog expression toward Tragopogon pratensis or T. dubius for each 

population of short-liguled T. miscellus and long-liguled T. miscellus at the early growth 

stage. The encircled gene showed directional homeolog bias and the genes in bold red 

represented the cross-specific maternal bias toward their respective maternal parent.  
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(9 from 104, 4 from 3049, 16 from 3053 and 15 from 3073) showed bias toward their 

maternal parent, T. pratensis but unbiased expression in the long-liguled form. Likewise, 

short-liguled populations (8 homeologs from 104, 3 from 3049, 18 from 3053 and 15 

from 3073) also demonstrated maternal bias at middle stage. These homeologs that 

showed maternal bias in all short-liguled T. miscellus populations at both early and middle 

stages but unbiased expression in the long-liguled form include CLP protease 4, ATPase 

F0 complex subunit B/B’ bacterial/chloroplast and light-harvesting complex of 

photosystem II 5 (Supplementary Tables 3.10 & 3.11). In the case of long liguled form, 

relatively small number of homeologs displayed maternal bias toward T. dubius but 

unbiased expression in short-liguled populations at early stage (1 from 104, 5 from 3049, 

4 from 3053 and 4 from 3073). For example, chlorophyll A/B binding protein of 

photosystem II showed unbiased expression in all short-liguled populations but maternal 

Figure 3.12: Comparison of the number of organelle-targeted genes showing unbiased 

and biased homeolog expression toward Tragopogon pratensis or T. dubius between each 

population of short-liguled T. miscellus and long-liguled T. miscellus at the middle 

growth stage. The encircled genes showed directional homeolog bias and the genes in 

bold red represent the cross-specific maternal bias effect. 
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bias in the long-liguled form at early stage (Supplementary Table 3.10).  Similarly, at the 

middle stage, homeologs including copper ion binding protein, ubiquinol cytochrome C 

reductase UQCRX/QCR-9 like family protein and ATP-dependent caseinolytic (Clp) 

protease/crotonase family protein showed bias toward T. dubius in the long-liguled form 

and unbiased expression in short-liguled populations (Supplementary Table 3.11).      

The homeolog specific expression patterns within each population of T. 

miscellus were also examined with respect to developmental stages (Figure 3.13). Most 

homeologs showed the same expression patterns between growth stages with no 

directional homeolog bias that was altered across growth stages. Only ~2-6% of the 

homeologs showed development-specific regulation of homeologs through differential 

homeolog expression across different growth stages in populations of both short- and 

long-liguled forms. The list of homeologs that were expressed differentially across 

growth stages within each population of short- and long-liguled T. miscellus is given in 

the supplementary data (Supplementary Table 3.12). For example, the mTERF6 gene 

showed unbiased expression at the early stage, followed by T. dubius bias at the middle 

stage in short-liguled population 3073.  

The entirely nuclear-encoded control and retrograde-signaling homeologs 

generally showed similar expression patterns with a few discrepancies between the 

reciprocal forms (Supplementary Figures 3.10 & 3.11). Regarding the developmental 

stages, they generally showed no evidence of growth-specific regulation, except for 

population 3049 (Supplementary Figures 3.12 & 3.13). 
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3.4.6. Cytonuclear Coordination in Rubisco 

 

To confirm how the Rubisco system has coordinated expression in the current 

study, expression patterns of both small and large subunits of the Rubisco enzyme 

complex were investigated. Two copies of the small subunit rbcS, rbcS-A and rbcS-B 

were retrieved from the T. dubius draft genome and eventually used in obtaining 

transcripts via RNA CaptureSeq. The expression profiles of both copies obtained from 

RNASeq data for both parent species as well as all individuals of T. miscellus were 

examined. Homeologs of rbcS-B copy (TragDub14370) showed unbiased expression in 

all individuals of short- and long-liguled T. miscellus. However, rbcS-A copy 

Figure 3.13: Number of organelle-targeted genes showing patterns of unbiased or biased 

gene expression for early compared to middle- and mature-growth stages in Tragopogon 

miscellus populations. Green and yellow circles represent the homeologs derived from T. 

dubius (T. dub) and T. pratensis (T. pra), respectively. None of the homeologs altered 

expression bias across developmental stages in both allopolyploid forms. 

 

 

 

 



 

109 

(TragDub24397) in all short-liguled populations of the late flowering plant group showed 

variable homeolog expression patterns. For example, unbiased expression in short-liguled 

T. miscellus population 104, but expression bias toward either T. dubius (T. miscellus pop. 

3049) or T. pratensis (T. miscellus pops. 3053 & 3073) at both early and middle stages in 

other short-liguled populations. In the early-flowering group, short-liguled populations, 

including 3053 and 3073, displayed unbiased expression or T. pratensis bias, 

respectively. However, long-liguled T. miscellus individuals exhibited unbiased 

expression patterns at both early and middle stages for rbcS-A copy as well.  

To evaluate parental legacy effects on the expression differences in the short-

liguled populations, expression patterns of rbcS copies were also analysed between the 

diploid parent species and compared with polyploids. None of the copies were seen to be 

differentially expressed between parent species at different growth stages.  

Moreover, to determine if expression differences of the Rubisco large subunit 

were regulating or modulating the expression patterns of the small subunits, the 

expression patterns of organelle-encoded rbcL were also determined in the parents as well 

as the allopolyploid forms. DESeq2 analyses showed that rbcL was not differentially 

expressed between parent species and between reciprocal forms of T. miscellus. 

Additionally, except for short-liguled population 104, all populations of short- and long-

liguled forms showed no differential expression relative to their respective maternal 

parent.  

 

3.4.7. Organelle Gene Expression 

 

Organelle gene expression patterns were also determined in T. miscellus 

allopolyploids to check the role of maternally inherited organelle genes in regulating the 

cytonuclear coordination through up-regulated expression following polyploidy. 
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Hierarchical clustering of organelle gene expression showed that the individual samples 

from populations of both allopolyploid forms clustered with their respective maternal 

parents (Figure 3.14 and Supplementary Figures 3.14 & 3.15). Additionally, the 

differential expression analysis of organelle genes between parent species 

(Supplementary Table 3.13), between short- and long-liguled forms (Supplementary 

Table 3.14) as well as between allopolyploid populations and their respective maternal 

parent (Supplementary Table 3.15) indicated that most of the genes have same expression 

patterns between each comparison. A small number of genes were shown to be 

differentially expressed in both early and late flowering plant groups.  

The ATPase subunit 1 (OXPHOS complex V) was generally differentially 

expressed in all examined populations of short-liguled T. miscellus relative to the long-

liguled form (Supplementary Table 3.16). Two genes, nad6 (OXPHOS complex I) and 

cox2 (OXPHOS complex III) showed up-regulated expression in the long-liguled form 

with respect to its maternal parent, T. dubius. However, none of the genes were up-

regulated in short-liguled T. miscellus populations with respect to their maternal parent 

(Supplementary Table 3.16). 
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Figure 3.14: Hierarchical clustering of expression data for all organelle genes from individuals of Tragopogon dubius, T. 

pratensis and reciprocal forms of T. miscellus in both early- and late-flowering plant groups at all growth stages. Differential 

gene expression is displayed in colors ranging from red to blue as shown in the legend. The positive to negative values on the 

scale bar correspond to up- and down-regulation of gene expression, respectively.    
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3.5. Discussion 

This study is the first to investigate cytonuclear interactions in natural polyploids 

of multiple origins (short-liguled) as well as reciprocal forms for multiple interacting 

cytonuclear complexes. Indeed, very few polyploid systems exist to allow this kind of 

study, making Tragopogon a model system for studying whole genome duplications 

(Diaz De La Guardia and Blanca 2004; Mavrodiev et al. 2008a; Mavrodiev et al. 2008b; 

Mavrodiev et al. 2015). Tragopogon miscellus is a particularly unique system because the 

allopolyploids formed multiple times in nature within the last 90-100 years, allowing an 

early glimpse into allopolyploid genome evolution. Further, the diploid progenitors are 

known and extant, permitting a direct comparison of the parental expression profiles to 

those of the polyploids.  

 Allopolyploidy is an important mechanism in plant evolution that generates 

genetic diversity and leads to speciation events. Following allopolyploidization, the 

unequal combination of biparentally inherited nuclear and maternally derived organelle 

genomes within plant allopolyploids can result in cytonuclear imbalances with 

subsequent effects on a plant’s critical metabolic activities, such as photosynthesis and 

oxidative phosphorylation (Postel and Touzet 2020). Duplicated nuclear genes undergo 

several mechanisms to remedy cytonuclear incompatibilities in allopolyploids. These 

mechanisms may include the immediate return of organelle-targeted genes to single copy 

(De Smet et al. 2013b; Li et al. 2016), biased loss or rapid evolution of the paternal 

homeolog (Rand et al. 2004; Sloan et al. 2014; Bock et al. 2014), or biased maternal 

homeolog expression (Gong et al. 2012, 2014; Sehrish et al. 2015) as was observed in the 

Rubisco complex of cotton or to some extent in Tragopogon allopolyploids. However, 

contrasting results including paternal bias or a mix of both maternal and paternal bias 

have also been reported in the Rubisco complex of other allopolyploid systems including 
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rice, Cucumis, and Brassica (Wang et al. 2017a; Ferreira de Carvalho et al. 2019; Zhai et 

al. 2019b; Sharbrough et al. 2022). A study investigating the global gene expression level 

of several cytonuclear genes including Rubisco, has found varied patterns including 

paternal and maternal bias in various allopolyploid systems (Grover et al. 2022). 

In light of these diverse observations from previous studies that have generally 

focused on the Rubisco complex, in this study, the expression patterns of duplicated 

nuclear genes involved in various cytonuclear enzyme complexes (mito-nuclear: five 

OXPHOS complexes & plastid-nuclear: nine complexes) and dual-targeted genes (three 

genes) as well as their organelle counterparts were examined via RNA CaptureSeq in T. 

miscellus allopolyploids and representative diploid parents. Moreover, control genes 

(OXPHOS alternative pathway: eight genes, retrograde-signaling partners: seven genes 

& housekeeping genes: six genes) that are not targeted to organelle genomes were also 

included in this expression study to determine how they behave without a cytonuclear 

context in an allopolyploid system; that is, if such genes would show expression patterns 

that are different from those of organelle-targeted genes. RNA CaptureSeq was preferred 

over traditional whole transcriptome RNA sequencing (RNAseq) because this method 

focuses on the expression of selected transcripts with increased sensitivity and reduced 

cost or scale, thus permitting analysis of multiple samples. Also, it can characterize low 

or transiently expressed transcripts that may otherwise be missed using RNAseq. This is 

the first study to our knowledge that has successfully employed targeted RNASeq 

approach to investigate gene expression in multiple individuals (76) of allopolyploids and 

parents.  
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3.5.1. Cytonuclear Genes May Require Evolutionary Time to Establish 

Non-Additive Expression Patterns in T. miscellus Allopolyploids 

 

To harmonize potential cytonuclear incompatibilities, allopolyploids undergo 

changes at the total gene expression level (sum of expression of both homeologs) for 

duplicated nuclear genes (Madlung and Wendel 2013; Yoo et al. 2014a; Grover et al. 

2012b; Bao et al. 2019; Doyle et al. 2008; Chen 2007a). In the current study, the total 

expression levels of duplicated nuclear genes involved in cytonuclear interactions in 

allopolyploids relative to their diploid parent species were analysed and compared with 

the expression patterns of control and retrograde-signaling nuclear genes. Our expectation 

was that organelle-targeted nuclear genes would exhibit non-additive expression 

patterns/deviation from the parental expression patterns to compensate for cytonuclear 

conflict. Interestingly, a large of number of organelle-targeted nuclear genes (90-98%) 

showed no difference in expression patterns between both allopolyploid forms and their 

parent species. This might be due to little sequence divergence between the diploid parent 

species and thus between the inherited sub-genomes in the allopolyploids (Sigel et al. 

2019). Otherwise, it might be possible that allopolyploids coordinate cytonuclear 

interactions at the homeolog level instead of at the total gene expression levels as we 

observed substantial homeolog expression differences in T. miscellus allopolyploids 

(discussed in section 3.5.2-i). Nevertheless, a small percentage of these organelle-targeted 

genes (1-3%) displayed non-additive expression patterns within T. miscellus 

allopolyploids. In comparison to other older polyploid systems such as cotton (1.5 Mya) 

and coffee (10,000-50,000 years ago), the low level of non-additive expression patterns 

has also been observed previously in reciprocal forms of Tragopogon and Polypodium 

hesperium (1.2 Mya; Polypodiaceae) allopolyploids, suggesting that non-additive 

patterns may arise over time, particularly through epigenetic modification (Sigel et al. 

https://www.google.com/search?rlz=1C1GCEV_enNZ822NZ822&q=Polypodiaceae&stick=H4sIAAAAAAAAAONgVuLUz9U3MC2qskhZxMobkJ9TWZCfkpmYnJqYCgApiIbEHQAAAA&sa=X&ved=2ahUKEwin76OW7a75AhXlzzgGHf67BfMQmxMoAXoECF0QAw
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2019; reviewed in Yoo et al. 2014b). Moreover, genes duplicated in response to 

polyploidy have been shown to demonstrate expression divergence at a slower rate 

compared to tandem duplications (Zou et al. 2009). 

Among non-additive expression patterns, expression level dominance is one of 

the important consequences of allopolyploidy. It occurs when the total expression level 

of duplicated genes is statistically equal to one of the parent species, and that gene is 

differentially expressed between parent species. Sub-genome differences in the density 

of TEs and their methylation status may result in a particular sub-genome being dominant 

over the other and over evolutionary time, the non-dominant sub-genome could undergo 

gene fractionation/loss (Hollister and Gaut 2009; Freeling et al. 2012). Because organellar 

genomes are usually inherited from the maternal parent, expression dominance toward 

the maternal parent is expected to occur in allopolyploids to avoid cytonuclear 

incompatibilities (reviewed in Yoo et al. 2014b). This scenario has been analysed in 

multiple allopolyploid species via whole transcriptome studies with unbalanced 

expression level dominance toward the maternal or paternal parent generally reported 

(reviewed in Yoo et al. 2014b). For instance, in T. mirus allopolyploids, 7.8% and 8.5% 

duplicated nuclear genes exhibited expression level dominance toward the paternal (T. 

dubius) and maternal (T. porrifolius) parents, respectively (reviewed in Yoo et al. 2014a). 

Similarly, in G. hirsutum, the maternal parent was preferred for expression level 

dominance (Yoo et al. 2013b). On the other hand, studies in Coffea (Bardil et al. 2011) 

and Gossypium (Rapp et al. 2009b) allopolyploids, found dominance toward the paternal 

parent. Additionally, both reciprocal forms of the fern allotetraploid Polypodium 

hesperium showed unbalanced expression level dominance toward the diploid P. 

amorphum (Sigel et al. 2019), irrespective of the influence of the maternal or paternal 
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parent. Similarly, the expression level dominance toward T. pratensis was observed in 

both reciprocal forms of T. miscellus allopolyploids (Shan et al. 2020a).  

