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Summary 
 

An essential ability of all lifeforms is to regulate the activity of its genes. This ability is what allows 

multicellular organisms to generate hundreds of completely different cells despite having the same 

genome. It is also this ability that allows organisms to adjust dynamically to external conditions, including 

how plants in temperate climates adjusts their metabolism in preparation for the coming winter as we 

study in paper 1 and 2 of this thesis. 

Quantification of gene expression by RNA sequencing or microarrays is a common method for 

investigating gene regulation. However, comparing gene expression across species to study evolution of 

gene regulation presents many challenges. In the first paper, we investigated the evolution of cold 

adaption in grass by comparing the transcriptomic response to cold in five diverse species of temperate 

grasses (Pooideae). Two of these species, Barley and Brachypodium distachyon, are well characterized 

and their cold-response has been studied before. The three other species, which are less studied, belong 

to early diverging Pooideae tribes. By comparing the cold-response from both early and later diverging 

species it was possible to investigate to what extent the cold-response has been conserved since their 

common ancestor, or if it evolved gradually within the Pooideae. Although we observed a significant 

common response in all species, there were extensive differences. These differences did not follow the 

phylogeny, as we would expect if there was a gradual evolution. These results indicate that any conserved 

cold-response either involved very few genes or that the cold-response evolved independently in each 

lineage. 

In the second paper, instead of looking at the entire transcriptome, we look specifically at orthologs of a 

handful of well-known cold-tolerance genes. By inspecting their phylogeny, we see that gene duplication 

have played an important role both early and later in the evolution of some of the cold-tolerance genes. 

This includes the CBF gene family, which is known to contain master regulators of cold-response. By 

investigating the protein sequences we also find that some of the functional protein motifs was missing 

in the early diverging species, suggesting a gradual and lineage specific evolution of cold-tolerance 

functions.  

One of the challenges when comparing gene regulation across species is to acquire directly comparable 

samples. While we designed the experiment in paper 1 so that the samples should be as similar as possible 

across species, most experiments found in public databases are not suitable for direct comparison. In the 

third paper we investigate the use of co-expression to indirectly compare the expression similarities of 

orthologs. This approach makes it possible to use samples that are not directly comparable. The current 

methods for co-expression based comparison are not so well studied and we find that we can develop an 

improved method. Applying our new method to public gene expression data from five plant species, we 

investigate the link between gene duplication and expression divergence. 
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Introduction 
 

Gene regulation 

While any given organism has only a fixed set of genes, not all of the genes are expressed at all times. The 

full set of genes can be thought of as a list of parts, while there is a regulatory network that decides what 

parts to produce. This allows cells to adapt dynamically to changing conditions and signals. Yeast for 

example, have the required genes for metabolizing galactose, but these genes are regulated so that they 

are only expressed when galactose is available. In more complex multicellular organisms, cells can 

differentiate to take on specialized roles, such as neuronal cells or liver cells, by turning on or off 

expression of the cell type specific genes. Correct regulation of growth and differentiation is essential 

during development as this decides the form and structure of the organism. 

The first stage at which a gene can be regulated is at transcription initiation. In order for a gene to be 

transcribed, the transcriptional machinery must first be assembled at correct positions along the 

chromosome, i.e. the transcription start sites (TSS). This is achieved by DNA binding transcription factors 

(TFs) that recognize and bind to specific sequence motifs at TF binding sites (TFBS) in the promoter. These 

TFs are proteins that, in addition to the DNA binding domain, typically have an activation domain that 

facilitates transcription by interacting with the transcription machinery. TFs can also be repressors, which 

reduce transcription. In addition to the promoter, which is situated around the TSS, there can also be 

enhancers, distal clusters of TFBSs, that can activate transcription despite being far away from the TSS. 

There are also nucleosomes which add another layer of complexity to the transcription regulation, but 

that is beside the point. The point is that the regulation of transcription of a specific gene is defined by 

the regulatory sequences, i.e. TFBSs, in the promoter and enhancers around the gene. These regulatory 

sequences are termed cis-regulatory elements. The TFs and co-factors that interact with the cis-elements 

and modulate the transcriptional activity are called trans-factors. In theory, it should be possible to predict 

the transcription from the cis-regulatory sequences and the concentration levels of the trans-factors, but 

this remains elusive (Wilczynski et al. 2012; Huminiecki & Horbańczuk 2017). 

Besides regulating transcription initiation, there are several other mechanisms to regulate the final gene 

expression, such as alternative splicing which in addition to producing alternative isoforms can lead to 

nonsense-mediated decay (Ge & Porse 2014). MicroRNAs also serve as trans-acting regulatory factor by 

degrading target mRNAs and repressing translation (Dalmay 2013). Translation can also be regulated by 

RNA binding proteins (Babitzke et al. 2009). 

In addition to all these mechanisms, there is also post-translational modifications and protein-protein 

interactions of the signaling network (Papin et al. 2005) that together make up the regulatory network 

that controls gene expression. 

 

Examples of cross species gene expression comparison methods 

Mutations in cis-regulatory sequences or in any part of the sequence of proteins that participate in the 

regulatory network, such as the DNA binding domain of a TF, can potentially alter the regulatory network 

and consequently alter the expression pattern of the genes. RNA sequencing and microarrays are 

powerful tools as they enable the measurement of gene expression for every gene in the entire genome 
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all at once. Such measurements can be used to study how gene expression patterns have evolved by 

comparing across species.  

Depending on the experiment design and the aspect of gene regulatory evolution being studied, there are 

different strategies that can be applied. For example, phylogenetic methods that originally was used to 

study evolution of quantitative traits (Felsenstein 1985; Martins & Hansen 1997) has been adopted to 

study gene expression evolution (e.g. Rohlfs & Nielsen 2015). Such methods are applicable to a single 

tissue/condition at a time, with comparable and replicated samples from three or more species whose 

phylogeny and branch lengths must be known. The advantage is that they are based on theoretical models 

that can be used to test for significantly diverged gene expression in either the entire phylogeny, or in 

specific lineages, e.g. to test whether a gene is significantly higher expressed in one of the species. 

In cases where there is a contrast between two different conditions in each species, it is common to 

perform differential expression analysis in each species and then compare the sets of differentially 

expressed genes or fold changes (e.g. Zhao et al. 2015; Hefer et al. 2015). If the goal is not to compare but 

to combine the results from each species to get a more powerful test, it is possible to use Fisher’s 

combined probability test to combine the P-values (Fisher 1948) or more advanced methods specifically 

developed for gene expression (Kristiansson et al. 2013). 

For experimental designs with multiple comparable tissues or conditions in several species there are other 

analyses that can be performed. For example, principal component analysis of samples has been used to 

show that expression pattern differences between tissues dominate over differences between 

mammalian species (Brawand et al. 2011). However, this method has been criticized for just showing the 

dominant effect of a subset of genes, and it is therefore advised to investigate if the expression variance 

is dominated by the species or tissue differences in a gene-specific manner (Breschi et al. 2016). 

Multispecies gene expression profile clustering is another method that can be applied when the samples 

are directly comparable. This can involve correlating the expression profiles of genes both within and 

between species and then make clusters of co-expressed genes (Davidson et al. 2012). Orthologous genes 

can then be considered to have conserved or diverged expression pattern depending on whether they 

end up in the same cluster or not. 

If comparable samples across species are unavailable, such as often is the case for expression data in 

public repositories, it is possible to do indirect comparison via co-expression. The principle is that if a gene 

in one species and its ortholog in another is co-expressed with the corresponding (i.e. orthologous) genes, 

then they have conserved co-expression and probably also similar/conserved expression patterns. This is 

sometimes referred to as co-expression network alignment and will be introduced in a later section. There 

are several different methods. The result can be a consensus network with only the conserved links or 

nodes; or it can result in consensus clusters.  

 

Gene duplication and orthology 

In addition to single nucleotide polymorphism and other small-scale mutations, evolution involves larger 

structural changes of the DNA that can lead to duplication or loss of genes. Duplications can be of various 

sizes, from single gene duplication, duplication that include long stretches of genes, to whole genome 

duplications (WGDs) that result in an extra copy of every chromosome. WGDs have played a significant 

role in the evolution of plants (Soltis et al. 2009). Although some duplicates have survived for hundreds 
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of millions of years, the vast majority of duplicates tend to be lost over time (Maere et al. 2005). The 

genome wide half-life of duplicates in Arabidopsis has been estimated to be about 17.3 million years 

(Lynch & Conery 2003).  

 

 

Figure 1: Orthology and ortholog groups. Phylogeny of a gene family in three species shown within the 

species tree. 

 

Because gene duplication and gene loss events occur independently in different species, each species will 

contain different sets of genes. To know which genes to compare across species it is necessary to identify 

the orthologous genes. Orthologous genes are by definition a pair of genes in different species that 

originate from a single gene in the most recent common ancestor (Fitch 2000). Ortholog identification is 

based on sequence similarity of the genes. There are several available methods for ortholog inference. 

For a pair of species, Inparalog (Sonnhammer & Östlund 2015) finds orthologs by doing an all-against-all 

blast and first uses the two-way best hits to identify the seed orthologs and then adds in-paralogs 

(duplicates occurring after the species split). When performing a comparative study across three or more 

species it is helpful to identify ortholog groups. Ortholog groups can be defined as all genes descending 

from a single gene in the most recent common ancestor of all the included species (Figure 1). OrthoMCL 

(Li et al. 2003) and OrthoFinder (Emms & Kelly 2015) are graph based methods that find ortholog groups 

using MCL clustering (Van Dongen 2008) on a graph based on all-against-all pair-wise sequence similarity. 