So far, only one study to our knowledge has investigated the global gene 

expression of cytonuclear genes; this study included five unrelated allopolyploid species 

and found a general bias toward the maternal parent in three of the allopolyploids (Arachis 

hypogea, Gossypium hirsutum and G. barbadense) (Grover et al. 2022). In the case of 

duplicated nuclear genes not targeted to organelles, the authors noted the same trend of 

maternal bias in two of the examined allopolyploids (Arachis hypogea and Gossypium), 

while the other systems (Arabidopsis suecica and Chenopodium quinoa), demonstrated 

paternal bias. In the current study, duplicated nuclear genes involved in cytonuclear 

interactions showed unbalanced expression level dominance toward the paternal parent, 

T. pratensis, in long-liguled T. miscellus allopolyploids at both early- and middle-growth 

stages. Similarly, all short-liguled T. miscellus populations also exhibited dominance 

toward their paternal parent, T. dubius, at the early-growth stage. However, at the middle-

growth stage, short-liguled T. miscellus populations exhibited mixed patterns of 

expression level dominance including balanced (pops. 104 & 3053) as well as unbalanced 

expression level dominance (pop. 3049) reversed toward the maternal parent. The 

exception was population 3073, which retained paternal parent dominance from the early 

stage. Expression level dominance has been shown to be influenced by tissue type in 

cotton (Yoo et al. 2013b) and environmental factors, such as temperature in Coffea (Bardil 

et al. 2011). For instance, studies in Coffea allopolyploids (Bardil et al. 2011; Combes et 

al. 2013) found that the extent of expression level dominance was changed in response to 

temperature fluctuations. At 30-26°C, the dominance toward a particular parent (C. 

canephora) was markedly increased compared to low temperature (26-22°C) (Bardil et 

al. 2011). Likewise, it might be possible that developmental signals are another triggering 
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factor in switching the direction of expression level dominance in allopolyploids. 

However, further investigation into the role of developmental signals in the evolution of 

duplicated genes expression across the same tissue types in reciprocal allopolyploids is 

needed. Compared to cytonuclear genes, the control nuclear genes, as well as the 

retrograde-signaling partners of dual-targeted genes, showed similar expression patterns 

to their parent species in both reciprocal forms of T. miscellus allopolyploids. 

The expression patterns of organelle-targeted duplicated nuclear genes were also 

evaluated in terms of transgressive expression and interestingly, no allopolyploid 

populations showed transgressive expression patterns, except for short-liguled population 

3073 (Figure 3.9). Also, there were a few genes that showed anomalous expression 

patterns that didn’t correspond to the additive and non-additive expression patterns in the 

allopolyploids. These genes generally belong to various cytonuclear complexes including 

photosystem II, RNA polymerase PEP, Ribosomal genes, and OXPHOS complexes III 

and IV (Supplementary Figure 3.5 & Supplementary Table 3.6)  

Because these T. miscellus allopolyploid lineages are evolutionarily young (90-

100 years old), they may be in the process of stabilizing their genomes following 

allopolyploidization and still need more time to establish consistent expression patterns 

in a particular direction or the degree/magnitude to accommodate cytonuclear 

interactions. Additionally, the existence of divergent and anomalous expression patterns 

within T. miscellus populations may result from their independent formation, which 

occurred several times in nature. This could also suggest the evolutionary flexibility 

following polyploid formation and also that T. miscellus allopolyploids may require some 

time to programme their transcriptome dynamics. On the other hand, there might be other 

mechanisms operating at homeolog levels to harmonize cytonuclear interactions in 

allopolyploids, such as sub-genome differences in the densities of transposable elements, 
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cis- and trans-regulators, small RNAs as well as differential methylation (Wang et al. 

2006c; reviewed in Wendel et al. 2018a; Shi et al. 2012b; Hu and Wendel 2019b).  

 

3.5.2. Homeolog Specific Expression Analyses 

 

Homeolog expression bias is another key outcome of whole genome duplication 

events, which involves the relative contribution of diverged parental homeologs in the 

allopolyploid total gene expression (Wendel 2000; Jackson and Chen 2010). Like the 

compensatory mechanisms that might occur to regulate the total gene duplicated 

expression, the expectation for expression of cytonuclear genes at the homeolog level is 

that maternal homeologs would be preferred (Gong et al. 2012, 2014; Sharbrough et al. 

2017). Likewise, paternal homeologs would be downregulated, lost, or undergo gene 

conversion events to avoid the likely disagreement between the paternal sub-genome and 

maternally inherited cytoplasmic genomes (Sharbrough et al. 2022). Such preference for 

maternal sub-genome/homeologs has been observed in some allopolyploid systems 

(Gong et al. 2012, 2014), but not all (Wang et al. 2017a; Zhai et al. 2019a; Ferreira de 

Carvalho et al. 2019), indicating flexibility in the expression profiles of allopolyploids. 

To assess these expectations, in this study, the relative expression of homeologs in both 

reciprocal forms of T. miscellus allopolyploids were investigated and compared with the 

expression of their corresponding loci in diploid parent species. The major inferences 

drawn from this investigation are described below. 

  

i) Maternal bias is not always the rule 

Although we expected to find a high percentage of maternal expression bias 

among the nuclear-encoded homeologs, the majority of the homeologs, 48.5% in short-

liguled and 57.4% in long-liguled T. miscellus showed unbiased expression across all 
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growth stages. The remaining homeologs generally displayed unbalanced expression bias 

toward T. pratensis in both short- (51.5%) and long-liguled (42.6%) T. miscellus at all 

growth stages, regardless of the maternal origin. Previous whole transcriptome studies in 

T. miscellus allopolyploids by Buggs et al. (2010c) and Boatwright et al. (2018b) also 

found that 69% and 48% loci, respectively exhibited no difference between homeolog 

expression in leaf tissues. Another recent whole transcriptome study conducted using 

inflorescences of both allopolyploid forms of T. miscellus showed that ~80% loci 

displayed unbiased homeolog expression and loci with biased homeolog expression 

generally displayed homeolog expression bias toward T. pratensis in both allopolyploid 

forms (Shan et al. 2020a). Similarly, other studies in Tragopogon also reported expression 

bias patterns, with biased expression and genomic loss of T. dubius derived homeologs 

(Tate et al. 2006b, 2009; Buggs et al. 2010c).  

On the other hand, similar studies focused on cytonuclear genes by Grover et al. 

(2022) and Wang et al. (2017a) stated mixed patterns of expression bias toward either the 

paternal or maternal parent in Arachis hypogea, Gossypium, Arabidopsis suecica, 

Chenopodium quinoa and rice allopolyploids. Furthermore, Grover et al. (2022) noticed 

that for all investigated homeolog pairs, allopolyploids showed paternal bias. However, 

some cytonuclear gene categories showed maternal bias in a few individuals (Grover et 

al. 2022).  

Compared to the cytonuclear genes, the control nuclear genes typically showed 

unbiased expression and a few homeolog pairs with biased expression displayed 

unbalanced expression bias toward either parent species or balanced homeolog expression 

bias (pop. 104) at all growth stages in the short-liguled form. In long-liguled T. miscellus, 

homeolog pairs showed bias toward T. pratensis, the paternal parent. The direction of 

bias toward a particular parent species was maintained at each growth stage. However, 
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the number of loci increased for that bias at later growth stages in short-liguled T. 

miscellus populations. The retrograde-signaling partners of dual-targeted genes depicted 

paternal bias in both forms.  

The occurrence of such stochastic/diverged homeolog expression patterns in 

different gene categories may suggest that T. miscellus allopolyploids achieve 

cytonuclear coordination through differential regulation of homeologs but keeping the 

total gene expression levels same as those of diploid parent species. The differential 

homeolog regulation may involve gaining novel expression bias patterns following 

polyploidy as discussed in the following section.  The homeolog specific regulation could 

have arisen from the inherited cis- and trans-regulatory differences between parental sub-

genomes within an allopolyploid system (Wang et al. 2006c; Shi et al. 2012b; Hu and 

Wendel 2019b). Moreover, the varying distribution and silencing of transposable 

elements between parental sub-genomes may play role in establishing such diverse biased 

homeolog expression patterns in allopolyploids (Wendel et al. 2018b). The impact of TEs 

in down-regulating homeologous expression and preferential homeologous loss has been 

observed in various allopolyploids, which eventually leads to biased fractionation over 

evolutionary time (reviewed in Wendel et al. 2018b). Moreover, the genetic background 

of independently formed T. miscellus populations may influence the expression of genes 

due to the varying genetic contribution of diploid parent species to these different 

populations (Symonds et al. 2010). Also, other factors such as the divergence time of the 

diploid parent species and the age of the allopolyploid may influence the evolution of 

homeolog expression. Because T. miscellus allopolyploids are young, they may have not 

yet fixed consistent expression patterns following polyploidization, thus the majority of 

parental homeologs are expressed equally. Unbalanced bias toward T. pratensis could 
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emerge from the aspect that this sub-genome might have more advantageous features, 

such as a lower TE density and dynamic epigenetic attributes compared to T. dubius. 

 

ii) Novel expression patterns exist following polyploidy, even though 

young T. miscellus allopolyploids maintained their parents’ 

expression marks  

The availability of extant diploid parent species, T. pratensis and T. dubius, 

offers an opportunity to directly compare the effect of parental gene expression on the 

relative homeolog expression profiles in reciprocal forms of T. miscellus allopolyploids, 

in contrast to other systems where one of the parents is extinct. This situation allowed us 

to determine if allopolyploids inherited expression differences from their parents. To 

confirm this, the homeolog expression patterns in reciprocal forms of T. miscellus were 

compared with the expression patterns in both diploid parent species. Approximately, 44-

57% and 58-60% homeolog pairs primarily followed their parents’ footsteps in short- and 

long-liguled forms, respectively. Similarly, a majority of loci showed parental legacy in 

inflorescence tissues of short- (68.7%) and long-liguled (69.3%) T. miscellus (Shan et al. 

2020a). Other studies in natural Gossypium and Brachypodium allopolyploids also 

reported that ~63% and ~65% of examined loci exhibited parental legacy, respectively 

(Yoo et al. 2013b; Takahagi et al. 2018a). The percentage of allopolyploid loci inheriting 

parental expression patterns in the current study is comparable to the above-mentioned 

studies, because this study focused on 293 cytonuclear genes instead of whole RNASeq 

as performed in other studies.  

The remaining loci in this study were shown to diverge from parental expression 

patterns following allopolyploidization. For instance, novel expression patterns were 

found in 41-56% and 38-41% of loci in both short- and long-liguled forms, respectively. 
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The prominent novel expression patterns showed by the genes in T. miscellus 

allopolyploids, included homeolog expression bias toward either parent species while the 

corresponding loci in parent species demonstrated equal expression levels. Interestingly, 

most populations in both the early- and late-flowering plant groups showed decline in the 

percentage of these novel expression patterns in later growth stages, except for 3073 and 

3049 populations in the late-flowering group. Likewise, Shan et al. (2020a) reported 16% 

of loci displayed novel homeolog bias patterns in both reciprocal forms of Tragopogon 

allopolyploids. The control genes as well as retrograde-signaling genes also displayed 

similar patterns including parental legacy and novel homeolog expression bias like the 

cytonuclear genes. This evolution of novel homeolog specific expression patterns in T. 

miscellus allopolyploids suggests that polyploidy may have started rewiring the homeolog 

expression patterns in young allopolyploids to achieve stability through rapidly utilizing 

the newly generated genetic diversity. 

 

iii) Developmental specific functional diversification of homeologs is yet 

to be established in young allopolyploids 

Developmental or tissue-specific regulation of homeologs have been reported in 

several allopolyploids (Wang et al. 2006d; Adams et al. 2003a; Chaudhary et al. 2009; 

Buggs et al. 2011b), but these studies did not focus on cytonuclear complexes. These 

studies found that in allopolyploids one homeolog was expressed at a certain 

developmental stage or in a particular organ, but at a later growth stage the alternate 

homeolog was expressed. These homeologs could either retain their ancestral functions 

or one of them could develop a novel function (neofunctionalization) (Chaudhary et al. 

2009). They may also undergo partitioning in their ancestral function, leading to sub-

functionalization (Chaudhary et al. 2009). To balance cytonuclear interactions, it might 
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be expected that cytonuclear homeologous pairs may also undergo development mediated 

regulation, such that both homeologs are differentially expressed at distinct growth 

stages. In light of this hypothesis, the expression patterns of homeolog pairs were 

compared between early- and middle-growth stages as well as early- and mature-growth 

stages within each population of both early- and late-flowering plants. Our results showed 

that the majority of the homeologs of cytonuclear complexes, as well as the control and 

retrograde genes, in both reciprocal forms predominantly maintained the same expression 

patterns between developmental stages. Only ~2-6% of the cytonuclear genes showed 

growth-specific differential homeolog regulation in the young T. miscellus 

allopolyploids. This suggests that functional diversification of homeologs might not have 

established immediately in response to whole genome duplication events in these young 

allopolyploids and instead may take several generations to arise. Additionally, as 

discussed in the earlier section there might be other regulatory mechanisms that need to 

be investigated in allopolyploids with respect to cytonuclear interactions.  

 

iv) Duplicated nuclear genes implicated in cytonuclear interactions may 

evolve differently in reciprocally formed T. miscellus allopolyploids  

 T. miscellus allopolyploids offer a rare opportunity to investigate the likely 

differential regulation of duplicated nuclear genes implicated in cytonuclear interactions 

because of reciprocally inherited maternal cytoplasmic genomes. Therefore, in this study, 

the homeolog specific expression patterns among populations of short- and long-liguled 

forms were also studied. Mostly genes were observed to display similar expression 

patterns between both reciprocal forms across all growth stages. Although homeolog 

expression was generally biased toward T. pratensis in both allopolyploid forms, a 

reasonable proportion of homeologs displayed expression bias differences including 
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maternal bias toward their respective maternal parents, directional bias (homeolog bias 

was altered between reciprocal forms), etc. between both reciprocal forms. Comparable 

results regarding variation at the homeolog expression level have also been reported for 

reciprocal forms of Polypodium hesperium (Sigel et al. 2019). Although the expression 

differences between reciprocal forms of T. miscellus allopolyploids are not extensive, this 

suggests that certain lineage-specific mechanisms or modifications may be working to 

impose these expression differences in certain gene groups. These could include the 

evolutionary differences between cytoplasmic genomes or even between the nuclear sub-

genomes as discussed above in this section.  

 

3.5.3. Cytonuclear Coordination in Rubisco 

 

Rubisco is a cytonuclear enzyme complex that participates in the carbon 

assimilation process in plants. It is composed of two subunits, small subunit rbcS and 

large subunit rbcL, which are encoded by nuclear and plastid genomes, respectively. The 

small submit, rbcS has been investigated in multiple allopolyploid systems with respect 

to cytonuclear coordination (discussed in section 3.2) and diverse patterns of expression 

including maternally biased expression (Gong et al. 2012, 2014), as well as a combination 

of maternally and paternally biased expression (Wang et al. 2017a; Zhai et al. 2019a) 

have been observed. In this study, mixed patterns of expression bias toward either parent 

species, as well as unbiased expression have been observed. The small number of 

individuals showing maternal bias is consistent with previous results by Sehrish et al. 

(2015) that cytonuclear coordination in Tragopogon allopolyploids may be a slower 

process and does not occur immediately following polyploidy. Otherwise, it may indicate 

that the parent species are not too divergent in their genomes and therefore the potential 

cytonuclear incompatibilities in allopolyploids are minimal for certain cytonuclear 
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complexes, including this enzyme system, but may differ for others. For example, the 

divergence of rbcS-1 sequences was low between the diploid parent species of T. 

miscellus allopolyploids (Sehrish et al. 2015) compared to other genera including 

Arabidopsis, Gossypium and Triticum (Gong et al. 2012; Krebbers et al. 1988; Sasanuma 

2001). Also, plastid rbcL is highly conserved in Tragopogon, for instance, rbcL in both 

T. dubius and T. pratensis species differed by only one SNP that resulted in a synonymous 

substitution (Sehrish et al. 2015). This indicates that the existence of differential 

homeolog expression in a few short-liguled populations might occur at the post-

transcriptional or post-translational level. For instance, in Cucumis allopolyploids, it has 

been predicted that the paternal rbcS homeolog has a higher binding affinity to rbcL, 

which ultimately resulted in strong interactions between the respective proteins, 

explaining the existence of expression bias toward paternal rbcS homeolog in Cucumis 

allopolyploids (Zhai et al. 2019a). Regulation at the translational level or post-

transcriptional/translational levels could also be one of the reasons behind the lack of 

developmental mediated regulation of rbcS homeologs, because homeologs have 

maintained similar patterns across developmental stages, suggesting that developmental 

regulation is not yet playing a role in cytonuclear coordination of Rubisco complex. 

 

3.5.4. Compensatory Response of Organelle Genes to Polyploidy  

Organelle genomes may function as a key regulator in dictating the evolution of 

nuclear genomes as well as their expression via contributing to the compensatory 

evolution in the nuclear genome (Osada and Akashi 2012a; van der Sluis et al. 2015). 

Therefore, any evolutionary differences present between the organelle genomes of parent 

species might be vertically transmitted into the reciprocal forms of allopolyploids. This 

in turn could impact the expression of their interacting duplicated nuclear genomes in 
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allopolyploids. For instance, it is expected that the maternally inherited organelle genome 

might favor the expression of the maternally inherited nuclear genome. On the other hand, 

selection may put pressure on the paternal homeologs for deleterious mutations to avoid 

any potential conflict between them and organelle genomes. Alternatively, organelle 

genomes may respond by elevating their copy number per organelle or via more 

organelles per cell  (Gyorfy et al. 2021; He et al. 2021; Coate et al. 2020; Murti et al. 

2012), which subsequently may result in modulation of organelle expression to coordinate 

cytonuclear interactions (Doyle and Coate 2019; Coate et al. 2020).  

In this study, the differential expression analysis between parental organelle 

genomes showed that the majority of the organelle genes showed similar expression 

patterns between both parent species. Likewise, organelle genes in the allopolyploids 

generally showed no departure from their maternal expression patterns and also exhibited 

similar patterns between both reciprocal forms. Only a small number of genes displayed 

differential expression among polyploid populations and in comparison, to parent species. 

Such slight variations might suggest that organelle genomes in Tragopogon are 

conserved, for instance, the plastid genomes of both T. dubius and T. pratensis are 99.5% 

similar (unpublished data). Thus, they have not yet expressed extreme alterations in their 

gene expression and ultimately did not induce changes in their corresponding nuclear 

genomes in allopolyploids.
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Chapter 4 
 

Investigation of Morphological Trait Variation in Reciprocally 

Formed T. miscellus Allopolyploids  

 

4.1. Abstract 

Polyploidy has the capability to alter phenotypic traits due to the newly 

generated genetic diversity and transcriptomic plasticity in polyploids. The repeated 

formation of morphologically distinct reciprocal T. miscellus allopolyploids provides an 

excellent system to investigate the phenotypic consequences of allopolyploidy. Extensive 

genomic, genetic and transcriptomic consequences of allopolyploidy have been explored 

previously in the T. miscellus allopolyploids. In the current pilot study, the effect of 

allopolyploidy on the morphological traits of T. miscellus allopolyploids were 

investigated. Our results showed that both reciprocal forms of T. miscellus generally 

showed faster germination rates and higher germination percentages relative to their 

diploid parent species, T. dubius and T. pratensis. In terms of leaf morphological 

parameters including leaf number and length, T. miscellus allopolyploids had lower leaf 

density but longer leaves as compared to both parental species. These preliminary 

findings suggest the potential role of allopolyploidy on the evolution of phenotypic traits 

of T. miscellus allopolyploids. Thus, T. miscellus allopolyploids are valuable targets to 

further explore the evolution of trait plasticity in polyploids.   
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4.2. Introduction 

Whole genome duplication or polyploidy has played an important role in shaping 

plant diversity and the formation of new species (Adams and Wendel 2005). It has 

frequently occurred in plants and data suggest that 30-80% angiosperms are polyploids, 

including economically important crops such as wheat, cotton, coffee, sugarcane and 

potato (Grant 1981a; Wendel and Doyle 2005; Tate et al. 2005b; Masterson 1994). The 

high prevalence of polyploidy in plants suggests their evolutionary and ecological success 

due to the presence of increased genetic material.  The greater genetic diversity in 

polyploids leads to genomic rearrangements, epigenetic remodelling and changes in gene 

expression in polyploids (Comai 2005a). These genetic and transcriptomic alterations in 

turn have impact on the morphological, anatomical and physiological characteristics of 

plant polyploids (Levin 2004; Chen 2007b; Gaeta et al. 2007). For example, plant 

allopolyploids have been noted to have superior traits compared to their parental species, 

including increased growth (fruit, leaf and seed size), altered photosynthetic and 

transpiration rates, stress tolerance, disease resistance and ecological diversification 

(Miller et al. 2012; Zhao et al. 2005; Wu et al. 2012; Zhang et al. 2015a; Ha et al. 2009; 

Wendel and Cronn 2003b; Otto and Whitton 2000; Maherali et al. 2009). The better 

growth of allopolyploids relative to their diploid parent species is the outcome of hybrid 

vigour or heterosis, resulting from the interspecific hybridization between parental 

species in allopolyploids (Chen 2010). The hybrid vigour eventually becomes fixed 

following a whole genome duplication event in allopolyploids, leading to advantageous 

traits and higher fitness than diploid species (Chen 2010). Because of these beneficial 

traits, plant polyploids are of great interest for plant breeders. Therefore, understanding 

the phenotypic consequences of polyploidy is of paramount importance in evolutionary 

biology.  
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The classic morphological response to polyploidy is increase in the size of cells 

due to the greater number of duplicated chromosomes, which consequently may result in 

the larger organs or tissues (Beaulieu et al. 2008; Otto and Whitton 2000). For example, 

polyploids may have larger and thicker leaves, stomatal guard cells, flowers, pollen grains 

and fruits compared to their diploid parent species (Sugiyama 2005; Chen et al. 2009; 

Balao et al. 2011; Bomblies 2020; Snodgrass et al. 2017). Also, polyploidy can positively 

impact seed structure, resulting in larger and heavier seeds with faster germination rates 

and more viability (higher germination percentages) (Hoya et al. 2007; Astuti et al. 2020; 

Stevens et al. 2020). Besides morphological changes, genome plasticity could also result 

in physiological variations in polyploids including improved stress responses to biotic 

and abiotic stresses and changes in photosynthetic rates (Sattler et al. 2016; Arias and 

Bhatia 2015; Sun et al. 2015). For instance, increased drought tolerance was found in 

Lonicera japonica and Citrus tetraploids compared to diploids (Ruiz et al. 2016; Li et al. 

2009). The altered responses to abiotic stresses between polyploids and diploids are 

associated with changes in the leaf anatomy, including fewer but larger stomata, and 

thicker upper and lower epidermis (Li et al. 2009).  Because polyploids have larger leaves 

and stomata as well as a higher content of photosynthetic pigments, it is apparent that 

they could have higher photosynthetic rates. However, in comparison to diploid parent 

species, the photosynthetic rates in polyploids are species dependent. For example, 

elevated photosynthetic rates were observed in synthetic autotetraploids of Malus × 

domestica (Xue et al. 2017) and Phlox drummondii (Vyas et al. 2007) compared to their 

diploid parent species. The increased photosynthetic capacity might be the outcome of 

increased concentration of photosystems, resulting from high chlorophyll a/b ratios in 

polyploids, as reported by Austin et al. (1982). On the contrary, Fragaria tetraploids and 

Triticum tetra- and hexaploids showed lower photosynthetic rates relative to diploid 
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species (Hejnák et al. 2016; Gao et al. 2017). The same study by Hejnák et al. (2016) 

noticed that Triticum hexaploids, except Triticum aestivum, had even lower 

photosynthetic rates than tetraploids. Likewise, several other studies on different ploidies 

of Triticum and citrus trees have shown the negative correlation of ploidy levels with the 

net photosynthetic rates (Warner and Edwards 1993; Bilgrami et al. 2015; Romero-

Aranda et al. 1997; Srivalli and Khanna-Chopra 2004; Maosong et al. 2008). This might 

have resulted from the decreased stomatal conductance and transpiration rates due to the 

lower density of stomata in polyploids, which ultimately slowed down the photosynthetic 

process and the absorption of intracellular CO2 (Maosong et al. 2008). Moreover, the 

large size of mesophyll cells in polyploid leaves provides less surface area to volume 

ratio, introducing an increased barrier to CO2 exchange (Srivalli and Khanna-Chopra 

2004). However, the examined polyploids (4x, 5x and 6x) of Allium oleraceum showed 

no significant difference in net photosynthetic rates and stomatal density (Ježilová et al. 

2015). Lastly, allopolyploids (tetraploid to decaploid) of Festuca arundinacea showed an 

increase in photosynthetic rates with ploidy level (Warner and Edwards 1993). These 

species-specific differences suggest the lack of a universal trend or behaviour in 

polyploids.  

Tragopogon miscellus is an excellent natural allotetraploid system (T. dubius x 

T. pratensis) for studying phenotypic consequences of allopolyploidy because it exists in 

two morphologically distinct reciprocal forms, short- and long-liguled T. miscellus. In 

long-liguled T. miscellus, T. dubius is the maternal parent and it has more relaxed 

inflorescences and long ligules, however, the short-liguled form with T. pratensis as the 

maternal parent has more constricted inflorescences and short ligules (Figure 4.1) 

(Ownbey 1950; Ownbey and McCollum 1953; Soltis and Soltis 1989). Past studies have 

demonstrated extensive chromosomal, genomic and transcriptomic variation in 
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Tragopogon allopolyploids including intergenomic translocations, homeolog loss and 

silencing, differential homeologous expression, and differential proteomes (Buggs et al. 

2012a; Buggs et al. 2011a; Tate et al. 2009a; Tate et al. 2006a; Buggs et al. 2009a; Chester 

et al. 2012a; Spoelhof et al. 2017).  

 
Figure 4.1: Inflorescence differences between reciprocally formed Tragopogon 

miscellus allopolyploids. Left side shows relaxed inflorescence of long-liguled T. 

miscellus and right side shows constricted inflorescence of short-liguled form.  

 

In terms of the genetic mechanisms causing morphological differences between 

reciprocal forms of T. miscellus, Shan et al. (2020b) investigated the floral transcriptomes 

of both reciprocal forms and speculated that genes involved in pectin metabolism might 

be playing a role in the floral patterning and morphological differences between short and 

long-liguled forms of T. miscellus. In this pilot study, we investigated potential 

differences in the germination rates and compared leaf morphology between reciprocal 

forms of T. miscellus and diploid parent species to test following hypotheses: 

i) T. miscellus allopolyploids will have faster germination rates and higher 

germination percentages compared to those of the parent species. 

ii) T. miscellus allopolyploids will have more and larger leaves relative to their 

parent species.  
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4.3. Materials and Methods 

4.3.1. Plant Materials  

The diploid parental species, Tragopogon dubius and T. pratensis, as well as 

short- and long-liguled T. miscellus allopolyploids were used to assess the morphological 

traits. Seed collected from field sites in the USA (2016 collection) were used in the study. 

Initially, three seeds for each lineage (one individual from a population) were started and 

in total, the sample set included 156 plants from all species (Table 4.1). A subset of these 

plants was included in the expression work and leaf tissues were collected after 

morphological assessments (details in Chapter 3, section 3.3.1 & Supplementary Table 

3.1).    

 

4.3.2. Seed Germination Traits 

Seed germination traits, including seed germination rates and percentages, were 

assessed in diploid parental species and reciprocal forms of T. miscellus allopolyploids. 

In terms of germination percentages, the germination success rate of seeds was calculated 

for each species after 14 days of sowing to estimate differences in the viability of seeds. 

In addition, seed germination rates of each species were also estimated based on the first 

sign of cotyledon emergence after one week of sowing and then every second day until 

14 days of sowing. 
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Table 4.1: List of individuals from natural populations of diploid parent species, 

Tragopogon dubius and T. pratensis as well as reciprocal forms of T. miscellus included 

in this study. 

Species Population Population ID Individual ID 

T. dubius Pullman, Washington, USA 3040 3 

T. dubius Pullman, Washington, USA 3040 10 

T. dubius Pullman, Washington, USA 3040 4 

T. dubius Pullman, Washington, USA 3040 2 

T. dubius Moscow, Idaho, USA 106 1 

T. dubius Moscow, Idaho, USA 106 2 

T. dubius Moscow, Idaho, USA 106 4 

T. dubius Moscow, Idaho, USA 106 5 

T. dubius Spangle, Washington, USA 3050 1 

T. dubius Spangle, Washington, USA 3050 3 

T. dubius Spangle, Washington, USA 3050 4 

T. dubius Spangle, Washington, USA 3050 2 

T. dubius Rosalia, Washington, USA 3072 6 

T. dubius Rosalia, Washington, USA 3072 4 

T. dubius Rosalia, Washington, USA 3072 5 

T. dubius Rosalia, Washington, USA 3072 7 

T. dubius Oakesdale, Washington, USA 3055 8 

T. dubius Oakesdale, Washington, USA 3055 12 

T. dubius Oakesdale, Washington, USA 3055 11 

T. dubius Oakesdale, Washington, USA 3055 15 

T. pratensis Oakesdale, Washington, USA 3052 7 

T. pratensis Oakesdale, Washington, USA 3052 17 

T. pratensis Oakesdale, Washington, USA 3052 18 

T. pratensis Oakesdale, Washington, USA 3052 6 

T. pratensis Garfield, Washington, USA 3058 9 

T. pratensis Garfield, Washington, USA 3058 8 

T. pratensis Garfield, Washington, USA 3058 10 

T. pratensis Garfield, Washington, USA 3058 7 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 11 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 10 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 15 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 14 

T. miscellus (long-liguled) Pullman, Washington, USA 101 4 

T. miscellus (long-liguled) Pullman, Washington, USA 101 5 

T. miscellus (long-liguled) Pullman, Washington, USA 101 6 

T. miscellus (long-liguled) Pullman, Washington, USA 101 10 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 1 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 2 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 3 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 4 

T. miscellus (short-liguled) Garfield, Washington, USA 104 2 

T. miscellus (short-liguled) Garfield, Washington, USA 104 4 

T. miscellus (short-liguled) Garfield, Washington, USA 104 1 

T. miscellus (short-liguled) Garfield, Washington, USA 104 3 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 4 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 5 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 6 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 7 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 2 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 8 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 9 
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Species Population Population ID Individual ID 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 13 

 

4.3.3. Leaf Morphological Traits 

The plants from each lineage of diploid parents and allopolyploids were 

observed after 9 weeks of germination for leaf morphological parameters. T. dubius 

populations: 3040 and 3072, were excluded from the dataset, because all plants from 

population 3040 died and the only surviving plant from the 3072 population was not in a 

good health to proceed. Leaf length was measured in cm using a ruler from the leaf base 

to the tip of the longest leaf on each plant and the number of leaves on each plant were 

counted (Supplementary Tables 4.1 & 4.2). 