Another class of orthology inference is phylogeny based methods. Such methods perform multiple 

alignment of homologous clusters of genes and infers the phylogeny. The homologous clusters can be 

based on ortholog groups, e.g. eggnog (Powell et al. 2014), or by more loosely defined clustering, such as 

TribeMCL (Enright et al. 2002) which is used in PLAZA (Proost et al. 2009). Once the phylogeny is available, 

gene trees from each gene family is then reconciled with the species tree to identify duplication and 
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speciation nodes. If two genes from different species can be traced back to a speciation node in the gene 

tree they are orthologs. 

For most sequenced genomes, orthology information can be downloaded from orthology databases, e.g. 

Ensembl Compara (Vilella et al. 2009), TreeFam (Ruan et al. 2008), OMA (Altenhoff et al. 2015), PLAZA 

(Proost et al. 2009). 

 

Evolution of duplicated genes 

Even though the fate of most duplicates is degeneration into pseudo-genes and eventual loss, some 

manage to be retained in the long run. However, retention of gene duplicates have to bring some selective 

advantage. As duplication creates redundancy, it allows for mutations that would otherwise be 

detrimental to persist. This creates an opportunity for novel adaptive functions to evolve in the duplicate 

while maintaining the original gene, a process called neo-functionalization (Ohno 1970). It is also possible 

that the original gene had several functions, which is divided between the duplicates so that they become 

non-redundant. This process is called sub-functionalization. The duplication-degeneration-

complementation model explains how sub-functionalization occurs by loss of complementary functions 

(Force et al. 1999). A duplicate gene with enhancers that activate expression in different tissues can for 

example lose a different enhancer in each copy, resulting in sub-functionalization at the expression level. 

Another mechanism that may explain why duplicates are retained is that there can also be an advantage 

of the extra dosage resulting from having a duplicate. Also, each copy could acquire reduced expression 

so that both genes are required for sufficient dosage. After a WGD, dosage balance sensitive genes, like 

sub-units of a protein complex, tend to be retained because the loss of a single sub-unit disrupts the 

balance (Ouedraogo et al. 2012).  

 

Co-expression network alignment 

Since duplicate genes tend to diverge in functions over time, it is of interest to identify which of the 

duplicates that has retained the original function (or if any of them has). This is important if functional 

annotations are to be inferred from orthologs. Comparison of expression levels can help to identify if an 

ortholog has a conserved expression pattern, which would indicate that the function is also conserved. 

An ortholog with conserved expression pattern is sometimes referred to as the expression ortholog or 

expressolog (Patel et al. 2012). One way to identify expressologs is by co-expression network alignment 

(Netotea et al. 2014). Co-expression networks for the two species being compared (e.g. the model species 

and the unannotated species of interest) are compared by aligning nodes, i.e. genes that are orthologous. 

A pair of orthologous genes are said to be conserved if a significant number of their co-expressed 

neighbors are also orthologs, in other words, if there is a significant overlap in the network neighborhood 

(Figure 2). The significance of such an overlap can be calculated using the hypergeometric distribution.  
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Figure 2: Example of co-expression network alignment. The gene A1 has two orthologs, B1 and B5. The 

co-expressed neighbors of A1 and B1 are orthologs, indicating that A1 and B1 have conserved expression 

patterns and are more likely to have retained the same function. B5, the paralog of B1, is co-expressed 

with a different set of genes whose orthologs in species A are not co-expressed with A1, indicating that B5 

has a diverged expression pattern and possibly performs a different function. 

Co-expressed genes tend to be functionally related (Usadel et al. 2009). Using the guilt-by-association 

approach it is therefore possible to generate hypotheses about the function of co-expressed genes (Wolfe 

et al. 2005). Co-expression can be conserved across species and combining co-expression networks from 

several species can improve estimates of biological functions (Stuart et al. 2003). There are several online 

tools that enable comparative co-expression analysis, including PlaNet (Mutwil et al. 2011) and ComPlEx 

(Netotea et al. 2014). While ComPlEx performs pairwise comparison between two species, PlaNet 

compares across several species at once, making the associations more robust.  
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Paper summaries and discussion 
 

Paper 1 

In the first paper, we compare the transcriptomic response to cold treatment in five species of temperate 

grass i.e. Pooideae. Unlike the tropical sister species rice and bamboo, a large portion of Pooideae thrive 

in temperate climates, which suggests that the Pooideae at some point adapted to cold climates while the 

sister clades remained in the tropics. This makes Pooideae a potential model to study cold adaptation. 

The molecular mechanisms that are required for grass to survive in cold have been extensively studied in 

a few species, such as barley and the model grass Brachypodium. From these studies, and studies in other 

cold adapted species, we know that an important aspect of cold adaption is the correct timing of 

transcriptional programs in anticipation of the changing seasons. One example is cold-acclimation, where 

plants increase production of frost-protection molecules in response to non-freezing temperatures 

(Thomashow 1999). Other processes must be inhibited, such as flowering and growth, as they make the 

plant more susceptible to frost damage. To discover which genes that are involved in the cold adaptive 

transcriptional programs, it is normal to perform gene expression studies where the plants are subjected 

to autumn-like conditions, such as lower temperature and shorter day length, and test which genes that 

are differentially expressed. In our study we perform such an experiment on five grass species, which 

includes the well-studied brachypodium and barley but also three less studied species representative of 

three early branching tribes among the Pooideae. The idea is that as a part of their adaptation to colder 

climates the Pooideae evolved a controlled cold-response program that did not exist in their common 

tropical ancestor. By comparing their responses, we found that it varies a lot between the species, 

indicating that very few of the many cold-responsive genes have a regulatory program conserved since 

early pooid evolution. Also, we could not see any signs of gradual evolution, as the two most closely 

related species did not have a more similar expression profile than any other species. Although it is hard 

to say anything conclusive with this data, it does tell us something about the extent of variation in cold-

response that we can expect when comparing such distantly related species. Our observations may also 

indicate that a large part of the functional cold-response has evolved independently in each of the species 

as opposed to being inherited from a common ancestor that already had a functional cold-response. 

One limitation in this study came from the strict filtering of ortholog groups, which excluded complex 

gene trees with duplications on any of the inner branches (i.e. only recent lineage duplications where 

allowed). The intention of this filtering was to exclude potential miss-assembled transcripts caused by the 

de novo transcriptome assembly and to keep the analysis simple. However, when comparing our data with 

a set of known cold-responsive barley genes identified in earlier studies we found that a large portion of 

these genes belong to gene families with complex gene trees. This indicates that gene duplication played 

an important role in cold adaptation. One of the caveats of de novo transcriptomics is that it makes it hard 

to analyze gene duplication events because only expressed genes are detectable and that miss-assembly 

result in false duplicates (as we found when comparing our de novo assembly against the barley reference 

genome assembly). 
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Paper 2 

In the second paper, we looked specifically at a selection of gene families that were already known to be 

important in cold tolerance. Their gene tree phylogenies and their transcriptional response were analysed 

using the data acquired in paper 1. Some of the genes seems to have changed very little, having no 

duplications and responding to cold in all five species, indicating that these parts of the cold-tolerance 

machinery were already available in the Pooideae ancestor. On the other hand, some of the gene families 

have undergone drastic expansion, highlighting the role of gene duplication in cold adaptation, while 

some genes seem to have acquired novel protein functions that is missing in the early diverging species. 

Together it gives a picture of a gradual and lineage specific evolution of grass cold adaptation, involving 

both novel protein functions and gene duplication. Regarding the role of gene regulation, there is a trend 

that the conserved genes are limited to a short-term response while the long-term term response is 

common in duplicated and later evolving genes. In addition, the CBF transcription factor family, which is 

central in the regulation of cold-stress, has undergone repeated duplications both early and late in the 

Pooideae evolution.  

 

Paper 3 

While the experiment performed for paper 1 and 2 was specifically designed to get directly comparable 

samples in each species, the vast majority of the data available in public databases is not suitable for direct 

inter-species comparison. In the third paper, we developed a new method for comparing expression 

patterns across species indirectly via co-expression. The principle of comparison via co-expression is that 

genes with conserved expression pattern will be co-expressed with the same genes (i.e. orthologs) in the 

compared species, therefore making it possible to get a measure of expression pattern similarity despite 

not having directly comparable samples. While previous studies have used the same principle, these can 

be divided into two categories, each with its limitations: 1) The correlation approach is based on 

calculating the correlation between co-expression matrices. This approach has not received much 

attention, and all implementation to our knowledge, use only Pearson correlation for calculating the co-

expression matrix. 2) The network overlap approach is based on first generating a co-expression network 

and then calculating the overlap between the neighbors of a given ortholog pair. Studies using this 

approach have taken advantage of state of the art methods for co-expression network generation, but 

uses a threshold to get a binary network, which limits the power of the cross-species comparison. We 

tested several of the common state-of-the-art methods for generating co-expression matrix in 

combination with correlation to calculate the cross-species similarity. The resulting score is a correlation 

value between -1 and 1 which indicates the expression pattern similarity between a pair of orthologs. Also, 

for each gene with a 1:1 ortholog we calculate the proportion of non-orthologous genes that gets a lower 

score than the actual ortholog. This proportion indicates the significance of the score, and was used to 

evaluate the performance of the different methods. Testing the different methods on public expression-

data from five different plants, we found that including a normalization step such as “mutual ranks” 

improved the results over just using the correlation matrix.  The power of the method was demonstrated 

by comparing the cross-species expression similarity of 1:1 orthologs with 1:N orthologs, confirming that 

duplicated genes have more diverged expression patterns. Interestingly, we observed that duplicate 

genes in soybean, which has experienced a relatively recent whole genome duplication (WGD), are more 

conserved than would have been expected. As a possible explanation, we suggest that dosage balance 

has a significant effect on which genes that are retained after a WGD. 
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Conclusion and future perspectives 
 

Not all gene families are equal, some tend to diverge faster in expression pattern than others and some 

tend to duplicate more often than others do. Also, the history of duplications of a gene is predictive of 

how conserved the expression is between species. It seems obvious that there is a lot you can say about 

the regulation of a gene by studying expression of orthologous genes in other species. As more genomes 

are sequenced and more expression data is being released, there will be increased interest in methods 

that can leverage this data. 