 

4.3.4. Statistical Analysis 

One-way analysis of variance (ANOVA) was performed in GraphPad Prism 8 to 

evaluate if differences in the mean germination rates, leaf number and leaf length between 

parent species and allopolyploids, were statistically significantly (p < 0.05). Tukey’s test 

was run following ANOVA to determine if there were any significant comparisons. 

 

4.4. Results 

 

4.4.1. Seed Germination Evaluation 

Seeds from certain lineages did not germinate at all and in some cases, either one 

or two seeds out of three germinated (Supplementary Table 4.3). In total, 96 seeds 

germinated and were used to evaluate the seed viability (germination percentage) and 

germination rates. In terms of germination percentages, both short- and long-liguled T. 
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miscellus showed higher percentage of viable seeds compared to diploid parental species 

(Table 4.2). Among all species, T. dubius (41.67%) and short-liguled T. miscellus 

(81.25%) were observed to have lowest and highest germination percentages, respectively 

(Table 4.2). 

Table 4.2: Number of total planted and germinated seeds, as well as germination 

percentages of examined species.  

Species Total seeds planted Germinated seeds 
Germination 

percentage (%) 

T. dubius 60 25 41.67 

T. pratensis 24 15 62.50 

T. miscellus 

(long-liguled) 
24 17 70.83 

T. miscellus 

(short-liguled) 
48 39 81.25 

In the case of germination rates, both short- and long-liguled T. miscellus were 

shown to have slightly faster germination rates compared to diploid parental species 

(Figure 4.2).  

These differences between germination rates of parents and allopolyploid 

species were statistically insignificant (p > 0.05) (Supplementary Table 4.4).  

Figure 4.2: Germination rates of Tragopogon diploid and allopolyploid 

species. Each bar represents the mean of all populations from each 

species.  
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4.4.2. Morphological Observations 

Parent populations were shown to have more leaves as compared to T. miscellus 

allopolyploids (Figure 4.3). However, considerable differences were observed in T. 

dubius, which showed significantly (p < 0.05) the highest number of leaves compared to 

both reciprocal allopolyploids (Supplementary Table 4.5). There were insignificant 

differences observed in leaf number between T. pratensis and both short- and long-liguled 

T. miscellus (Supplementary Table 4.5).  

Both reciprocal forms of the T. miscellus allopolyploid were found to have 

significantly greater leaf lengths than the diploid parents (p < 0.05) (Figure 4.4 & 

Supplementary Table 4.6). The short-liguled T. miscellus showed increased length as 

compared to long-liguled T. miscellus but these differences were insignificant 

(Supplementary Table 4.6). 

Figure 4.3: Differences between diploid and allotetraploid 

Tragopogon species in terms of number of leaves. Each bar 

represents mean of all populations from each species. 
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4.5. Discussion 
 

In addition to the genomic, genetic and transcriptomic alterations, polyploidy 

plays an important role in generating morphological diversity in natural populations of 

polyploids (Otto and Whitton 2000). Due to the enormous amount of genetic material, 

the gigas effect including the enlargement of plant cells has been observed in polyploids, 

which may further lead to larger organs and tissues (Sattler et al. 2016). The gigas effect 

on phenotypic traits has been associated with the evolutionary advantage of polyploids 

over their progenitors, facilitating them to successfully establish and survive in 

challenging environments (Soltis et al. 2014b; Ramsey and Ramsey 2014; Miller et al. 

2012). The apparent morphological effects have been noticed in both vegetative and 

reproductive organs in polyploids (Otto 2007). For instance, polyploids often have larger 

leaves, flowers and heavier seeds with higher germination rates as well as large stomatal 

cells compared to diploid parent species (Hoya et al. 2007; Eliášová and Münzbergová 

Figure 4.4: Differences between diploid and allotetraploid 

Tragopogon species in terms of leaf length. Each bar represents 

mean of all populations from each species. 
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2014; Sun et al. 2015; Van Laere et al. 2011). Thus, understanding the phenotypic 

consequences of polyploidy is an important aspect in polyploid evolution.  

In this study, we have investigated and compared the seed germination rates and 

percentages of reciprocal forms of T. miscellus allopolyploids and their diploid parent 

species. Our expectation was that T. miscellus allopolyploids would have faster 

germination rates and higher germination percentages than the diploid parent species. The 

preliminary results confirmed this hypothesis as the examined allopolyploids were 

generally noticed to have faster germination rates and more viable seeds compared to the 

diploid parent species. Previous studies have also demonstrated faster germination rates 

and higher germination percentages of polyploids relative to diploid parent species 

(Broadhurst et al. 2012; Astuti et al. 2020; Stevens et al. 2020; Selvi and Vivona 2022). 

The mechanisms behind the faster germination rates of polyploids are not well studied 

but it is speculated that the extra gene content in polyploid seeds might lead to greater 

energy reserves and may also require more energy, thus, resulting in rapid mobilisation 

of seed reserves to aid in growth (Von Well and Fossey 1998). The faster germination 

rates and higher viability either due to rapid mobilisation of seed reserves, seeds of larger 

size or other effects might assist polyploids in their successful ecological adaptation 

(Eliášová and Münzbergová 2014; Stevens et al. 2020). 

We also examined and compared the leaf number and length between polyploids 

and parent species to test if polyploids have more and longer leaves relative to diploids. 

In terms of leaf number, both diploid parent species, especially T. dubius had more leaves 

compared to the T. miscellus allopolyploid forms. On the contrary, a Cucumis 

allopolyploid, C. × hytivus had significantly more leaves than its diploid parent species 

(Yu et al. 2021). Similarly, barley tetraploids showed fewer leaves compared to diploids 

at a given growth time (Chen et al. 2021), which was thought to have occurred due to an 
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occasionally sustained vegetative growth (Dudits et al. 2016). The trade-off between 

stomatal cell size and density has been noticed in polyploids, for example, tetraploid 

barley leaves had a lower density of stomata which were larger in cell size (Chen et al. 

2021). It could be possible that a similar trade-off exists between the leaf length and leaf 

number in T. miscellus allopolyploids, but this requires further investigation. In the case 

of leaf length trait, T. miscellus allopolyploids were shown to have longer leaves relative 

to both parent species. The short-liguled T. miscellus even had slightly longer leaves 

compared to the long-liguled form. However, these observations were statistically 

insignificant (p > 0.05). A past study which conducted a comparison of various 

morphological traits between the polyploids of Phlox amabilis and diploids showed that 

tetraploids exhibited longer leaves than diploids and hexaploids (Chansler et al. 2016), 

but hexaploids had thicker leaves among all (Chansler et al. 2016). Likewise, another 

study on the induced tetraploid Rhododendron fortunei showed that the tetraploid plants 

generally displayed larger and thicker leaves (Lan et al. 2020). However, there were a 

few plants that showed smaller leaves than diploids, which was attributed to the decrease 

in the number of cell divisions in the polyploids (Lan et al. 2020). Interestingly, octoploid, 

Jatropha curcas at a higher ploidy level had much smaller leaves than its diploid 

counterparts but the leaf cells of J. curcas were larger (Niu et al. 2016). This suggest that 

variations in morphological traits at different ploidy levels depend on the plant species 

being investigated. Interestingly, leaf width of T. miscellus allopolyploids is remarkably 

different than the parent species, especially T. dubius. In particular, the short-liguled 

population 3053 was observed to have the broadest leaves among all. However, this 

parameter was not measured as a part of this study.  

Several potential mechanisms are believed to play a role in the phenotypic 

changes in polyploids. These mechanisms include genetic and genomic rearrangements, 
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epigenetic remodelling and transcriptomic alterations (Comai 2005a). For example, 

homeologous rearrangements might be responsible for influencing changes in flowering 

time, disease resistance and seed yield in polyploids (Osborn et al. 2003a; Pires et al. 

2004; Zhao et al. 2006). For example, the morphological similarity of the allotetraploid 

Senecio mohavensis to its parental species S. flavus has been associated with biased loss 

of homeologs derived from the other parent species, S. glaucus (Alexander-Webber et al. 

2016).  Moreover, the alterations in the expression of light-harvesting complex genes of 

photosystem II were also observed between the allotetraploids, Dactylorhiza 

traunsteineri and D. majalis which correspond to the morphological and physiological 

changes in these allopolyploids, such as chlorophyll content and photosynthetic rates 

(Wolfe et al. 2021). In our expression work given in chapter 3, there were a few 

differentially expressed organelle-targeted nuclear genes in leaf tissues between each 

parent species and T. miscellus allopolyploids as well as between reciprocal forms. In 

future, these genes could be targeted with respect to the leaf morphological and 

physiological parameters to investigate their effect on the phenotypic variations in T. 

miscellus allopolyploids. The correlation between the genetic/transcriptomic changes and 

phenotypic responses in polyploids could be a potential way to investigate the integrated 

role of genes and phenotypic traits. Such genes could later be exploited for crop 

improvement and developing plant species with desirable traits.  
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Chapter 5 

 

Conclusions and Future Directions 

This study was conducted to investigate the evolution of cytonuclear interactions 

in reciprocally formed Tragopogon miscellus allopolyploids. In this regard, I have 

primarily examined the transcriptomic consequences of cytonuclear genes implicated in 

chimeric enzyme complexes, and dual-targeted genes in the short- and long-liguled T. 

miscellus. Gene expression analyses revealed that the hybridization and whole genome 

duplication events in T. miscellus allopolyploids led to differential regulation of 

expression at the homeolog level instead of the whole gene expression level (sum of both 

homeologs), as both short- and long-liguled T. miscellus allopolyploids showed total gene 

expression levels similar to their parental species. The expression regulation at the 

homeolog level was evidenced by novel expression bias patterns that were not exhibited 

by corresponding loci in both parent species, and by retaining the vertically inherited 

expression differences of their parents. Such differential regulation of homeologs in T. 

miscellus allopolyploids might suggest the occurrence of either epigenetic or post-

transcriptional/translational regulation. This may involve differences in cis-/trans-

regulatory elements, TE density, alternative splicing factors/marks and translational 

machinery between homeologs, hence resulting in differential expression regulation. 

Therefore, future studies investigating the role of these factors or mechanisms at 

epigenetic and post-transcriptional/translational levels in T. miscellus allopolyploids 

could explain how organelle-targeted duplicated nuclear genes are altering their 

expression patterns. Proteomic data for T. miscellus allopolyploids and parents were 

collected to investigate if cytonuclear genes were employing adjustments at protein 

levels. Unfortunately, because of severe delays due to COVID the results of this analysis 

are not included in the thesis. These data will be included in another future publication.  
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Interestingly, the transcriptomic analysis also revealed the unbalanced homeolog 

expression bias toward T. pratensis in both reciprocal forms of T. miscellus 

allopolyploids. This might indicate that T. pratensis may have advantageous features 

including lower TE density and small RNA targeting sites etc., leading to the expression 

preference of T. pratensis derived homeologs in both reciprocal forms. For example, 

preliminary genome sequencing data (unpublished) of both parent species, T. dubius and 

T. pratensis, suggest that the T. dubius genome may have more transposons compared to 

T. pratensis. These transposons may be influencing the expression of nearby genes 

through silencing via epigenetic mechanisms such as DNA methylation, histone 

modifications, etc., thereby downregulating the expression of T. dubius homeologs. 

However, further validation with respect to differentially expressed cytonuclear genes is 

needed to examine if such differences in transposon density exist between parents and are 

subsequently inherited in polyploids, resulting in the differential regulation of homeologs.  

Organelle gene expression was not up-regulated in T. miscellus allopolyploids, 

contrary to expectations that organelle genes will coordinate their expression with the 

duplicated nuclear genes through up-regulated expression. Because total gene expression 

of duplicated nuclear genes was similar to the parental expression levels in both reciprocal 

forms, there may not be the need to up-regulate organelle expression. As T. miscellus 

allopolyploids are young (90-100 years), they may need additional evolutionary time to 

allow them to establish specific patterns or incorporate changes at total gene expression 

levels. Hence, given time, they may develop particular patterns, which may eventually 

demand expression changes in organellar genes. Thus, tracking expression changes in 

later generations of T. miscellus allopolyploids would help us to confirm this case.   

In terms of morphological responses in T. miscellus allopolyploids, we have 

noticed faster germination rates and longer leaves in allopolyploids compared to their 
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diploid parent species. Relating these morphological traits to the physiological processes 

including photosynthesis, chlorophyll content, seed structure and seedling growth, etc., 

and to the interactions among cytonuclear genes would be helpful in understanding the 

ecological success and evolution of allopolyploids.    
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Appendices 
 

Chapter 2 Supplementary Data 
 

Supplementary Table 2.1: List of candidate nuclear genes involved in cytonuclear interactions in Arabidopsis thaliana.  

TAIR Gene Name Enzyme Complex Gene Locus 

NADH-ubiquinone oxidoreductase B8 subunit OXPHOS Complex I At5g47890 

LYR family of Fe/S cluster biogenesis protein OXPHOS Complex I At3g12260 

Furry OXPHOS Complex I At5g08060 

NAD(P)-binding Rossmann-fold superfamily protein OXPHOS Complex I At2g20360 

Mitochondrial import inner membrane translocase subunit Tim17/Tim22/Tim23 family 

protein 
OXPHOS Complex I At2g42210 

NADH:ubiquinone oxidoreductase  17.2kDa subunit OXPHOS Complex I At3g03100 

AT2G31490 protein OXPHOS Complex I At2g31490 

NADH-ubiquinone oxidoreductase B18 subunit OXPHOS Complex I At2g02050 

NADH dehydrogenase OXPHOS Complex I At5g47570 

LYR family of Fe/S cluster biogenesis protein OXPHOS Complex I At4g34700 

Excitatory amino acid transporter OXPHOS Complex I At4g20150 

NADH-ubiquinone dehydrogenase  mitochondrial OXPHOS Complex I At5g37510 

NADH-ubiquinone oxidoreductase-related OXPHOS Complex I At5g67590 

NADH-ubiquinone oxidoreductase-related OXPHOS Complex I At3g03070 

NADH-ubiquinone oxidoreductase 20 kDa subunit  mitochondrial OXPHOS Complex I At5g11770 

51 kDa subunit of complex I OXPHOS Complex I At5g08530 

NADH-ubiquinone oxidoreductase 24 kDa subunit OXPHOS Complex I At4g02580 

At1g67350 OXPHOS Complex I At1g67350 

copper ion binding OXPHOS Complex I At2g27730 

Putative uncharacterized protein OXPHOS Complex I At1g67785 

At4g16450 OXPHOS Complex I At4g16450 

Transmembrane protein OXPHOS Complex I At4g00585 
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TAIR Gene Name Enzyme Complex Gene Locus 

L-galactono-1 4-lactone dehydrogenase OXPHOS Complex I At3g47930 

At1g68680 OXPHOS Complex I At1g68680 

At5g14105 OXPHOS Complex I At5g14105 

NADH dehydrogenase OXPHOS Complex I At3g08610 

NADH-ubiquinone oxidoreductase-related OXPHOS Complex I At5g52840 

GRIM-19 protein OXPHOS Complex I At2g33220 and At1g046301 

NADH dehydrogenase (ubiquinone)s OXPHOS Complex I At2g02510 and At1g144501 

Complex I subunit NDUFS6 OXPHOS Complex I At1g49140 and At3g184101 

ESSS subunit of NADH:ubiquinone oxidoreductase (Complex I) protein OXPHOS Complex I At2g42310 and At3g577851 

NADH-ubiquinone oxidoreductase-related OXPHOS Complex I At3g62790 and At2g476901 

Alpha-helical ferredoxin OXPHOS Complex I At1g79010 and At1g167001 

gamma carbonic anhydrase 1 OXPHOS Complex I At1g19580 

gamma carbonic anhydrase 2 OXPHOS Complex I At1g47260 

gamma carbonic anhydrase like 1 OXPHOS Complex I At5g63510 

gamma carbonic anhydrase-like 2 OXPHOS Complex I At3g48680 

At2g46540/F11C10.23 OXPHOS Complex I At2g46540 

Cox19-like CHCH family protein OXPHOS Complex I At3g06310 

Cox19-like CHCH family protein OXPHOS Complex I At5g18800 

NADH dehydrogenase OXPHOS Complex I At1g76200 

gamma carbonic anhydrase 3 OXPHOS Complex I At5g66510 

Insulinase (Peptidase family M16) protein OXPHOS Complex III At3g02090 

Insulinase (Peptidase family M16) protein and mitochondrial processing peptidase alpha 

subunit 
OXPHOS Complex III At1g51980 and At3g164801 

ubiquinol-cytochrome C reductase UQCRX/QCR9-like family protein OXPHOS Complex III At3g52730 

Cytochrome C1 family OXPHOS Complex III At5g40810 and At3g272401 

Ubiquinol-cytochrome C reductase iron-sulfur subunit OXPHOS Complex III At5g13430 and At5g134401 

Cytochrome bd ubiquinol oxidase 14kDa subunit OXPHOS Complex III At4g32470 and At5g254501 
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TAIR Gene Name Enzyme Complex Gene Locus 

Cytochrome b-c1 complex subunit 8 protein OXPHOS Complex III At3g10860 and At5g053701 

Putative uncharacterized protein At2g40765 OXPHOS Complex III At2g40765 

Ubiquinol-cytochrome C reductase hinge protein OXPHOS Complex III At2g01090 

Rubredoxin-like superfamily protein OXPHOS Complex IV At3g15640 and At1g802301 

cytochrome-c oxidases;electron carriers OXPHOS Complex IV At4g21105 

TonB-dependent heme receptor A OXPHOS Complex IV At1g72020 

cytochrome C oxidase 6B OXPHOS Complex IV At1g22450 

Protein of unknown function (DUF1640) OXPHOS Complex IV At2g16460 

Protein of unknown function (DUF1138) OXPHOS Complex IV At4g00860 and At1g011701 

Cytochrome c oxidase subunit Vc family protein, unknown protein OXPHOS Complex IV 
At2g47380, At3g62400 and 

At5g613101 

cytochrome c oxidase-related OXPHOS Complex IV At4g37830 

Hypoxia-responsive family protein OXPHOS Complex IV At5g27760 

F-box/LRR protein OXPHOS Complex IV At3g43410 

ATP synthase epsilon chain  mitochondrial OXPHOS Complex V At1g51650 

ATPase  F1 complex  delta/epsilon subunit OXPHOS Complex V At5g47030 

delta subunit of Mt ATP synthase OXPHOS Complex V At5g13450 

ATP synthase D chain  mitochondrial OXPHOS Complex V At3g52300 

copper ion binding;cobalt ion binding;zinc ion binding OXPHOS Complex V At2g21870 

ATP synthase alpha/beta family protein OXPHOS Complex V 
At5g08670, At5g08680 and 

At5g086901 

AT4g30010/F6G3_40 OXPHOS Complex V At4g30010 

Mitochondrial ATP synthase subunit G protein OXPHOS Complex V 
At4g29480, At2g19680 and 

At4g262101 

AT3g46430/F18L15_150 OXPHOS Complex V At3g46430 and At5g596131 

gamma subunit of Mt ATP synthase OXPHOS Complex V At2g33040 

photosystem I light harvesting complex gene 1 Photosystem I At3g54890 

photosystem I light harvesting complex gene 2 Photosystem I At3g61470 

photosystem I light harvesting complex gene 3 Photosystem I At1g61520 
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TAIR Gene Name Enzyme Complex Gene Locus 

light-harvesting chlorophyll-protein complex I subunit A4 Photosystem I At3g47470 

photosystem I light harvesting complex gene 6 Photosystem I At1g19150 

Photosystem I reaction centre subunit IV / PsaE protein and photosystem I subunit E-2 Photosystem I At4g28750 and At2g202601 

photosystem I subunit F Photosystem I At1g31330 

photosystem I subunit G Photosystem I At1g55670 

photosystem I subunit K Photosystem I At1g30380 

photosystem I subunit l Photosystem I At4g12800 

photosystem I reaction center subunit PSI-N  chloroplast  putative / PSI-N  putative 

(PSAN) 
Photosystem I At5g64040 

photosystem I P subunit Photosystem I At2g46820 

photosystem I subunit D-1 and photosystem I subunit D-2 Photosystem I At4g02770 and At1g031301 

photosystem I subunit H-1 and photosystem I subunit H-2 Photosystem I At3g16140 and At1g522301 

photosystem I subunit O Photosystem I At1g08380 

photosystem I light harvesting complex gene 5 Photosystem I At1g45474 

photosystem II subunit P-1 and photosystem II subunit P-2 Photosystem II At1g06680 and At2g307901 

photosystem II subunit R Photosystem II At1g79040 

Chlorophyll A-B binding family protein Photosystem II At1g44575 

photosystem II reaction center W Photosystem II At2g30570 

photosystem II subunit X Photosystem II At2g06520 

photosystem II BY Photosystem II At1g67740 

light-harvesting chlorophyll B-binding protein 3 Photosystem II At5g54270 

light harvesting complex of photosystem II 5 Photosystem II At4g10340 

light harvesting complex photosystem II subunit 6 Photosystem II At1g15820 

PS II oxygen-evolving complex 1 and photosystem II subunit O-2 Photosystem II At5g66570 and At3g508201 

photosystem II subunit QA and photosystem II subunit Q-2 Photosystem II At4g21280 and At4g051801 

chlorophyll A/B-binding protein 2, chlorophyll A/B binding protein 3, chlorophyll A/B 

binding protein 1, light-harvesting chlorophyll-protein complex II subunit B1 and 

photosystem II light harvesting complex gene B1B2 

Photosystem II 
At1g29920, At1g29910,At1g29930, 

At2g34430 and At2g344201 
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TAIR Gene Name Enzyme Complex Gene Locus 

light harvesting complex photosystem II Photosystem II 
At5g01530, At3g08940 and 

At2g401001 

photosystem II subunit T Photosystem II At3g21055 

photosystem II light harvesting complex gene 2.1 Photosystem II At2g05100 

sigma factor A RNA polymerase PEP At1g64860 

RNApolymerase sigma-subunit C RNA polymerase PEP At3g53920 

sigma factor E RNA polymerase PEP At5g24120 

RNApolymerase sigma-subunit F RNA polymerase PEP At2g36990 

RNApolymerase sigma subunit 2 RNA polymerase PEP At1g08540 

sigma factor 4 RNA polymerase PEP At5g13730 

ATPase  F1 complex  gamma subunit protein ATP Synthase At4g04640 

ATP synthase delta-subunit gene ATP Synthase At4g09650 

ATPase  F0 complex  subunit B/B'  bacterial/chloroplast ATP Synthase At4g32260 

photosynthetic electron transfer C Cytochrome b6f At4g03280 

cytochrome b6f complex subunit (petM)  putative Cytochrome b6f At2g26500 

CLP protease proteolytic subunit 3 Caseinolytic Proteases At1g66670 

nuclear encoded CLP protease 5 Caseinolytic Proteases At1g02560 

CLP protease proteolytic subunit 2 Caseinolytic Proteases At1g12410 

ATP-dependent caseinolytic (Clp) protease/crotonase family protein Caseinolytic Proteases At1g09130 

CLP protease R subunit 4 Caseinolytic Proteases At4g17040 

Clp ATPase Caseinolytic Proteases At5g51070 

Ribosomal protein L12/ ATP-dependent Clp protease adaptor protein ClpS family protein Caseinolytic Proteases At1g68660 

CLPT1 and CLPT2 Caseinolytic Proteases At4g25370 and At4g120601 

CLP protease P4 Caseinolytic Proteases At5g45390 

CLPC homologue 1 and Clp ATPase Caseinolytic Proteases At5g50920 and At3g488701 

CLP protease proteolytic subunit 6 Caseinolytic Proteases At1g11750 

CLP protease proteolytic subunit 1 Caseinolytic Proteases At1g49970 

uvrB/uvrC motif-containing protein Caseinolytic Proteases At2g03390 
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TAIR Gene Name Enzyme Complex Gene Locus 

acetyl Co-enzyme a carboxylase carboxyltransferase alpha subunit Acetyl-CoA Carboxylase At2g38040 

acetyl Co-enzyme a carboxylase biotin carboxylase subunit Acetyl-CoA Carboxylase At5g35360 

chloroplastic acetylcoenzyme A carboxylase 1 and biotin carboxyl carrier protein 2 Acetyl-CoA Carboxylase At5g16390 and At5g155301 

ribulose bisphosphate carboxylase small chain 1A, Ribulose bisphosphate carboxylase 

(small chain) family protein 
Rubisco 

At1g67090, At5g38410, At5g38430 

and At5g384201 

RNA-binding (RRM/RBD/RNP motifs) family protein Ribosomal Genes At3g52150 

plastid-specific ribosomal protein 4 Ribosomal Genes At2g38140 

plastid-specific 50S ribosomal protein 5 Ribosomal Genes At3g56910 

plastid-specific 50S ribosomal protein 6 Ribosomal Genes At5g17870 

ribosomal protein L4 Ribosomal Genes At1g07320 

Ribosomal protein L6 family Ribosomal Genes At1g05190 

ribosomal protein L9 Ribosomal Genes At3g44890 

Ribosomal protein L10 family protein Ribosomal Genes At5g13510 

plastid ribosomal protein l11 and Ribosomal protein L11 family protein Ribosomal Genes At1g32990 and At5g516101 

Ribosomal protein L13 family protein Ribosomal Genes At1g78630 

ribosomal protein L15 Ribosomal Genes At3g25920 

Ribosomal protein L17 family protein Ribosomal Genes At3g54210 

Ribosomal L18p/L5e family protein Ribosomal Genes At1g48350 and At3g202301 

Ribosomal protein L19 family protein Ribosomal Genes At5g47190 and At4g175601 

Ribosomal protein L21 Ribosomal Genes At1g35680 

Translation protein SH3-like family protein Ribosomal Genes At5g54600 

ribosomal protein large subunit 27 Ribosomal Genes At5g40950 

Ribosomal L28 family Ribosomal Genes At2g33450 

Ribosomal L29 family protein Ribosomal Genes At5g65220 

Ribosomal protein L31 Ribosomal Genes At1g75350 

Ribosomal protein L34 Ribosomal Genes At1g29070 

Ribosomal protein L35 Ribosomal Genes At2g24090 
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TAIR Gene Name Enzyme Complex Gene Locus 

ribosomal protein S1 Ribosomal Genes At5g30510 

Ribosomal protein S5 family protein Ribosomal Genes At2g33800 

Translation elongation  factor EF1B/ribosomal protein S6 family protein Ribosomal Genes At1g64510 

ribosomal protein S9 Ribosomal Genes At1g74970 

Ribosomal protein S10p/S20e family protein Ribosomal Genes At3g13120 

Ribosomal protein S13/S18 family Ribosomal Genes At5g14320 

ribosomal protein S17 Ribosomal Genes At1g79850 

chloroplast 30S ribosomal protein S20  putative Ribosomal Genes At3g15190 

Ribosomal protein S21 family protein Ribosomal Genes At3g27160 

ribosomal protein L12-A, L12-B and L12-C Ribosomal Genes 
At3g27830, At3g27840 and 

At3g278501 

30S ribosomal protein  putative Ribosomal Genes At5g24490 

Ribosomal protein PSRP-3/Ycf65 Ribosomal Genes At1g68590 

Ribosomal protein L1p/L10e family Ribosomal Genes At3g63490 

Ribosomal protein L3 family protein Ribosomal Genes At2g43030 

Ribosomal L5P family protein Ribosomal Genes At4g01310 

Pentatricopeptide repeat (PPR) superfamily protein Dual-targeted Genes At5g60960 

ssDNA-binding transcriptional regulator Dual-targeted Genes At1g14410 

Mitochondrial transcription termination factor family protein Dual-targeted Genes At4g38160 
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Supplementary Table 2.2: List of candidate control nuclear genes that are not involved in cytonuclear interactions in Arabidopsis thaliana.  