Methods like the one developed in paper 3, that can measure the level of expression divergence of any 

pair of genes between species, has many potential uses. One area that could be explored further is the 

link between gene duplication and expression divergence. It has been shown that the different modes of 

duplication affects expression divergence differently (Wang et al. 2011). With more high quality genomes 

available, it is possible to better classify the duplication event that each duplicate gene originated from 

by using collinearity information such as in PLAZA (Proost et al. 2009). Since most studies of expression 

divergence of duplicates has been performed by comparing the expression between the duplicates within 

species, it would be interesting to apply the method from paper 3 to investigate how different WGD 

events and other types of duplicates affect expression divergence across species. 

While we only applied our method to plant genomes so far, there is no reason why the same method 

cannot be applied to other species. There is plenty of available expression and other experimental data 

for humans and model species like mice. To be able to learn more about evolution of regulation it is 

necessary to go beyond just expression levels and combine it with changes in regulatory sequences. 

Technologies such as DNase-seq have been used to detect active TF-binding sites in enhancers and 

promoters in mouse and human, giving a highly detailed image of cis-regulatory evolution (Stergachis et 

al. 2014). This kind of data might tell us more about the mechanism behind the diverged expression 

patterns. 

Another useful new technology is single-cell RNA-seq, which makes it possible to measure the expression 

in individual cells. Co-expression based single-cell expression data may reveal some co-expression 

patterns that is not detectable in normal expression data from pools of cells (Crow et al. 2016). In paper 

3 we argue that more varied samples give better results, so it would be interesting to see what adding 

some single-cell data to the mix could do. 

 

  



14 
 

References 
 

Altenhoff AM, Škunca N, Glover N et al. (2015) The OMA orthology database in 2015: function 
predictions, better plant support, synteny view and other improvements. Nucleic Acids Research, 
43, D240–D249. 

Babitzke P, Baker CS, Romeo T (2009) Regulation of Translation Initiation by RNA Binding Proteins. 
Annual Review of Microbiology, 63, 27–44. 

Brawand D, Soumillon M, Necsulea A et al. (2011) The evolution of gene expression levels in mammalian 
organs. Nature, 478, 343–348. 

Breschi A, Djebali S, Gillis J et al. (2016) Gene-specific patterns of expression variation across organs and 
species. Genome biology, 17, 151. 

Crow M, Paul A, Ballouz S, Huang ZJ, Gillis J (2016) Exploiting single-cell expression to characterize co-
expression replicability. Genome Biology, 17, 101. 

Dalmay T (2013) Mechanism of miRNA-mediated repression of mRNA translation. Essays in 

biochemistry, 54, 29–38. 

Davidson RM, Gowda M, Moghe G et al. (2012) Comparative transcriptomics of three Poaceae species 
reveals patterns of gene expression evolution. The Plant Journal, 71, no-no. 

Van Dongen S (2008) Graph Clustering Via a Discrete Uncoupling Process. SIAM Journal on Matrix 

Analysis and Applications, 30, 121–141. 

Emms DM, Kelly S (2015) OrthoFinder: solving fundamental biases in whole genome comparisons 
dramatically improves orthogroup inference accuracy. Genome Biology, 16, 157. 

Enright AJ, Van Dongen S, Ouzounis CA (2002) An efficient algorithm for large-scale detection of protein 
families. Nucleic acids research, 30, 1575–84. 

Felsenstein J (1985) Phylogenies and the Comparative Method. The American Naturalist, 125, 1–15. 

Fisher RA (1948) Answer to question 14 on combining independent tests of significance. The American 

Statistician, 2, 30. 

Fitch WM (2000) Homology: a personal view on some of the problems. Trends in Genetics, 16, 227–231. 

Force A, Lynch M, Pickett FB et al. (1999) Preservation of duplicate genes by complementary, 
degenerative mutations. Genetics, 151, 1531–45. 

Ge Y, Porse BT (2014) The functional consequences of intron retention: Alternative splicing coupled to 
NMD as a regulator of gene expression. BioEssays, 36, 236–243. 

Hefer CA, Mizrachi E, Myburg AA, Douglas CJ, Mansfield SD (2015) Comparative interrogation of the 
developing xylem transcriptomes of two wood-forming species: Populus trichocarpa and 
Eucalyptus grandis. New Phytologist, 206, 1391–1405. 

Huminiecki Ł, Horbańczuk J (2017) Can We Predict Gene Expression by Understanding Proximal 
Promoter Architecture? Trends in Biotechnology, 35, 530–546. 



15 
 

Kristiansson E, Österlund T, Gunnarsson L et al. (2013) A novel method for cross-species gene expression 
analysis. BMC Bioinformatics, 14, 70. 

Li L, Stoeckert CJ, Roos DS (2003) OrthoMCL: identification of ortholog groups for eukaryotic genomes. 
Genome research, 13, 2178–89. 

Lynch M, Conery JS (2003) The evolutionary demography of duplicate genes. Journal of structural and 

functional genomics, 3, 35–44. 

Maere S, De Bodt S, Raes J et al. (2005) Modeling gene and genome duplications in eukaryotes. 
Proceedings of the National Academy of Sciences of the United States of America, 102, 5454–9. 

Martins EP, Hansen TF (1997) Phylogenies and the Comparative Method: A General Approach to 
Incorporating Phylogenetic Information into the Analysis of Interspecific Data. The American 

Naturalist, 149, 646–667. 

Mutwil M, Klie S, Tohge T et al. (2011) PlaNet: combined sequence and expression comparisons across 
plant networks derived from seven species. The Plant Cell, 23, 895–910. 

Netotea S, Sundell D, Street NR, Hvidsten TR (2014) ComPlEx: conservation and divergence of co-
expression networks in A. thaliana, Populus and O. sativa. BMC Genomics, 15, 106. 

Ohno S (1970) Evolution by Gene Duplication. Springer Berlin Heidelberg, Berlin, Heidelberg. 

Ouedraogo M, Bettembourg C, Bretaudeau A et al. (2012) The Duplicated Genes Database: Identification 
and Functional Annotation of Co-Localised Duplicated Genes across Genomes (RK Aziz, Ed,). PLoS 

ONE, 7, e50653. 

Papin JA, Hunter T, Palsson BO, Subramaniam S (2005) Reconstruction of cellular signalling networks and 
analysis of their properties. Nature Reviews Molecular Cell Biology, 6, 99–111. 

Patel R V, Nahal HK, Breit R, Provart NJ (2012) BAR expressolog identification: expression profile 
similarity ranking of homologous genes in plant species. The Plant journal : for cell and molecular 

biology, 71, 1038–50. 

Powell S, Forslund K, Szklarczyk D et al. (2014) eggNOG v4.0: nested orthology inference across 3686 
organisms. Nucleic Acids Research, 42, D231–D239. 

Proost S, Van Bel M, Sterck L et al. (2009) PLAZA: a comparative genomics resource to study gene and 
genome evolution in plants. The Plant cell, 21, 3718–31. 

Rohlfs R V, Nielsen R (2015) Phylogenetic ANOVA: The Expression Variance and Evolution Model for 
Quantitative Trait Evolution. Systematic biology, 64, 695–708. 

Ruan J, Li H, Chen Z et al. (2008) TreeFam: 2008 Update. Nucleic acids research, 36, D735-40. 

Soltis DE, Albert VA, Leebens-Mack J et al. (2009) Polyploidy and angiosperm diversification. American 

Journal of Botany, 96, 336–348. 

Sonnhammer ELL, Östlund G (2015) InParanoid 8: orthology analysis between 273 proteomes, mostly 
eukaryotic. Nucleic Acids Research, 43, D234–D239. 

Stergachis AB, Neph S, Sandstrom R et al. (2014) Conservation of trans-acting circuitry during 
mammalian regulatory evolution. Nature, 515, 365–70. 



16 
 

Stuart JM, Segal E, Koller D, Kim SK (2003) A gene-coexpression network for global discovery of 
conserved genetic modules. Science, 302, 249–55. 

Thomashow MF (1999) Plant Cold Acclimation: Freezing Tolerance Genes and Regulatory Mechanisms. 
Annual review of plant physiology and plant molecular biology, 50, 571–599. 

Usadel B, Obayashi T, Mutwil M et al. (2009) Co-expression tools for plant biology: opportunities for 
hypothesis generation and caveats. Plant, cell & environment, 32, 1633–51. 

Vilella AJ, Severin J, Ureta-Vidal A et al. (2009) EnsemblCompara GeneTrees: Complete, duplication-
aware phylogenetic trees in vertebrates. Genome research, 19, 327–35. 

Wang Y, Wang X, Tang H et al. (2011) Modes of Gene Duplication Contribute Differently to Genetic 
Novelty and Redundancy, but Show Parallels across Divergent Angiosperms (SR Proulx, Ed,). PLoS 

ONE, 6, e28150. 

Wilczynski B, Liu Y-H, Yeo ZX, Furlong EEM (2012) Predicting Spatial and Temporal Gene Expression 
Using an Integrative Model of Transcription Factor Occupancy and Chromatin State (E Segal, Ed,). 
PLoS Computational Biology, 8, e1002798. 

Wolfe CJ, Kohane IS, Butte AJ (2005) Systematic survey reveals general applicability of &quot;guilt-by-
association&quot; within gene coexpression networks. BMC Bioinformatics, 6, 227. 

Zhao L, Wit J, Svetec N, Begun DJ (2015) Parallel Gene Expression Differences between Low and High 
Latitude Populations of Drosophila melanogaster and D. simulans (S V. Nuzhdin, Ed,). PLOS 

Genetics, 11, e1005184. 

 



 

  



 

 

 

 

Paper 1 

  



 



 

 

Evolution of cold response in Pooideae 

1 

 

Comparative transcriptomics provides insight into the evolution of 

cold response in Pooideae 

Lars Grønvold1*, Marian Schubert2*, Simen R. Sandve3, Siri Fjellheim2 and Torgeir R. 
Hvidsten1,4,† 

 
1Faculty of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences, 
NO-1432, Ås, Norway. 
2Department of Plant Sciences, Norwegian University of Life Sciences, Ås NO-1432, Norway. 
3Centre for Integrative Genetics (CIGENE), Department of Animal and Aquacultural Sciences, 
Norwegian University of Life Sciences, NO-1432, Ås, Norway. 

4Umeå Plant Science Centre, Department of Plant Physiology, Umeå University, SE-90187, 
Umeå, Sweden. 
*Contributed equally  
†Author for correspondence: Email: torgeir.r.hvidsten@nmbu.no  



 

 

Evolution of cold response in Pooideae 

2 

 

Abstract 

Background: Understanding how complex traits evolve through adaptive changes in gene 
regulation remains a major challenge in evolutionary biology. Over the last ~50 million years, 
Earth has experienced climate cooling and ancestrally tropical plants have adapted to expanding 
temperate environments. The grass subfamily Pooideae dominates the grass flora of the temperate 
regions, but conserved cold-response genes that might have played a role in the cold adaptation to 
temperate climate remain unidentified. 

Results: To establish if molecular responses to cold are conserved throughout the Pooideae 
phylogeny, we assembled the transcriptomes of five species spanning early to later diverging 
lineages, and compared short- and long-term cold response in orthologous genes based on gene 
expression data. We confirmed that most genes previously identified as cold responsive in barley 
also responded to cold in our barley experiment. Interestingly, comparing cold response across the 
lineages using 8633 high confidence ortholog groups revealed that nearly half of all cold 
responsive genes were species specific and more closely related species did not share higher 
numbers of cold responsive genes than more distantly related species. Also, the previously 
identified cold-responsive barley genes displayed low conservation of cold response across 
species. Nonetheless, more genes than expected by chance shared cold response, both based on 
previously studied genes and based on the high confidence ortholog groups. Noticeable, all five 
species shared short-term cold response in nine general stress genes as well as the ability to down-
regulate the photosynthetic machinery during cold temperatures.  

Conclusions: We observed widespread lineage specific cold response in genes with conserved 
sequence across the Pooideae phylogeny. This is consistent with phylogenetic dating and historic 
temperature data which suggest that selection pressure resulting from dramatic global cooling must 
have acted on already diverged lineages. To what degree lineage specific evolution acted primarily 
through gain or loss of cold response remains unclear, however, phylogeny-wide conservation of 
certain genes and processes indicated that the last common ancestor may have possessed some 
cold response. 

 

Key words: regulatory evolution, cold response, comparative transcriptomics, Pooideae, 
adaptation 
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Background 

Adaptation to a changing climate is essential for long term evolutionary success of plant lineages. 
During the last ~50 million years of climate cooling, several plant species adapted to temperate 
regions. A key step in this transitioning was the integration of novel temperate climate cues, such 
as seasonal fluctuations in temperature, in the regulatory network controlling cold stress responses. 
Here we used the temperate grass subfamily Pooideae as a model system for studying the evolution 
of gene expression responses to cold stress. 

The temperate grass flora is dominated by members of the subfamily Pooideae [1], and the most 
extreme cold environments are inhabited by Pooideae species. The ancestors of this group were, 
however, most likely adapted to tropical or subtropical climates [2, 3]. Many Pooideae species 
experience cold winters (Fig. 1ab) and although a recent study inferred adaptation to cooler 
environments at the base of the Pooideae phylogeny [4], it is still not known whether the 
Pooideae’s most recent common ancestor (MRCA) already was adapted to cold stress, or if 
adaptation to cold evolved independently in the Pooideae lineages. 

Pooideae is a large subfamily comprising 4200 species [5], amongst them economically important 
species such as wheat and barley. Given the commercial importance of this group, various aspects 
of adaptation to temperate climate such as flowering time, cold acclimation, and frost and chilling 
tolerance have been studied (reviewed by [6–13]). These studies are, however, confined to a 
handful of species in the species rich clade “core Pooideae” [14] and recently also to its sister 
clade, containing the model grass Brachypodium distachyon [15–17]. It is thus unknown how 
adaptation to temperate climate evolved in earlier diverging Pooideae lineages and if conserved 
cold response genes could have promoted the success of this subfamily in temperate regions. 

Environmental stress is assumed to be a strong evolutionary force, and the colonization of 
temperate biomes by Pooideae was likely accompanied by adaptation to cold conditions. A MRCA 
already adapted to cold (the ancestral hypothesis) offers a plausible basis for the ecological success 
of the Pooideae subfamily in the northern temperate regions [1]. However, paleoclimatic 
reconstructions infer a generally warm climate, and a very limited abundance of temperate 
environments, during the time of Pooideae emergence, around 50 million years ago (Mya) [18–
22]. Indeed, it was not before ca. 33.5 Mya, during the Eocene-Oligocene (E-O) transition, that 
the global climates suddenly began to cool [23, 24] (Fig. 1c). Climate cooling at the E-O transition 
coincided with the emergence of many temperate plant lineages [25] and may have been an 
important selection pressure for improved cold tolerance in Pooideae [26, 27]. If the E-O cooling 
event has been the major evolutionary driving force for cold adaptation in Pooideae grasses, those 
findings lend support for lineage specific evolution of cold adaptation (the lineage specific 
hypothesis), as all major Pooideae lineages had already emerged by the time of the E-O transition 
[2, 28] (Fig. 1ac).  

A restricted number of plant lineages successfully transitioned into the temperate region, 
suggesting that evolving the coordinated set of physiological changes needed to withstand low 
temperatures is challenging [29]. During prolonged freezing, plants need to maintain the integrity 
of cell membranes to avoid osmotic stress [30]. Cold and freezing tolerance is associated with the  



Evolution of cold response in Pooideae 

4 

 

Figure 1. The Pooideae phylogeny, present and historic temperature data and the experimental design 

of this study. (a) Dated phylogenetic tree of the five Pooideae investigated in this study with O. sativa as 
an out-species. The species phylogeny was inferred from gene trees, with the distribution of mean gene-
tree node ages shown in blue. (b) The range of the minimum temperature of the coldest month (WorldClim 
v1.4 dataset, Bioclim variable 6, 2.5 km2 resolution [98]) at the species geographical distribution 
(source: www.gbif.org). (c) Oxygen isotope ratios as a proxy for historic global temperature [18, 22] (d) 
Experimental design. Plants from five species of Pooideae were subjected to a drop in temperature and 
shorter days to induce cold response. Leaf material was sampled on the day before the onset of cold (W0 
and D0), once 8 hours after cold (D1) and two times after 4 and 9 weeks (W4/W9). Short-term response 
was identified by contrasting gene expression in time points D0 and D1, while long-term response was 
identified contrasting W0 and W4/W9. 

ability to cold acclimate, which is achieved through a period of extended, non-freezing cold 
triggered by the gradually lower temperature and day-length in the autumn. During cold 
acclimation, a suite of physiological changes governed by diverse molecular pathways results in 
an increase in the sugar content of cells, change in lipid composition of membranes and synthesis 
of anti-freeze proteins [13, 31]. Also, low non-freezing temperatures may affect plant cells by 
decreasing metabolic turnover rates, inhibiting the photosynthetic machinery and decreasing 
stability of biomolecules (e.g. lipid membranes) [10, 12]. Several studies have used 
transcriptomics to compare cold stress response,  however, they focused on closely related taxa or 
varieties within model species [17, 32–36]. As such, these studies were not able to investigate 
evolutionary mechanisms underlying adaptation to cold climates of entire clades. 