TAIR Gene Name Enzyme Complex Gene Locus 

succinate dehydrogenase 2-1, 2-2, 2-3 OXPHOS Complex II At3g27380, At5g40650 and At5g651651 

succinate dehydrogenase subunit 7A  mitochondrial and SDH7B OXPHOS Complex II At3g47833 and At5g625751 

succinate dehydrogenase 1-1 and succinate dehydrogenase 1-2 OXPHOS Complex II At5g66760 and At2g184501 

succinate dehydrogenase 5 OXPHOS Complex II At1g47420 

succinate dehydrogenase subunit 6  mitochondrial OXPHOS Complex II At1g08480 

succinate dehydrogenase 3-1 and succinate dehydrogenase 3-2 OXPHOS Complex II At5g09600 and At4g322101 

succinate dehydrogenase subunit 4 OXPHOS Complex II At2g46505 

succinate dehydrogenase subunit 8  mitochondrial OXPHOS Complex II At2g46390 

NAD(P)H dehydrogenase B1 OXPHOS Alternative Pathway At4g28220 

NAD(P)H dehydrogenase B3 OXPHOS Alternative Pathway At4g21490 

NAD(P)H dehydrogenase B2 OXPHOS Alternative Pathway At4g05020 

NAD(P)H dehydrogenase B4 OXPHOS Alternative Pathway At2g20800 

alternative oxidase 1A, 1B, 1C and 1D OXPHOS Alternative Pathway 
At3g22370, At3g22360, At3g27620 and 

At1g323501 

alternative oxidase 2 OXPHOS Alternative Pathway At5g64210 

alternative  NAD(P)H dehydrogenase 1 OXPHOS Alternative Pathway At1g07180 

alternative NAD(P)H dehydrogenase 2 OXPHOS Alternative Pathway At2g29990 

NAD(P)H dehydrogenase C1 OXPHOS Alternative Pathway At5g08740 

NUCLEOSOME ASSEMLY PROTEIN 1/NAP1 Retrograde-signalling Genes At4g26110 

TCP family transcription factor Retrograde-signalling Genes At1g58100 

Peptidase C78, ubiquitin fold modifier-specific peptidase 1/ 2 Retrograde-signalling Genes At5g24680 

transmembrane protein Retrograde-signalling Genes At1g44920 

serine/threonine protein kinase 1 Retrograde-signalling Genes At5g01820 

glyceraldehyde-3-phosphate dehydrogenase C2 Housekeeping Genes At1g13440 

TIP41-like family protein Housekeeping Genes At4g34270 

SAND family protein Housekeeping Genes At2g28390 

Clathrin adaptor complexes medium subunit family protein Housekeeping Genes At5g46630 

AT4g33380/F17M5_140 Housekeeping Genes At4g33380 

HAC13 protein (HAC13) Housekeeping Genes At1g32750 
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Supplementary Table 2.3: List of Arabidopsis nuclear genes that were missing in the Tragopogon dubius draft genome as well as Lactuca 

sativa genome.  

TAIR Gene name Enzyme complex Gene locus 

gamma carbonic anhydrase 3 OXPHOS Complex I At5g66510 

succinate dehydrogenase 3-1 and succinate dehydrogenase 3-2 OXPHOS Complex II At5g09600 and At4g322101 

succinate dehydrogenase subunit 4 OXPHOS Complex II At2g46505 

Succinate dehydrogenase subunit 8  mitochondrial OXPHOS Complex II At2g46390 

mitochondrial processing peptidase alpha subunit OXPHOS Complex III At3G16480 

Putative uncharacterized protein At2g40765 OXPHOS Complex III At2G40765 

Ubiquinol-cytochrome C reductase hinge protein OXPHOS Complex III At2G01090 

Rubredoxin-like superfamily protein OXPHOS Complex IV At3G15640 

Cytochrome c oxidase subunit Vc family protein OXPHOS Complex IV At2G47380 

F-box/LRR protein OXPHOS Complex IV At3g43410 

photosystem I light harvesting complex gene 5 Photosystem I At1g45474 

Photosystem I reaction centre subunit IV / PsaE protein Photosystem I At4g28750 

photosystem II subunit P-2 Photosystem II At2g30790 

light harvesting complex photosystem II Photosystem II At3g08940 

light harvesting complex photosystem II Photosystem II At2g40100 

sigma factor 4 RNA polymerase PEP At5g13730 

uvrB/uvrC motif-containing protein Caseinolytic Proteases At2g03390 

Ribosomal protein L11 family protein Ribosomal Genes At5g51610 

ribosomal protein L12-B Ribosomal Genes At3g27840 

Ribosomal L18p/L5e family protein Ribosomal Genes At3g20230 
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Chapter 3 Supplementary Data 
 

Supplementary Table 3.1: List of individuals from natural populations of diploid parent 

species, Tragopogon dubius and T. pratensis as well as reciprocal forms of T. miscellus 

examined. 

Species Population 
Population 

ID 

Individual 

ID 
Replicates Plant group 

T. dubius Moscow,  

Idaho, USA 

106 2 2 Late-flowering 

T. dubius Oakesdale, 

Washington, USA 

3055 12 3 Late-flowering 

T. pratensis Oakesdale, 

Washington, USA 

3052 18 2 Late-flowering 

T. pratensis Garfield, 

Washington, USA 

3058 8 2 Late-flowering 

T. pratensis Garfield, 

Washington, USA 

3058 10 2 Late-flowering 

T. miscellus 

(long-liguled) 

Pullman, 

Washington, USA 

3066 10 2 Late-flowering 

T. miscellus 

(long-liguled) 

Pullman, 

Washington, USA 

101 5 2 Late-flowering 

T. miscellus 

(short-liguled) 

Spangle, 

Washington, USA 

3049 1 2 Late-flowering 

T. miscellus 

(short-liguled) 

Garfield, 

Washington, USA 

104 4 2 Late-flowering 

T. miscellus 

(short-liguled) 

Rosalia, 

Washington, USA 

3073 7 2 Late-flowering 

T. miscellus 

(short-liguled) 

Oakesdale, 

Washington, USA 

3053 8 3 Late-flowering 

T. miscellus 

(short-liguled) 

Oakesdale, 

Washington, USA 

3053 9 2 Late-flowering 

T. dubius Spangle, 

Washington, USA 

3050 1 2 Early-flowering 

T. dubius Oakesdale, 

Washington, USA 

3055 8 3 Early-flowering 

T. pratensis Garfield, 

Washington, USA 

3058 9 1 Early-flowering 

T. miscellus 

(short-liguled) 

Rosalia, 

Washington, USA 

3073 6 3 Early-flowering 

T. miscellus 

(short-liguled) 

Oakesdale, 

Washington, USA 

3053 13 3 Early-flowering 
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Supplementary Table 3.2: Number of duplicated nuclear genes differentially expressed 

between diploid parent species, Tragopogon dubius and T. pratensis at different growth 

stages. 

Expression patterns 
Early 

stage 

Middle 

stage 

Mature 

stage 

Early stage-

late flowering 

plants 

Early stage-

early flowering 

plants 

No differential 

expression 
199 197 204 198 202 

Expression higher 

in T. pratensis 
2 5 0 2 1 

Expression higher 

in T. dubius 
3 3 1 4 1 

Total 204 205 205 204 204 
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Supplementary Table 3.3: Number of duplicated nuclear genes differentially expressed between Tragopogon dubius and populations of 

short- and long-liguled T. miscellus at different growth stages.  

 

 Short-liguled T. miscellus (sm) 
Long-liguled T. 

miscellus (lm) 

 104 3049 3053 3073 3066+101 

Expression patterns 

Earl

y 

stage 

Middle 

stage 

Earl

y 

stage 

Middle 

stage 

Earl

y 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage-

early 

flowering 

plants 

Earl

y 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage- 

early 

flowering 

plants 

Early 

stage 

Middle 

stage 

No differential 

expression 
204 203 202 198 202 203 198 203 201 199 199 202 203 187 200 201 

Expression higher in 

T. dubius 
0 0 1 2 1 0 0 0 2 3 4 0 0 15 3 3 

Expression higher in 

sm/lm 
0 2 1 5 1 2 7 1 1 2 2 3 1 2 1 1 

Total 204 205 204 205 204 205 205 204 204 204 205 205 204 204 204 205 
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Supplementary Table 3.4: Number of duplicated nuclear genes differentially expressed between Tragopogon pratensis and populations of 

short- and long-liguled T. miscellus at different growth stages.  

 

 Short-liguled T. miscellus (sm) 
Long-liguled 

T. miscellus (lm) 

 104 3049 3053 3073 3066+101 

Expression patterns 
Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage-

early 

flowering 

plants 

Early 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage-

early 

flowering 

plants 

Early 

stage 

Middle 

stage 

 

No differential 

expression 
201 203 201 203 203 202 205 201 204 203 193 205 199 200 201 198  

Expression higher in 

T. pratensis 
1 0 0 0 0 1 0 1 0 1 10 0 3 4 2 6  

Expression higher in 

sm/lm 
2 2 3 2 1 2 0 2 0 0 2 0 2 0 1 1  

Total 204 205 204 205 204 205 205 204 204 204 205 205 204 204 204 205  
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Supplementary Table 3.5: Number of duplicated nuclear genes differentially expressed 

between long-liguled Tragopogon miscellus (lm) and populations of short-liguled T. 

miscellus (sm) at different growth stages. 

 

 

 104 3049 3053 3073 

Expression patterns 
Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

No differential 

expression 
204 201 204 201 204 203 204 204 

Expression higher in 

sm 
0 4 0 4 0 1 0 0 

Expression higher in 

lm 
0 0 0 0 0 1 0 1 

Total 204 205 204 205 204 205 204 205 
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Supplementary Table 3.6: List of genes with anomalous expression patterns in populations (marked X) of short- and long-liguled Tragopogon miscellus at early-, middle- and mature-growth stages.  
 

       Late-flowering group Early-flowering group 

                         

   Early stage Early stage Middle stage Early vs Mature stage     

Short-liguled T. miscellus 
Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

   

                                     

   3053 3073 104 3049 3053 3073 3066+101 104 3049 3053 3073 3066+101 3053 3073 3053 3073 

                                       

Gene ID  Gene name Enzyme complex No difference in expression b/w parents & polyploid for loci differentially expressed between parent species 

TragDub04873-RA 
NADH dehydrogenase 

(ubiquinone)s 
OXPHOS Complex I     X X X X X X X X X X         

TragDub00693-RA 
Ubiquinol-cytochrome C 

reductase iron-sulfur subunit 

OXPHOS Complex 

III 
              X X X X X         

 Lsat_20510 photosystem I subunit O Photosystem I     X X X X X                   

TragDub28661-RA chlorophyll A/B-binding protein Photosystem II X                               

TragDub19360-RA chlorophyll A/B-binding protein Photosystem II   X                             

Lsat_10456 
photosystem II light harvesting 

complex gene 2.1 
Photosystem II 

  
  X X X X X     X   

    
  

    

TragDub22127-RA 
plastid-specific ribosomal protein 

4 
Ribosomal Genes X   

          
        

  
X   

    

Lsat_5980 30S ribosomal protein  putative Ribosomal Genes                         X       

Lsat_1652 
Ribosomal protein L3 family 

protein 
Ribosomal Genes     

          
        

    
  X X 

TragDub00311-RA sigma factor E RNA Polymerase PEP               X       X         

TragDub19304-RA CBL-interacting protein kinase 14 Dual-Targeted Genes               X   X X X         

      
No difference in expression b/w polyploid & T. pratensis but low expression in polyploid than T. dubius for loci that are not differentially 

expressed between parent species 

Lsat_18951 
Succinate dehydrogenase subunit 

6  mitochondrial 
OXPHOS Complex II       X     X   X               

Lsat_10503 succinate dehydrogenase 5 OXPHOS Complex II                   X             

TragDub00409-RA Cytochrome C1 family 
OXPHOS Complex 

III 
            

  
            X     

TragDub16190-RA photosystem I subunit F Photosystem I                           X     

 Lsat_20510 photosystem I subunit O Photosystem I                   X   X X X     

Lsat_9599 photosystem II subunit T Photosystem II   X                       X     

TragDub19360-RA chlorophyll A/B-binding protein Photosystem II                         X X     

TragDub28661-RA chlorophyll A/B-binding protein Photosystem II                           X     

Lsat_11580 &  

Lsat_8208 

photosystem II light harvesting 

complex gene 2.2 & 2.3 
Photosystem II   

  
        

  
        

    
X 

    

Lsat_32495 
cytochrome b6f complex subunit 

(petM)  putative 
Cytochrome b6f   

  
                    

  
X 

    

TragDub26227-RA 

Ribosomal protein L12/ ATP-

dependent Clp protease adaptor 

protein ClpS family protein 

Caseinolytic Protease   

  

        

  

        

    

X 

    

TragDub25278-RA sigma factor A RNA Polymerase PEP                           X     

TragDub21893-RA WHIRLY 1 Dual-Targeted Genes                 X               
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       Late-flowering group Early-flowering group 

                         

   Early stage Early stage Middle stage Early vs Mature stage     

Short-liguled T. miscellus 
Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

   

                                     

   3053 3073 104 3049 3053 3073 3066+101 104 3049 3053 3073 3066+101 3053 3073 3053 3073 

                                       

   
No difference in expression b/w polyploid & T. dubius but low expression in polyploid than T. pratensis for loci that are not differentially 

expressed between parent species 

Lsat_21648 NADH dehydrogenase OXPHOS Complex I           X         X           

TragDub20137-RA 
Hypoxia-responsive family 

protein 

OXPHOS Complex 

IV 
            X                   

Lsat_10787 
gamma subunit of Mt ATP 

synthase 
OXPHOS Complex V           X 

  
    X X 

  
        

TragDub16190-RA photosystem I subunit F Photosystem I   X         X       X X         

Lsat_9332 
photosystem II light harvesting 

complex gene 2.4 
Photosystem II             

  
      X 

X 
        

Lsat_11580 & 

Lsat_8208 

photosystem II light harvesting 

complex gene 2.2 & 2.3 
Photosystem II             

  
        X         

Lsat_32495 
cytochrome b6f complex subunit 

(petM)  putative 
Cytochrome b6f             

  
      X 

X 
        

Lsat_3726 Ribosomal protein PSRP-3/Ycf65 Ribosomal Genes                     X           

      
No difference in expression b/w polyploid & T. pratensis but higher expression in polyploid than T. dubius for loci that are not differentially 

expressed between parent species 

TragDub00693-RA 
Ubiquinol-cytochrome C 

reductase iron-sulfur subunit 

OXPHOS Complex 

III 
            

  
        

  
    X X 

TragDub00413-RA 
Rubredoxin-like superfamily 

protein 

OXPHOS Complex 

IV 
                        X X X X 

TragDub17408-RA 
light-harvesting chlorophyll B-

binding protein 3 
Photosystem II             

  
  X     

  
        

Lsat_10456 
photosystem II light harvesting 

complex gene 2.1 
Photosystem II             

  
        

  
    X X 

TragDub22127-RA 
plastid-specific ribosomal protein 

4 
Ribosomal Genes 

          
X 

                    

TragDub00311-RA sigma factor E RNA Polymerase PEP                             X   

TragDub10196-RA CBL-interacting protein kinase 14 Dual-Targeted Genes                             X   

  
    

No difference in expression b/w polyploid & T. dubius but higher expression in polyploid than T. pratensis for loci that are not differentially 

expressed between parent species 

TragDub00409-RA Cytochrome C1 family 
OXPHOS Complex 

III       
X 
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Supplementary Table 3.7: List of genes showing expression level dominance toward either parent species; Tragopogon pratensis and T. dubius as well as transgressive down-regulation in populations (marked X) of 

short- and long-liguled T. miscellus at early-, middle- and mature-growth stages. 