Here, we used de novo comparative transcriptomics across the Pooideae phylogeny to study the 
evolution of cold adaptation in Pooideae. Specifically, we aim to establish if molecular responses 
to cold are conserved in the Pooideae subfamily or if they are the result of lineage specific 
evolution. The transcriptomes of three non-model species (Nardus stricta, Stipa lagascae and 
Melica nutans), which belong to early diverging lineages, were compared to the transcriptomes of 
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the model grass Brachypodium distachyon and the core Pooideae species Hordeum vulgare 
(barley). We found that only a small number of genes were cold responsive in all the investigated 
species, and that lineage specific evolution has been prominent in the different Pooideae lineages. 

Results 

To investigate the evolution of cold response in Pooideae, we sampled leaf material in five species 
before and after subjecting them to a drop in temperature and shorter days (Fig. 1d). RNA-
sequencing (RNA-Seq) was used to reveal the short and long term cold response of transcripts, 
and the conservation of these responses was analyzed in the context of ortholog groups. 

De novo transcriptome assembly identified 8633 high confidence ortholog groups 

The transcriptome of each species was assembled de novo resulting in 146k-282k contigs, of which 
68k-118k were identified as containing coding sequences (CDS, Table S1). Ortholog groups (OGs) 
were inferred by using the protein sequences from the five de novo assemblies, as well as the 
reference genomes of L. perenne, H. vulgare, B. distachyon, Oryza sativa, Sorghum bicolor and 
Zea mays. The five assembled Pooideae species were represented with at least one transcript in 
24k-33k OGs (Table S1). 

A set of 8633 high confidence ortholog groups (HCOGs) was identified after filtering based on 
gene tree topology and species representation (Table S1, Table S2). We then created a single cross 
species expression matrix, with HCOGs as rows and samples as columns, by summing the 
expression of paralogs and setting the expression of missing orthologs to zero (Table S3). 

A dated species tree of the Pooideae 

A dated species tree were generated based on ortholog groups with exactly one sequence from 
each of the five Pooideae and rice, and using prior knowledge about the divergence times of Oryza-
Pooideae [37] and Brachypodium-Hordeum [28] (Fig. 1a). In the most common gene tree 
topology, S. lagascae or M. nutans formed a monophyletic clade, but topologies where either S. 
lagascae or M. nutans diverged first were also common (Fig. S1). Due to this uncertainty regarding 
the topology, S. lagascae and M. nutans branches were collapsed to a polytomy in the consensus 
species tree.  

Expression clustering indicated a common global response to cold 

To investigate broad scale expression patterns in cold response, we clustered all samples (including 
replicates) after scaling the expression values of each gene to remove differences in mean 
expression levels between species (Fig. 2a). This clustering revealed the differential effects of the 
treatments and resulted in a tree with replicates, and then time points, clustering together. Before 
scaling, the samples clustered by species (data not shown). An exception was time points W4 and 
W9, which tended to cluster together and by species, indicating that responses after 4 and 9 weeks 
were very similar. The fact that time points mostly clustered together before species indicated a 
common response to cold across species. We also observed a clear effect of the diurnal rhythm, 
with time points sampled in the morning (W0, W4 and W9) forming one cluster and time points 
sampled in the afternoon (D0 and D1) forming another. This diurnal effect might have resulted in  
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Figure 2. Comparison of cold response across the Pooideae. (a) Expression clustering of the samples. 
The tree was generated by neighbor-joining of Manhattan distances given as the sum of log fold changes 
between all highly expressed genes after subtracting the mean expression per species. Each tip 
corresponded to one sample. (b) The Pearson correlations of log fold expression changes (only short-
term cold response is shown) between pairs of species. The correlations were computed based on the 
high confidence ortholog groups (HCOG). (c) The number of differentially expressed genes per species 
and shared between pairs of species. The statistical significance of the overlaps between pairs of species 
were indicated with odds ratios.  (d) The number of differentially expressed genes in each species (FDR 
adjusted p-value < 0.05 and absolute fold change > 2 in either short- or long-term cold response) and 
overlap between species.  

more unreliable estimates of the long term cold response in S. lagascae since for this species the 
afternoon sample (D0) was used to replace the missing morning sample (W0). 

Many cold responsive genes were species specific 

We next examined similarities in short and long term cold response between species by analysing 
changes in gene expression from before cold treatment to eight hours and 4-9 weeks after cold 
treatment (Fig. 1d). For all species pairs, there was a low, but statistically significant, correlation 
between the expression fold changes of orthologs in HCOGs (Fig. 2b). A similar pattern was 
observed when investigating the number of orthologs classified as differentially expressed in pairs 
of species (FDR adjusted p-value < 0.05 and fold change > 2, Table S4, see Methods): these 
numbers were low compared to the number of differentially expressed genes (DEGs) in individual 
species, but higher than expected by chance (Fisher´s exact test p < 0.05, Fig. 2c). Finally, the 
number of orthologs with differential expression in more than two species were very low (Fig. 2d), 
with only 83 DEGs common to all five species. Noticeably, neither the similarities in differential 
expression nor the fold change correlations reflected the phylogenetic relationship between the 
species, that is, the cold responses of related species were not more similar than that of distantly 
related species (Fig. 2bc).  
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Table 1. High confidence ortholog groups with conserved cold response in all five Pooideae.  S = short-

term response, L = long-term response. ! = up regulated, " = down regulated. Annotations were inferred 
from literature using orthologs. These 16 genes were the subset of the 83 genes in Fig. 2d with the same 
type of cold response (short- or long-term) in the same direction (up- or down-regulation) in all five species. 

Bd ortholog Description and relation to stress response Response 

Bradi2g39230 
HyperOSmolality-gated CA2+ permeable channel  (OSCA) - Stress-activated calcium 
channels [72] that are highly conserved in eukaryotes [73]. In Oryza sativa, OSCA genes are 
differentially expressed in response to osmotic stress [74]. 

!! 

Bradi2g06830 

Calcium-binding EF-hand containing calcium exchange channel (EF-CAX) - Calcium 
ions are important mediators of abiotic stress in plants [75, 76]. Expression of calcium 
binding proteins correlates with exposure to cold stress in several plants, e.g. Arabidopsis 
thaliana [3[30], Musa × paradisiaca [41] and Hordeum vulgare [38]. 

!! 

Bradi2g05226 
GIGANTEA - Promotes flower development in plants [77]. In Arabidopsis thaliana, this 
gene is involved in CBF-independent freezing tolerance [78, 79], and is responsive to cold 
in Zea mays [80]. Also part of the circadian clock. 

!! 

Bradi4g24967 

Arabidopsis Pseudo-Response Regulator 3-like (AtPRR3-like) - AtPRR3 is a member of 
the circadian clock quintet AtPRR1/TOC1 [81, 82]. No association to stress response found 
in literature. However, AtPRR3-like might be closer related to AtPRR5/9 than to AtPRR3 
(See Bradi4g36077, PRR95). 

!! 

Bradi2g09060 

Triacylglycerol lipase, alpha/beta-Hydrolase superfamily - Studies in Arabidopsis 
thaliana [83] and Ipomoea batatas [84] suggest that genes with alpha/beta-Hydrolase 
domains respond to osmotic stress. In Triticum monococcum, atriacylglycerol lipase was 
induced by pathogen stress [85]. 

!! 

Bradi2g07480 
Late-Embryogenesis-Abundant protein 14 (LEA-14) - Responsive to drought, salt and 
cold stress in Arabidopsis thaliana [86, 87], Betula pubescens [88] and Brachypodium 
distachyon [89]. 

!! 

Bradi1g04150 
SNAC1-like / NAC transcription factor 67 - NAC transcription factors mediate abiotic 
stress responses. Osmotic stress increases the expression of SNAC1 in Oryza sativa [43], 
NAC68 in Musa × paradisiaca [41, 42] and NAC67 Triticum aestivum [44]. 

!! 

Bradi4g36077 
Pseudo-Response Regulator 95 (PRR95) - Homologous to conserved circadian clock gene 
AtPRR5/9 [90, 91]. AtPRR5 gene is cold regulated in Arabidopsis thaliana [92] and PRR95 
is cold responsive in Zea mays [80]. 

!! 

Bradi2g43040 
DnaJ chaperon protein - DnaJ co-chaperons are vital in stress response and has been found 
to be involved in maintenance of photosystem II under chilling stress and enhances drought 
tolerance in tomato [93, 94]. 

!"#! 

Bradi3g33080 
Glycogenin GlucuronosylTransferase (GGT) - GGT belongs to the GT8 protein family 
[95]. In Oryza sativa, OsGGT transcripts are induced in submerged plants and respond to 
various abiotic stresses except cold [96, 97]. 

#! 

Bradi1g04500 Major facilitator superfamily transporter - Association to stress response unknown. #! 
Bradi3g14080 Glycosyl transferase - Association to stress response unknown. #! 
Bradi1g35357 Uncharacterized membrane protein - Association to stress response unknown. !! 
Bradi2g48850 Uncharacterized protein - Association to stress response unknown. !! 
Bradi1g33690 Uncharacterized protein - Association to stress response unknown. !! 

Bradi1g07120 
Putative S-adenosyl-L-methionine-dependent methyltransferase - Association to stress 
response unknown. 