        Late-flowering group Early-flowering group 

                          

    Early stage Early stage Middle stage Early vs Mature stage  
    

Short-liguled T. miscellus 
Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

Long-liguled 

T. miscellus 
Short-liguled T. miscellus 

    

                                      

    3053 3073 104 3049 3053 3073 3066+101 104 3049 3053 3073 3066+101 3053 3073 3053 3073 

                                            

Gene ID  Gene name Enzyme complex   Expression level dominance toward T. pratensis 

TragDub00413-RA 
Rubredoxin-like 

superfamily protein 
OXPHOS Complex IV   X X 

  
X 

    
X X X X   X 

  
  

    

 Lsat_20510 
photosystem I subunit 

O 
Photosystem I   X X 

          
          

  
  

    

TragDub28661-RA 
chlorophyll A/B-

binding protein 
Photosystem II     X 

        
X         X 

  
  

    

Lsat_10456 

photosystem II light 

harvesting complex 

gene 2.1 

Photosystem II       
          

X X     
    

  
    

TragDub22127-RA 
plastid-specific 

ribosomal protein 4 
Ribosomal Genes     X 

          
        

    
X 

    

Lsat_5980 
30S ribosomal protein  

putative 
Ribosomal Genes       

          
        

    
X 

    

TragDub00311-RA sigma factor E RNA Polymerase PEP                   X X X           

        Expression level dominance toward T. dubius 

TragDub00413-RA 
Rubredoxin-like 

superfamily protein 
OXPHOS Complex IV     

  
X     X 

  
        

          

TragDub19360-RA 
chlorophyll A/B-

binding protein 
Photosystem II   X 

  
X X X X 

  
X X X X 

          

TragDub28661-RA 
chlorophyll A/B-

binding protein 
Photosystem II     

  
X X X X 

  
X X X X 

          

Lsat_10456 

photosystem II light 

harvesting complex 

gene 2.1 

Photosystem II     
  

        
  

      X X 
        

       Transgressive down-regulation 

Lsat_11580 

photosystem II light 

harvesting complex 

gene 2.2 

Photosystem II     
  

        
  

      X 
          

 Lsat_8208 

photosystem II light 

harvesting complex 

gene 2.3 

Photosystem II     
  

        
  

      X 
          

TragDub00311-RA sigma factor E RNA Polymerase PEP                             X     
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Supplementary Table 3.8: The number and percentage of control genes showing unbiased or biased expression toward either parent species; 

Tragopogon dubius or T. pratensis in each population of short- (sm) and long-liguled (lm) T. miscellus at early-, middle- and mature-growth 

stages. 

 

 Short-liguled T. miscellus 

 

Long-liguled T. 

miscellus 

 

 

 

 

Average 

% 

sm/lm 

 

 

 

 

 

Unbiased 

Early stage Middle stage Mature stage 
Early 

stage 

Middle 

stage 

104 3049 3053 3073 104 3049 3053 3073 3053 3073 3066+101 3066+101 

8 

(66.7%) 

8 

(66.7%) 

7 

(58.3%) 

7 

(58.3%) 

9 

(69.2%) 

8 

(61.5%) 

6 

(50%) 

7 

(53.8%) 

9 

(69.2%) 

5 

(38.5%) 

9  

(75%) 

10  

(76.9%) 
59.2/76.0 

Biased toward 

T. pratensis 

 

1 

(8.3%) 

3 

(25%) 

2 

(16.7%) 

3 

(25%) 

2 

(15.4%) 

4 

(30.8%) 

2 

(16.7%) 

4 

(30.8%) 

3 

(23.1%) 

4 

(30.8%) 

2  

(16.7%) 

2  

(15.4%) 
22.2/16.0 

Biased towards 

T. dubius 

 
3 

(25%) 

1 

(8.3%) 

3 

(25%) 

2 

(16.7%) 

2 

(15.4%) 

1  

(7.7%) 

4 

(33.3%) 

2 

(15.4%) 

1 

(7.7%) 

4 

(30.8%) 

1  

(8.3%) 

1  

(7.7%) 
18.5/8.0 

Total 12 12 12 12 13 13 12 13 13 13 12 13 

 

Biased 

expression 

genes 

33.3% 33.3% 41.7% 41.7% 30.8% 38.5% 50.0% 46.2% 30.8% 61.6% 25.0% 23.1% 40.8/24.0 
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Supplementary Table 3.9: The number and percentage of retrograde-signaling partners of dual-targeted genes showing unbiased or biased 

expression toward either parent species; Tragopogon dubius or T. pratensis in each population of short- (sm) and long-liguled (lm) T. 

miscellus at early-, middle- and mature-growth stages. 

 

 

 

 

 

 

 

 

 Short-liguled T. miscellus 

 

Long-liguled T. 

miscellus 

 

 

 

 

Average 

% 

sm/lm 

 

 

 

 

 

Unbiased 

Early stage Middle stage Mature stage 
Early 

stage 

Middle 

stage 

104 3049 3053 3073 104 3049 3053 3073 3053 3073 3066+101 3066+101 

4 

(57.1%) 

5 

(71.4%) 

4 

(57.1%) 

4 

(57.1%) 

4 

(57.1%) 

3 

(42.9%) 

5 

(71.4%) 

4 

(57.1%) 

4 

(57.1%) 

3 

(42.9%) 

4 

(57.1%) 

4 

(57.1%) 
57.1/57.1 

Biased toward 

T. pratensis 

 
1 

(14.3%) 

0 

 

1 

(14.3%) 

1 

(14.3%) 

1 

(14.3%) 

2 

(28.6%) 

1 

(14.3%) 

1 

(14.3%) 

1 

(14.3%) 

1 

(14.3%) 

2 

(28.6%) 

2 

(28.6%) 
14.3/28.6 

Biased towards 

T. dubius 

 
2 

(28.6%) 

2 

(28.6%) 

2 

(28.6%) 

2 

(28.6%) 

2 

(28.6%) 

2 

(28.6%) 

1 

(14.3%) 

2 

(28.6%) 

2 

(28.6%) 

3 

(42.9%) 

1 

(14.3%) 

1 

(14.3%) 
28.6/14.3 

Total 7 7 7 7 7 7 7 7 7 7 7 7  

Biased 

expression 

genes 

42.9% 42.9% 42.9% 42.9% 42.9% 57.1% 28.6% 42.9% 42.9% 57.1% 42.9% 42.9% 42.9/42.9 
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Supplementary Table 3.10: List of homeologs showing differential expression between long-liguled Tragopogon miscellus and each 

population of short-liguled T. miscellus at early-growth stage. The color codes represent the genes that show a particular expression 

pattern across different comparisons. For instance, red color: gene with that specific pattern noticed in all comparisons, green color: in three 

comparisons, blue color: in any two comparisons and black color: unique to a particular comparison.  
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Supplementary Table 3.11: List of homeologs showing differential expression between long-liguled Tragopogon miscellus and each 

population of short-liguled T. miscellus at middle-growth stage. The color codes represent the genes that show a particular expression 

pattern across different comparisons. For instance, red color: gene with that specific pattern noticed in all comparisons, green color: in three 

comparisons, blue color: in any two comparisons and black color: unique to a particular comparison. 
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Sr. # Gene ID Gene name Enzyme complex Early-age Middle-age Early-age Middle-age Early-age Middle-age Early-age Middle-age Early-age Middle-age Early-age Middle-age Early-age Middle-age

1 TragDub02230-RA

chloroplastic acetylcoenzyme A carboxylase 1 and biotin carboxyl carrier protein 

2 Acetyl-CoA Carboxylase
H2>H1 H2~H1

2 TragDub14126-RA acetyl Co-enzyme a carboxylase biotin carboxylase subunit Acetyl-CoA Carboxylase H2~H1 H2>H1

3 TragDub14823-RA CLPT1 Caseinolytic Proteases H2<H1 H2~H1

4 Lsat_32495 cytochrome b6f complex subunit (petM)  putative Cytochrome b6f H2~H1 H2>H1

5 TragDub24280-RA photosynthetic electron transfer C Cytochrome b6f H2<H1 H2~H1

6 TragDub26682-RA PPR protein localized to the nucleus and mitochondria 1 Dual-Targeted Genes H2~H1 H2>H1

7 TragDub01137-RA Mitochondrial transcription termination factor 6 Dual-Targeted Genes H2~H1 H2<H1

8 TragDub04484-RA NADH-ubiquinone oxidoreductase 20 kDa subunit  mitochondrial OXPHOS Complex I H2~H1 H2<H1

9 TragDub11786-RA At1g67350; NADH-ubiquinone oxidoreductase OXPHOS Complex I H2~H1 H2<H1

10 TragDub24868-RA L-galactono-1 4-lactone dehydrogenase OXPHOS Complex I H2~H1 H2>H1

11 TragDub16379-RA NADH-ubiquinone oxidoreductase B8 subunit OXPHOS Complex I H2~H1 H2>H1

12 TragDub14659-RA LYR family of Fe/S cluster biogenesis protein OXPHOS Complex I H2>H1 H2~H1

13 TragDub23106-RA

Mitochondrial import inner membrane translocase subunit Tim17/Tim22/Tim23 

family protein OXPHOS Complex I
H2<H1 H2~H1

14 TragDub07138-RA NADH dehydrogenase OXPHOS Complex I H2~H1 H2<H1

15 TragDub06666-RA ubiquinol-cytochrome C reductase UQCRX/QCR9-like family protein OXPHOS Complex III H2<H1 H2~H1

16 TragDub14875-RA Ubiquinol-cytochrome C reductase iron-sulfur subunit OXPHOS Complex III H2<H1 H2~H1 H2<H1 H2~H1 H2<H1 H2~H1

17 TragDub00693-RA Ubiquinol-cytochrome C reductase iron-sulfur subunit OXPHOS Complex III H2~H1 H2>H1

18 TragDub29090-RA Protein of unknown function (DUF1640) OXPHOS Complex IV H2<H1 H2~H1

19 TragDub00413 Rubredoxin-like superfamily protein OXPHOS Complex IV filtered out H2<H1

20 TragDub17478-RA cytochrome C oxidase 6B OXPHOS Complex IV H2<H1 H2~H1

21 TragDub06877-RA AT4g30010/F6G3_41 OXPHOS Complex V H2>H1 H2~H1

22 Lsat_10787 gamma subunit of Mt ATP synthase OXPHOS Complex V H2>H1 filtered out H2~H1 H2>H1

23 TragDub13305-RA ATP synthase D chain  mitochondrial OXPHOS Complex V H2~H1 H2<H1

24 TragDub16190-RA photosystem I subunit F Photosystem I H2>H1 filtered out

25 TragDub29220-RA photosystem I light harvesting complex gene 3 Photosystem I H2>H1 H2~H1

26 TragDub10108-RA photosystem I subunit H-1 and photosystem I subunit H2 Photosystem I H2~H1 H2>H1 H2~H1 H2<H1

27 TragDub18644-RA photosystem I light harvesting complex gene 6 Photosystem I H2~H1 H2>H1

28 TragDub29872-RA chlorophyll A/B-binding protein/photosystem II light harvesting complex gene Photosystem II H2~H1 H2>H1

29 TragDub28226-RA chlorophyll A/B-binding protein/photosystem II light harvesting complex gene Photosystem II H2~H1 H2<H1

30 Lsat_11580 photosystem II light harvesting complex gene 2.2 Photosystem II H2~H1 H2>H1 H2>H1 H2~H1

31 TragDub03856-RA photosystem II subunit R Photosystem II H2<H1 H2~H1

32 TragDub04853-RA chlorophyll A/B-binding protein/photosystem II light harvesting complex gene Photosystem II H2>H1 H2~H1

33 TragDub05540-RA Chlorophyll A-B binding family protein Photosystem II H2<H1 H2~H1

34 Lsat_8208 photosystem II light harvesting complex gene 2.3 Photosystem II H2>H1 H2~H1 H2~H1 H2>H1

35 TragDub21729-RA ribosomal protein L4 Ribosomal Genes H2~H1 H2<H1 H2<H1 H2~H1

36 Lsat_17875 Ribosomal L5P family protein Ribosomal Genes H2>H1 filtered out H2~H1 filtered out H2>H1 filtered out

37 TragDub21350-RA Ribosomal protein L19 family protein Ribosomal Genes H2<H1 H2~H1 H2~H1 H2<H1

38 TragDub18778-RA ribosomal protein large subunit 27 Ribosomal Genes H2~H1 H2>H1 H2>H1 H2~H1 H2~H1 H2>H1

39 TragDub10107-RA ribosomal protein S17 Ribosomal Genes H2<H1 H2~H1 H2<H1 H2~H1

40 TragDub02462-RA ribosomal protein L9 Ribosomal Genes H2~H1 H2<H1

41 TragDub26728-RA Ribosomal L28 family Ribosomal Genes H2~H1 H2>H1

42 TragDub16283-RA Ribosomal L18p/L5e family protein Ribosomal Genes H2~H1 H2<H1 H2<H1 H2~H1

43 TragDub03561-RA ribosomal protein L15 Ribosomal Genes H2~H1 H2<H1

44 TragDub09539-RA Ribosomal protein L31 Ribosomal Genes H2~H1 H2<H1

45 Lsat_1652 Ribosomal protein L3 family protein Ribosomal Genes H2<H1 H2~H1 H2<H1 H2~H1

46 TragDub11958-RA Translation protein SH3-like family protein Ribosomal Genes H2~H1 H2<H1

47 TragDub12384-RA RNApolymerase sigma-subunit F RNA polymerase PEP H2~H1 H2<H1

48 TragDub24770 RNApolymerase sigma subunit 2 RNA polymerase PEP filtered out H2<H1

3053 3073

Early-flowering group

104 3049 3053 3073 3066+101

Late-flowering group

Supplementary Table 3.12: List of loci differentially expressed across growth stages in populations of short- and long-liguled 

Tragopogon miscellus. H2>H1: T. pratensis bias, H2<H1: T. dubius bias and H2~H1: unbiased expression. Filtered out means that gene 

was filtered. out as a result of filtering criteria.  
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Supplementary Table 3.13: Number of organellar genes differentially expressed 

between diploid parent species, Tragopogon dubius and T. pratensis at different growth 

stages. 

 

 

Supplementary Table 3.14: Number of organellar genes differentially expressed 

between long-liguled Tragopogon miscellus (lm) and populations of short-liguled T. 

miscellus (sm) at different growth stages. 

 

 

Expression patterns 
Early 

stage 

Middle 

stage 

Mature 

stage 

Earl stage-late 

flowering plants 

Early stage-early 

flowering plants 

No differential 

expression 
77 77 76 77 80 

Expression higher in T. 

pratensis 
2 2 0 3 0 

Expression higher in T. 

dubius 
2 2 5 1 1 

Total 81 81 81 81 81 

 104 3049 3053 3073 

Expression patterns 
Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

No differential 

expression 
76 77 79 77 78 78 79 79 

Expression higher in 

sm 
0 2 0 3 0 1 0 1 

Expression higher in 

lm 
5 2 2 1 3 2 2 1 

Total 81 81 81 81 81 81 81 81 
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Supplementary Table 3.15: Number of organellar genes differentially expressed between populations of short- and long-liguled Tragopogon 

miscellus and their respective maternal parents, at different growth stages. 
 