#" 

 

Shared cold response genes included known abiotic stress genes 

Sixteen genes shared the same cold response (short- or long-term) in the same direction (up or 
down) in all five Pooideae species, thus representing a response to cold that might have been 
conserved throughout the evolution of Pooideae (Table 1). Nine of these shared cold responsive  
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Figure 3. Comparison of cold 

response to previous studies. 
A reference set of H. vulgare 
genes independently shown to 
respond to cold in several 
studies [38] is compared to 
our data using short-term log 
fold change values. White cells 
represent missing orthologs. 
Grey cells represent orthologs 
that were not differentially 
expressed (not DEGs). 

genes belonged to families known to be involved in cold stress or other abiotic stress responses in 
other plant species. The most common type of response was short-term up regulation, indicating 
that stress response, as opposed to long-term acclimation response, is potentially more conserved.

Identified cold response genes confirmed previous findings 

We compared the cold response genes from our data to a compilation of H. vulgare genes shown 
to be responsive to low temperature in several previous microarray studies, subsequently referred 
to as the Greenup genes (table S10 in [38]). We could map 33 of these 55 genes to unique OGs, of 
which 11 were HCOGs. We observed significant similarity in cold response between the 33 
Greenup genes and the short-term cold response observed in our data (Fig. 3); for all five species 
(p < 0.05). However, this similarity was noticeably larger in H. vulgare than in the other four 
species. This comparison showed that our transcriptome data was consistent with previous findings 
in H. vulgare, and that cold response genes identified in H. vulgare exhibits some cold response 
in other Pooideae. 

Photosynthesis was down-regulated under cold stress 

To identify biological processes that evolved regulation during different stages of Pooideae 
evolution, we targeted gene sets that were exclusively differentially expressed in all species within 
a clade in the phylogentic tree (i.e. branch specific DEGs), and tested these for enrichment of Gene 
Ontology (GO) biological process annotations (Fig. 4a). For the genes that were differentially  
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Figure 4. Gene Ontology enrichment and positive selection in branch specific cold responsive genes. 
(a) Gene ontology enrichment analysis of high confidence ortholog groups (HCOG) that were 
differentially expressed (DEGs) in all species (PB), only in species after N. stricta split off (ES) or only 
in B. distachyon and H. vulgare (LS) (* P <  0.05, ** P < 0.01, *** P < 0.005, Fisher’s exact test). Both 
the number of annotated genes and the number of annotations were indicated for each set of branch 
specific DEGs. (b) Positive selection at different stages in Pooideae evolution. The circles represent the 
high confidence ortholog groups that were tested for positive selection at each split (see Methods for the 
criteria). The inner blue circle represented HCOGs with branch specific differential expression (i.e. with 
genes that were cold responsive exclusively in the species under the respective branch) while the outer 
circle represented all other HCOGs. The purple and red pie-slices represented the proportions of 
HCOGs with positive selection (P < 0.05). The P-value indicated the overrepresentation of positive 
selection among the branch specific DEGs (Hypergeometric test). 

expressed in all our species (Pooideae base [PB] in Fig 4b), we found enrichments for annotations 
related to response to abiotic stimulus, photosynthesis and metabolism. Dividing the branch 
specific DEGs into up- or down-regulated genes revealed up-regulation of signal transduction (two 
pseudo response regulators and diacylglycerol kinase 2 (DGK2)) and abiotic stimulus (Gigantea, 
LEA-14, DnaJ and DGK2), and down-regulation of photosynthesis and metabolism. For the genes 
that were exclusively differentially expressed in all species except N. stricta (early split [ES] in 
Fig. 4b), down-regulated genes were again enriched for GO annotations related to metabolism and 
photosynthesis. 
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Cold response genes were associated with positive selection on amino acid content 

For each HCOG, we tested for positive selection in coding sequences at each of the internal 
branches of the species tree. The tests were only performed on the branches where the gene tree 
topology was compatible with the species tree topology. 16-18% of the HCOGs showed significant 
signs of positive selection (P < 0.05) depending on the branch (Fig. 4b). Next, we tested for 
overrepresentation of positive selection among the branch specific DEGs. There was a tendency 
that gain of cold response was associated with positive selection at the early split (ES) and late 
split (LS) branches (P = 0.077 and P = 0.072, respectively) (Fig. 4b).  

Discussion 

The ecological success of the Pooideae subfamily in the northern temperate regions must have 
critically relied on adaptation to colder temperatures. However, it is unclear how this adaptation 
evolved within Pooideae. To test whether molecular responses to cold are conserved in the 
Pooideae subfamily, we applied RNA-seq to identify short- and long-term cold responsive genes 
in five Pooideae species ranging from early diverging lineages to core Pooideae species. Since 
three of the species lacked reference genomes, we employed a de novo assembly pipeline to 
reconstruct the transcriptomes. We showed that this pipeline could recover a set of H. vulgare 
genes previously identified as cold responsive and that most of these genes were also cold 
responsive in our data (Fig. 3). In order to compare the five transcriptomes, we compiled a set of 
8633 high confidence ortholog groups (HCOGs) with resolved gene tree topologies. Clustering of 
scaled expression data based on these ortholog groups arranged samples according to replicates, 
then time points and finally species, indicating that cold response represents a distinct signal in the 
data and confirming the soundness of the approach (Fig. 2a). 

Lineage specific adaptations to cold climates 

Based on conserved genes in the 8,633 HCOGs, substantial portions of the individual Pooideae 
transcriptomes responded to cold (1000-3000 genes, ~10-30%). Although pairs of species shared 
a statistically significant number of cold responsive genes, nearly half of all responsive genes were 
species specific, with closely related species sharing approximately the same fraction of cold 
responsive genes as more distantly related species (no phylogenetic pattern, Fig. 2c-d). Moreover, 
only a small number of genes responded to cold in all the investigated species (83 genes, Fig. 2d). 
Even fewer genes responded similarly to cold in all species (e.g. short-term up-regulation, 16 
genes, Table 1) and these shared cold response genes primarily included general abiotic stress 
genes clearly not representative of all the different molecular pathways constituting a fully 
operational cold response program. We also observed low (although statistically significant) 
correlations in expression fold changes between pairs of species, a result that was independent of 
the ability to correctly classify genes as differentially expressed. These results were based on 
conserved, high confidence ortholog groups that excluded complex families with duplication 
events shared by two or more species. Since many of the previously described H. vulgare cold 
responsive genes belonged to such complex families, we specifically investigated the regulation 
of these previously described genes using all ortholog groups, and again found that few genes 
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displayed shared cold response across all species (Fig. 3).  Taken together, our findings appear 
consistent with the lineage specific hypothesis of Pooideae cold adaptation, where cold induced 
regulation to a substantial degree has been gained or lost independently in the different lineages. 
However, it is unclear to what extent the most recent common ancestor (MRCA) of the Pooideae 
possessed response to cold, since we cannot determine whether lineage specific gain of cold 
response was more (or less) prominent than lineage specific loss. 

The drastic cold stress during the E-O transition was likely an important cause for the evolution of 
cold adaptation in Pooideae. Previous studies have shown that many temperate plant lineages 
emerged during the E-O transition [25] and that the expansion of well-known cold responsive gene 
families in Pooideae coincided with this transition [15, 26]. From the dated phylogeny (Fig. 1a) as 
well as from earlier studies of the Pooideae phylogeny [2, 28], it is clear that all major Pooidaee 
lineages, including the core Pooideae, had emerged by the late Eocene. Hence, the five lineages 
studied here experienced the E-O transition as individual lineages (Fig. 1c). The observation that 
the five Pooideae lineages emerged during a relatively warm period before the E-O transition, that 
these species harbored high numbers of cold responsive genes specific to only one or two species 
and that the shared cold response genes showed no phylogenetic pattern, together suggests that a 
significant portion of the cold response in Pooideae lineages were gained during the last 40 M 
years. During this period, temperatures were constantly decreasing and dramatic cooling events 
took place, such as the E-O transition and the current Quaternary Ice Age. This must have placed 
a very strong selection pressure on plants favoring the evolution of cold adaptations, and would 
have acted on already diverged lineages and not on any ancestor of these lineages. However, 
although the independent gain of cold response would imply that the ancestor of the Pooideae 
possessed limited molecular cold response, further studies involving more species would be 
needed to definitively conclude on this issue.  

Our results suggest that the Pooideae lineages evolved cold response programs that included a 
significant fraction of non-orthologous genes. This conclusion was reached both based on the 
conserved, high confidence ortholog groups, and based on a set of previously identified cold 
response genes (Fig. 3), and implies that these genomes contain many functionally redundant genes 
that can be co-opted in different combinations into the functional cold response program of the 
Pooideae. Gain and loss of protein coding genes might also have played an important role in the 
evolution of cold response of these species, however, here we focused on the gain and loss of 
regulatory response to cold in genes that were widely conserved across the phylogeny. It is worth 
noticing that although we observed many species specific cold response genes, all species pairs 
displayed a statistically significant correlation in cold response across all HCOGs (Fig. 2b) and a 
statistically significantly overlap in cold responsive genes (Fig. 2c). This could reflect that some 
genes are associated with biochemical functions more important or more suited for cold response 
than other genes [39, 40], and that different species thus have ended up co-opting orthologous 
genes into their cold response program more often than expected by chance. 
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An adaptive potential in the Pooideae ancestor 

Multiple independent origins of cold adaptation raise the question whether connecting traits exists 
in the evolutionary history of the Pooideae that can explain why the Pooideae lineages were able 
to shift to the temperate biome. The genes that showed a conserved cold response across all five 
species (Table 1) might have gained cold responsiveness in the MRCA. Subsequently, these genes 
might have increased the potential of Pooideae lineages to adapt to a cold temperate climate. Nine 
of these conserved cold response genes are involved in response to abiotic stresses in other plants, 
such as osmotic stress and drought. The SNAC1-like / NAC transcription factor 67 is one example, 
with homologs induced by osmotic stress in the three monocts Musa × paradisiaca [41, 42], Oryza 
sativa [43] and Triticum aestivum [44]. Co-option of such genes into a cold-responsive pathway 
might have been the key to acquire cold tolerance. In fact, other studies have implied that drought 
tolerance might have facilitated the shift to temperate biomes [26, 45, 46]. Interestingly, most of 
the conserved genes were short-term cold responsive (Table 1) and this observation strengthens 
the hypothesis that existing stress genes might have been the first to be co-opted into the cold 
response program.  

Also, three of the conserved cold responsive genes (GIGANTEA, PRR95 and AtPRR3-like) were 
associated with the circadian clock that is known to be affected by cold [47–49]. This might 
suggest that clock genes have had an important function in the Pooideae cold adaptation, for 
example by acting as a signal for initiating the cold defense. More generally, transcripts involved 
in photosynthesis and response to abiotic stimuli were significantly enriched among the genes with 
cold response in all species (Fig. 4a). An expanded stress responsiveness towards cold stress and 
the ability to down-regulate the photosynthetic machinery during cold temperatures to prevent 
photoinhibition might have existed in the early evolution of Pooideae. In conclusion, the conserved 
stress response genes discussed here may have represented a fitness advantage for the Pooideae 
ancestor in the newly emerging environment with incidents of mild frost, allowing time to evolve 
the more complex physiological adaptations required to endure the temperate climate with strong 
seasonality and cold winters that emerged following the E-O transition [23]. Consistent with this, 
Schubert et al. (unpublished) showed that the fructan synthesis and ice recrystallization inhibition 
protein gene families known to be involved in cold acclimation in core Pooideae species [10] 
evolved around the E-O split, whereas also earlier evolving Pooideae species show capacity to 
cold acclimate.   

Evolution of coding and regulatory sequences 

The molecular mechanisms behind adaptive evolution are still poorly understood, although it is 
now indisputably established that novel gene regulation plays a crucial role [50]. The evolution of 
gene regulation proceeds by altering non-coding regulatory sequences in the genome, such as (cis-
) regulatory elements [51], and has the potential to evolve faster than protein sequence and 
function. The high number of species specific cold response genes observed in this study is thus 
most consistent with the recruitment of genes with existing cold tolerance functions by means of 
regulatory evolution. However, previous studies have also pointed to the evolution of coding 
sequences [27] as underlying the acquisition of cold tolerance in Pooideae. To investigate possible 
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coding evolution, we tested for the enrichment of positive selection among branch specific cold 
responsive genes (Fig. 4b). Although not statistically significant, there was a tendency for positive 
selection in genes gaining cold response in a period of gradual cooling preceding the E-O event. 
Thus, we saw evidence of both coding and regulatory evolution playing a role in cold adaptation 
in Pooideae, and that these processes may have interacted. Finally, gene family expansion has 
previously been implied in cold adaptation in Pooideae [15, 26]. As previously discussed, the 
conservative filtering of ortholog groups employed in this study removed complex gene families 
containing duplication events shared by two or more species. Interestingly, out of the 33 previously 
described H. vulgare cold responsive genes (Fig. 3), as many as 22 were not included in the high 
confidence ortholog groups, the main reason being that they belonged to gene families with 
duplications involving two or more species. This observation thus confirms that duplication events 
are a relatively common feature of cold adaptation. Although de novo assembly of transcriptomes 
from short-read RNA-Seq data is a powerful tool that has vastly expanded the number of target 
species for conducting transcriptomic analysis, the approach has limited power to distinguish 
highly similar transcripts such as paralogs. Further insight into the role of duplication events in 
Pooideae cold adaptation would therefore benefit immensely from additional reference genomes. 

Conclusion 

Here we investigated the cold response of five Pooideae species, ranging from early diverging 
lineages to core Pooideae species, to elucidate evolution of adaptation to cold temperate regions. 
We observed extensive lineage specific cold response that seems to have evolved chiefly after the 
B. distachyon lineage and the core Pooideae diverged, possible initiated by the drastic temperature 
drop during the E-O transition. However, we do also see signs of conserved response that 
potentially represents a shared potential for cold adaptation that explain the success of Pooideae 
in temperate regions. This included several general stress genes with conserved short-term 
response to cold as well as the conserved ability to down-regulate the photosynthetic machinery 
during cold temperatures. Taken together, our observations are consistent with a scenario where 
the biochemical functions needed for cold response were present in the Pooideae common 
ancestor, and where different Pooideae lineages have assembled, in parallel, different overlapping 
subsets of these genes into fully functional cold response programs through the relatively rapid 
process of regulatory evolution. Answering whether gain or loss of cold response was most 
prominent in the evolution of cold adaption in these species, and thus whether the last common 
ancestor of the Pooideae possessed extensive cold response or not, will require further studies.  

Methods 

Plant material, sampling and sequencing 

To address our hypothesis, we selected five species to cover the phylogenetic spread of Pooideae. 
The selected species also represent major, species rich lineages or clades in the Pooideae 
subfamily, or belong to very early diverging lineages [5]. Seeds were collected either in nature or 
acquired from germplasm collections for the following five species: 
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Nardus stricta, (2n=2x=26) is a perennial species, distributed in Europe, western parts of Asia, 
and North Africa and introduced to New Zealand and North America. Seeds were collected in July 
2012 in Romania, [46.69098, 22.58302]. 

Melica nutans L. (2n=2x=18) is a perennial species distributed in temperate parts of Eurasia [52–
54]. Seeds were collected in Germany, [50.70708, 11.23838], in June 2012. 

Stipa lagascae Roem & Schult. (2n=2x=22) is a perennial species that is distributed in temperate 
regions around the Mediterranean Sea and parts of temperate West Asia. Seeds from accession PI 
250751 were acquired from U.S. National Plant Germplasm System (U.S.-NPGS) via Germplasm 
Resources Information Network (GRIN), 

Brachypodium distachyon (L.) P. Beauv. (2n=2x=10) is an annual species natively distributed in 
Europe, East Africa and temperate parts of West Asia. Seeds for accession ‘Bd1-1’ (W6 46201) 
were acquired from U.S.-NPGS via GRIN. 

Hordeum vulgare L. (2n=2x=14) seeds for cultivar ‘Igri’ were provided by Prof. Åsmund 
Bjørnstad, Department of Plant Sciences, Norwegian University of Life Sciences, Norway. 

Seeds were germinated and initially grown in a greenhouse at a neutral day length (12 hours of 
light), 17°C and a minimum artificial light intensity of 150 µmol/m2s. To ensure that individual 
plants were at comparable developmental stages at sampling, the onset of treatment for different 
species were based on developmental stages rather than absolute time. Most importantly, none of 
the plants had transitioned from vegetative to generative phase, as this could have affected the cold 
response. Plants were grown until three to four leaves had emerged for M. nutans, S. lagascae, B. 
distachyon and H. vulgare, or six to seven leaves for N. stricta (which is a cushion forming grass 
that produces many small leaves compared to its overall plant size). Depending on the species, this 
process took one (H. vulgare), three (B. distachyon and S. lagascae), six (M. nutans) or eight (N. 
stricta) weeks from the time of sowing.   Subsequently, plants from all species were randomized 
and distributed to two cold chambers with short day (8 hours of light), constantly 6°C and a light 
intensity of 50 µmol/m2s. Plants were kept in cold treatment for the duration of the experiment. 
Leaf material for RNA isolation was collected i) in the afternoon (at zeitgeber (ZT) 8) on the day 
before cold treatment (D0) and in the afternoon (ZT 8) on the first day after cold treatment (after 
8 hours of cold treatment, D1) and ii) in the morning (ZT 0) before cold treatment (W0), 4 weeks 
after cold treatment (W4) and 9 weeks after cold treatment (W9) (Fig. 1d). The sampling time 
points were chosen to be able to separate chilling stress responses (first day of treatment) and long-
term responses that represent acclimation to freezing temperatures (4 and 9 weeks).  Flash frozen 
leaves were individually homogenized using a TissueLyser (Qiagen Retsch) and total RNA was 
isolated (from each leaf) using RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s 
instructions. The purity and integrity of total RNA extracts was determined using a NanoDrop 
8000 UV-Vis Spectrophotometer (Thermo Scientific) and 2100 Bioanalyzer (Agilent), 
respectively. For each time point, RNA extracts from five leaves sampled from five different plants 
were pooled and sequenced as a single sample. In addition, replicates from single individual leaves 
were sequenced for selected timepoints (see Table S1 and “Differential expression” below). Two 
time points lacked expression values: W9 in B. distachyon (RNA integrity was insufficient for 
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RNA sequencing) and W0 in S. lagascae (insufficient supply of plant material).  Samples were 
sent to the Norwegian Sequencing Centre, where strand-specific cDNA libraries were prepared 
and sequenced (paired-end) on an Illumina HiSeq 2000 system. The raw reads are available in the 
ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-5300. 