 Short-liguled T. miscellus (sm) Vs T. pratensis 

Long-liguled T. 

miscellus (lm) 

Vs T. dubius 
 104 3049 3053 3073 3066+101 

Expression patterns 
Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Early 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage-

early 

flowering 

plants 

Early 

stage 

Middle 

stage 

Mature 

stage 

Early 

stage-late 

flowering 

plants 

Early 

stage-early 

flowering 

plants 

Early 

stage 

Middle 

stage 

No differential 

expression 
73 78 80 80 80 79 76 77 81 80 81 80 80 74 80 80 

Expression higher in 

T. pratensis/T.dubius 
7 3 0 1 0 1 0 3 0 0 0 0 0 6 0 0 

Expression higher in 

sm/lm 
0 0 0 0 0 0 4 0 0 0 0 0 0 0 1 1 

Total 80 81 80 81 80 80 80 80 81 80 81 80 80 80 81 81 
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Supplementary Table 3.16: List of organelle genes differentially expressed between parent species, between short- and long-liguled 

Tragopogon miscellus as well as between both reciprocal forms and their respective maternal parents.   
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Supplementary Figure 3.1: Mapping rate of raw reads mapped to the reference gene models 

in all examined samples of Tragopogon dubius (blue), T. pratensis (purple) and reciprocal 

forms (orange: long-liguled, green: short-liguled) of T. miscellus allopolyploids.  
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Supplementary Figure 3.2: Multi-mapping rate demonstrating the percentage of reads 

mapped to multiple reference gene models in all individual samples of Tragopogon dubius 

(blue), T. pratensis (purple) and reciprocal forms (orange: long-liguled, green: short-liguled) 

of T. miscellus allopolyploids.  
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Supplementary Figure 3.3: Mean proportion of mismatches between raw reads and reference 

gene models in all individual samples of Tragopogon dubius (blue), T. pratensis (purple) and 

reciprocal forms (orange: long-liguled, green: short-liguled) of T. miscellus allopolyploids.  

 

Supplementary Figure 3.4: PCR confirmation of the ploidy level of diploid 

parent species via TDF-85 gene amplification. Bands a-f and j correspond to 

various Tragopogon dubius individuals and g-i bands show different T. 

pratensis individuals. h is the T. pratensis individual with suspicious 

behavior, clustered with allopolyploid species in principal component 

analysis.  

 a b          c           d         e       f     g  h           I           j 

1kb+ ladder 
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Supplementary Figure 3.5: Number of genes showing anomalous expression patterns in reciprocal forms of Tragopogon miscellus 

allopolyploids compared to their parent species. These genes did not fall into any expression categories mentioned in Figure 3.7. 
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Supplementary Figure 3.6: Comparison of expression patterns of 12-13 duplicated control genes in reciprocal forms of Tragopogon 

miscellus allopolyploids relative to their diploid parent species. T. pra, T. dub and T. mis = T. pratensis, T. dubius and T. miscellus, 

respectively. First comparison at early stage was done by combining the early age samples of both late and early flowering plants. 
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Supplementary Figure 3.7: Comparison of expression patterns of seven duplicated retrograde-signaling partners of dual-targeted genes in 

reciprocal forms of Tragopogon miscellus allopolyploids relative to their diploid parent species. T. pra, T. dub and T. mis = T. pratensis, T. 

dubius and T. miscellus, respectively. First comparison at early stage was done by combining the early age samples of both late and early 

flowering plants. 
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Supplementary Figure 3.8: Comparison of the number of control genes exhibiting homeolog specific expression patterns between 

polyploids with respect to expression patterns in parent species. Green and yellow circles represent the homeologs derived from 

Tragopogon dubius and T. pratensis, respectively. Parental legacy (categories a, b & c) is when the expression patterns of genes 

in the parent species are vertically transmitted in the polyploid species. For example, most of the genes showed no differential 

expression between parents thus, the homeologs in polyploids showed unbiased expression patterns (category a).  Absence of 

homeolog expression bias means the genes were differentially expressed between parent species but in polyploids this trend was 

absent and homeologs showed no bias (categories d & e). Novel homeolog expression bias represents expression bias towards 

either parent in polyploids although such patterns were not originally observed in either parent species (categories f, g, h & i).  

* Early age samples of both late and early flowering plant combined. 
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Supplementary Figure 3.9: Comparison of the number of retrograde-signaling partners of dual-targeted genes showing homeolog 

specific expression patterns between polyploids with respect to expression patterns in parent species. Green and yellow circles 

represent the homeologs derived from Tragopogon dubius and T. pratensis, respectively. Parental legacy (categories a, b & c) is 

when the expression patterns of genes in the parent species are vertically transmitted in the polyploid species. For example, most of 

the genes showed no differential expression between parents thus, the homeologs in polyploids showed unbiased expression patterns 

(category a).  Absence of homeolog expression bias means the genes were differentially expressed between parent species but in 

polyploids this trend was absent and homeologs showed no bias (categories d & e). Novel homeolog expression bias represents 

expression bias towards either parent in polyploids although such patterns were not originally observed in either parent species 

(categories f, g, h & i).  

* Early age samples of both late and early flowering plant combined. 
 



 

207 

 

Supplementary Figure 3.10: Comparison of the number of control genes belonging to 

expression patterns including unbiased, bias toward Tragopogon pratensis and T. dubius between 

each population of short-liguled T. miscellus and long-liguled T. miscellus at early- (top) and 

middle- (bottom) growth stages. The genes in bold red represented the cross specific maternal 

bias effect. 
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Supplementary Figure 3.11: Comparison of the number of retrograde-signaling genes 

belonging to expression patterns including unbiased, bias toward Tragopogon pratensis and 

T. dubius between each population of short-liguled T. miscellus and long-liguled T. miscellus 

at early- (top) and middle- (bottom) growth stages. The genes in bold red represented the cross 

specific maternal bias effect. 
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Supplementary Figure 3.12: Comparison of the number of control genes demonstrating 

homeolog expression patterns between early vs middle growth stage and early vs mature 

growth stage within each population of short- and long-liguled Tragopogon miscellus. Green 

and yellow circles represent the homeologs derived from T. dubius (T. dub) and T. pratensis 

(T. pra), respectively. The orange highlight across all populations means no directional 

homeolog bias with respect to a developmental stage. 
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Supplementary Figure 3.13: Comparison of the number of retrograde-signaling genes 

displaying homeolog expression patterns between early vs middle growth stage and early 

vs mature growth stage within each population of short- and long-liguled Tragopogon 

miscellus. Green and yellow circles represent the homeologs derived from T. dubius (T. 

dub) and T. pratensis (T. pra), respectively. The orange highlight across all populations 

means no directional homeolog bias with respect to a developmental stage.
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Supplementary Figure 3.14: Hierarchical clustering of expression data for all organellar (mitochondrial and plastid) genes 

from individuals of Tragopogon dubius, T. pratensis and reciprocal forms of T. miscellus in the early-flowering plant group at 

all growth stages. Differential gene expression is displayed in colors ranging from red to blue as shown in the legend. The 

positive to negative values on the scale bar correspond to up- and down-regulation of gene expression, respectively.    
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Supplementary Figure 3.15: Hierarchical clustering of expression data for all organellar (mitochondrial and plastid) genes 

from individuals of Tragopogon dubius, T. pratensis and reciprocal forms of T. miscellus in the late-flowering plant group at all 

growth stages. Differential gene expression is displayed in colors ranging from red to blue as shown in the legend. The positive 

to negative values on the scale bar correspond to up- and down-regulation of gene expression, respectively.    
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Chapter 4 Supplementary Data 
 

Supplementary Table 4.1: Leaf length measurements (in cm) of individual plant samples as well as average leaf length across each 

population of diploid parent species; Tragopogon dubius and T. pratensis, and reciprocal forms of T. miscellus allopolyploids. A, B, C and 

D represent different lineages examined within each population and small letters (a, b, c) show three plant replicates for each individual 

lineage. Empty cells mean either plants did not germinate or died by the time of measurements (9 weeks post-germination).  

 

  A B C D  

Species 
Population 

ID 
a b c a b c a b c a b c 

Average 

leaf 

length 

(cm) 

T. dubius 

106 26.3   27.8 24.8        26.30 

3050 28 10.3 30.5    27.6 28.8 21.6 21.2 29.6  24.70 

3055 27.6 26.5 11.7 26.4 23.6 17.6 25  24.4    22.85 

T. pratensis 
3052     29.6 22 28.8  27.8 25.2  27 26.73 

3058    31.5 31.3 25.5 24.9  23.3 25.4 32.3 24.5 27.34 

T. miscellus 

(short-liguled) 

3049 33.2 32 26.8 36.2 34.4  31.7 35.6 36.7    33.33 

104     27.9 35.7     33.7 34.6 32.98 

3073 33.4 35 38.1  38.3 38 30.4 33.1 35.2 31.9 33.7 33.7 34.62 

3053 38.1 24.5 31.5 32.9 33.8 30.3 32.4 31.9 35.1 35.8 37.2 35.6 33.26 

T. miscellus 

(long-liguled) 

101  33.2 32.4 30.6 30.4 32.2 34.6 34.3 32.9 25.1 29.9  31.56 

3066  30.7 31.5  20.8 30.7  34.3 34.6    30.43 
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Supplementary Table 4.2: Leaf number of individual plant samples as well as average leaf number across each population of diploid parent 

species; Tragopogon dubius and T. pratensis, and reciprocal forms of T. miscellus allopolyploids. A, B, C and D represent different lineages 

examined within each population and small letters (a, b, c) show three plant replicates for each individual lineage. Empty cells mean either 

plants did not germinate or died by the time of measurements (9 weeks post-germination). 
 

  A B C D  

Species 
Population 

ID 
a b c a b c a b c a b c 

Average 

leaf 

number 

T. dubius 

106 13   22 11        15.33 

3050 14 2 21    18 18 9 7 15  13 

3055 17 19 6 13 12 3 13  8    11.38 

T. pratensis 
3052     7 5 7  7 7  8 6.83 

3058    11 10 7 7  6 6 13 7 8.38 

T. miscellus 

(short-liguled) 

3049 7 6 6 8 7  7 8 9    7.25 

104     6 7     8 7 7 

3073 8 8 8  8 10 8 6 9 8 9 8 8.18 

3053 9 5 7 9 9 9 7 7 7 7 8 8 7.67 

T. miscellus 

(long-liguled) 

101  8 7 6 8 7 8 8 8 4 7  7.1 

3066  8 9  4 5  8 8    7 
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Supplementary Table 4.3: List of germinated individuals from natural populations of 

diploid parent species, Tragopogon dubius and T. pratensis as well as reciprocal forms of 

T. miscellus included in this study. 

Species Population Population ID Individual ID 
Number of seeds 

germinated out of 3  

T. dubius Pullman, Washington, USA 3040 3 2 

T. dubius Pullman, Washington, USA 3040 10 1 

T. dubius Moscow, Idaho, USA 106 1 1 

T. dubius Moscow, Idaho, USA 106 2 3 

T. dubius Spangle, Washington, USA 3050 1 3 

T. dubius Spangle, Washington, USA 3050 3 3 

T. dubius Spangle, Washington, USA 3050 4 3 

T. dubius Rosalia, Washington, USA 3072 6 1 

T. dubius Oakesdale, Washington, USA 3055 8 3 

T. dubius Oakesdale, Washington, USA 3055 12 3 

T. dubius Oakesdale, Washington, USA 3055 11 2 

T. pratensis Oakesdale, Washington, USA 3052 7 2 

T. pratensis Oakesdale, Washington, USA 3052 17 3 

T. pratensis Oakesdale, Washington, USA 3052 18 2 

T. pratensis Garfield, Washington, USA 3058 9 3 

T. pratensis Garfield, Washington, USA 3058 8 2 

T. pratensis Garfield, Washington, USA 3058 10 3 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 11 2 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 10 2 

T. miscellus (long-liguled) Pullman, Washington, USA 3066 15 2 

T. miscellus (long-liguled) Pullman, Washington, USA 101 4 3 

T. miscellus (long-liguled) Pullman, Washington, USA 101 5 3 

T. miscellus (long-liguled) Pullman, Washington, USA 101 6 3 

T. miscellus (long-liguled) Pullman, Washington, USA 101 10 2 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 1 3 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 2 3 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 3 3 

T. miscellus (short-liguled) Spangle, Washington, USA 3049 4 2 

T. miscellus (short-liguled) Garfield, Washington, USA 104 2 2 

T. miscellus (short-liguled) Garfield, Washington, USA 104 4 2 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 4 3 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 5 3 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 6 3 

T. miscellus (short-liguled) Rosalia, Washington, USA 3073 7 3 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 2 3 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 8 3 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 9 3 

T. miscellus (short-liguled) Oakesdale, Washington, USA 3053 13 3 
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Supplementary Table 4.4: Tukey’s multiple comparison test of germination rates. 

Comparisons are species-species at a significance level of p < 0.05.  

Tukey's multiple 

comparisons test 

Mean 

Differences 

95.00% 

Confidence 

Interval 

Significant? 
Adjusted P 

Value 

T. dubius vs. T. mis Long 0.8638 
-0.7362 to 

2.464 
No 0.494 

T. dubius vs. T. mis Short 0.4462 
-0.8274 to 

1.720 
No 0.7954 

T. pratensis vs. T. mis Long 0.8 
-0.9603 to 

2.560 
No 0.6345 

T. pratensis vs. T. mis Short 0.3825 
-1.088 to 

1.852 
No 0.9039 

T. mis Long vs. T. mis Short -0.4175 
-1.888 to 

1.052 
No 0.879 

 
 

Supplementary Table 4.5: Tukey’s multiple comparison test of leaf number between 

species (significance level of p < 0.05).   

 

  

Tukey's multiple 

comparisons test 

Mean 

Differences 

95.00% 

Confidence 

Interval 

Significant? 
Adjusted P 

Value 

T. dubius vs. T. mis Long 5.622 
2.914 to 

8.329 
Yes <0.0001 

T. dubius vs. T. mis Short 5.027 
2.753 to 

7.301 
Yes <0.0001 

T. pratensis vs. T. mis Long 0.6518 
-2.268 to 

3.572 
No 0.9361 

T. pratensis vs. T. mis Short 0.05714 
-2.466 to 

2.580 
No >0.9999 

T. mis Long vs. T. mis Short -0.5946 
-3.003 to 

1.813 
No 0.916 
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Supplementary Table 4.6: Tukey’s multiple comparison test for leaf lengths between 

species (significance level p < 0.05).  
 

Tukey's multiple 

comparisons test 

Mean 

Differences 

95.00% 

Confidence 

Interval 

Significant? 
Adjusted 

P Value 

T. dubius vs. T. mis Long -6.964 -10.47 to -3.461 Yes <0.0001 

T. dubius vs. T. mis Short -9.495 -12.44 to -6.553 Yes <0.0001 

T. pratensis vs. T. mis Long -4.059 
-7.837 to -

0.2807 
Yes 0.0303 

T. pratensis vs. T. mis 

Short 
-6.59 -9.855 to -3.325 Yes <0.0001 

T. mis Long vs. T. mis 

Short 
-2.531 -5.647 to 0.5845 No 0.152 

 