Transcriptome assembly and ortholog inference 

Using Trimmomatic v0.32 [55], all reads were trimmed to a length of 120 bp, Illumina TruSeq 
adapters were removed from the raw reads, low quality bases were trimmed using a sliding window 
of 40 bp and an average quality cut-off of 15 and reads below a minimum length of 36 bp were 
discarded. Read quality was checked using fastqc v0.11.2. For each species, transcripts were 
assembled de novo with Trinity v2.0.6 [56] (strand specific option, otherwise default parameters) 
using reads from all samples. Coding sequences (CDS) were identified using TransDecoder 
rel16JAN2014 [57]. Where Trinity reported multiple isoforms, only the longest CDS was retained. 
Ortholog groups (OGs) were constructed from the five de novo transcriptomes and public reference 
transcriptomes of H. vulgare (barley_HighConf_genes_MIPS_23Mar12), B. distachyon 
(brachypodium v1.2), O. sativa (rap2), Z. mays (ZmB73_5a_WGS), S. bicolor (sorghum 1.4) and 
L. perenne (GenBank TSA accession GAYX01000000) using OrthoMCL v2.0.9 [58]. All 
reference sequences except L. perenne were downloaded from http://pgsb.helmholtz-
muenchen.de/plant/plantsdb.jsp.!A summary of the results is provided in Table S1. 

High confidence ortholog groups 

To compare gene expression across Pooideae, we required ortholog groups containing one gene 
from each species that all descended from a single gene in the Pooideae ancestor. As the ortholog 
groups (OGs) inferred using orthoMCL sometimes cluster more distantly related homologs as well 
as include both paraphyletic and monophyletic paralogs, we further refined the OGs by 
phylogenetic analysis. Several approaches to phylogenetic refinement has been proposed 
previously (see e.g. [59]). Here we first aligned protein sequences within each OG using mafft 
v7.130 [60] and converted to codon alignments using pal2nal v14 [61]. Gene trees were then 
constructed from the codon alignments using Phangorn v1.99.14 [62] (maximum likelihood 
GTR+I+G). Trees with apparent duplication events before the most recent common ancestor of 
the included species were split into several trees. This was accomplished by identifying in-group 
(Pooideae) and out-group (Z. mays, S. bicolor and O. sativa) clades in each tree, and then splitting 
the trees so that each resulting sub-tree contained a single out-group and a single in-group clade. 
Finally, we only retained the trees were all species in the tree formed one clade each (i.e. only 
monophyletic paralogs), B. distachyon and H. vulgare formed a clade and at least three of the five 
studied species were included. These trees constituted the high confidence ortholog groups 
(HCOGs). 

De novo assembly followed by ortholog detection resulted in higher numbers of monophyletic 
species-specific paralogs than the number of paralogs in the reference genomes of H. vulgare and 
B. distachyon. This apparent overestimation of paralogs was most likely the result of the de novo 
procedure assembling alleles or alternative transcript isoforms into separate contigs. We also 
observed some cases where the number of paralogs were under-estimated compared to the 
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references, which may be due to low expression of these paralogs or the assembler collapsing 
paralogs into single contigs. Since the de novo assembly procedure did not reliably assemble 
paralogs, we chose to represent each species in each HCOG by a single read-count value equal to 
the sum of the expression of all assembled paralogs. By additionally setting counts for missing 
orthologs to zero, we created a single cross species expression matrix with HCOGs as rows and 
samples as columns (Table S3). 

Species tree 

Ortholog groups with a single ortholog from each of the five de novo Pooideae species and O. 
sativa (after splitting the trees, see “High confidence ortholog groups”) were used to infer dated 
gene trees. To this end, BEAST v1.7.5 [63] was run with an HKY + Γ nucleotide substitution 
model using an uncorrelated lognormal relaxed clock model. A Yule process (birth only) was used 
as prior for the tree and the monophyly of the Pooideae was constrained. Prior estimates for the 
Oryza-Pooideae (53 Mya [SD 3.6 My], [37]) and Brachypodium-Hordeum (44.4 Mya [SD 3.53 
My], [28]) divergence times were used to define normally distributed age priors for the respective 
nodes in the topology. MCMC analyses were run for 10 million generations and parameters were 
sampled every 10.000 generation. For each gene tree analysis, the first 10 percent of the estimated 
trees were discarded and the remaining trees were summarized to a maximum clade credibility 
(MCC) tree using TreeAnnotator v1.7.5. The topology of the species tree was equal to the most 
common topology among the 3914 MCC trees, with internal node ages set equal to the mean of 
the corresponding node age distributions of the MCC gene trees. 

Differential expression 

Reads were mapped to the de novo transcriptomes using bowtie v1.1.2 [64], and read counts were 
calculated with RSEM v1.2.9 [65]. In HCOGs, read counts of paralogs were summed (analogous 
to so called monophyly masking [66]) and missing orthologs were assumed to not be expressed 
(i.e. read counts equal to zero). To identify conserved and diverged cold response across species, 
we probed each HCOG for differentially expressed genes (DEGs). Specifically, DEGs were 
identified using DESeq2 v1.6.3 [67] with a model that combined the species factor and the 
timepoint factor (with timepoints W4/9 as a single level). Pooled samples provided robust 
estimates of the mean expression in each time point. To also obtain robust estimates of the 
variance, the model assumed common variance across all timepoints and species within each 
HCOG, thus taking advantage of both biological replicates available for individual time points 
within species and the replication provided by analysing several species. For each species, we 
tested the expression difference between D0 and D1 (short-term response) and the difference 
between W0 and W4/9 (long-term response) (Fig. 1d). B. distachyon lacked the W9 samples and 
long-term response was therefore based on W4 only. S. lagascae lacked the W0 sample and long-
term response was therefore calculated based on D0. As a result, the observed diurnal effect (Fig. 
2a) might have resulted in more unreliable estimates of the long term cold response in S. lagascae 
since for this species the afternoon sample (D0) was used to replace the missing morning sample 
(W0). Genes with a false discovery rate (FDR) adjusted p-value < 0.05 and a fold change > 2 were 
classified as differentially expressed. 
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Sample clustering 

Sample clustering was based on read counts normalized using the variance-stabilizing 
transformation (VST) implemented in DESeq2 (these VST-values are essentially log transformed). 
HCOGs that lacked orthologs from any of the five species, or that contained orthologs with low 
expression (VST < 3), were removed, resulting in 4981 HCOGs used for the clustering. To 
highlight the effect of the cold treatment over the effect of expression level differences between 
species, the expression values were normalised per gene and species: First, one expression value 
was obtained per timepoint per gene by taking the mean of the replicates. Then, these expression 
values were centered by subtracting the mean expression of all timepoint. Distances between all 
pairs of samples were calculated as the sum of absolute expression difference between orthologs 
in the 4981 HCOGs (i.e. manhattan distance). The tree was generated using neighbor-joining [68].! 

Comparison with known cold responsive genes 

A set of H. vulgare genes independently identified as cold responsive were acquired from 
supplementary table S10 in [38]. These genes were found to be responsive to cold in three 
independent experiments with Plexdb accessions BB64 [69], BB81 (no publication) and BB94 
[38]. The probesets of the Affymetrix Barley1 GeneChip microarray used in these studies were 
blasted (blastx) against all protein sequences in our OGs. Each probe was assigned to the OG with 
the best match in the H. vulgare reference. If several probes were assigned to the same OG, only 
the probe with the best hit was retained. Correspondingly, if a probe matched several paralogs 
within the same OG, only the best match was retained.  DESeq2 was used to identify short-term 
response DEGs for all transcripts in all OGs (i.e. this analysis was not restricted to the HCOGs), 
and these were compared to DEGs from [38]. The statistical significance of the overlap between 
our results and those reported in [38] was assessed for each species by counting the number of 
genes that had the same response (up- or down-regulated DEGs) and comparing that to a null 
distribution. The null distribution was obtained from equivalent counts obtained from 100 000 
trials where genes were randomly selected from all expressed genes (mean read count > 10) with 
an ortholog in H. vulgare. 

Gene ontology enrichment tests 

Gene Ontology (GO) annotations for B. distachyon were downloaded from Ensembl Plants 
Biomart and assigned to the HCOGs. The TopGO v2.18.0 R package [70] was used to calculate 
statistically significant enrichments (Fisher’s exact test, p < 0.05) of GO biological process 
annotations restricted to GO plant slim in each set of branch specific DEGs using all annotated 
HCOGs as the background. Branch specific DEGs were those genes that were exclusively 
differentially expressed in all species within a clade in the phylogenetic tree. 

Positive selection tests 

Each of the HCOGs were tested for positive selection using the branch-site model in codeml, which 
is part of PAML v4.7 [71]. We only tested branches for positive selection in HCOGs meeting the 
following criteria: (i) The tested branch had to be an internal branch also in the gene tree (i.e. there 
was at least two species below the branch). (ii) The species below and above the tested branch in 
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the gene tree had to be the same as in the species tree or a subset thereof. (iii) The first species to 
split off under the branch had to be the same as in the species tree (for the early split, either S. 
lagascae or M. nutans was allowed). We then used the Hypergeometric test to identify statistically 
significant overrepresentation of positive selection among branch specific DEGs (see “Gene 
ontology enrichment tests”) at the Pooideae base (PB), the early split (ES) and the late split (LS) 
branches. 
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Supporting Information  

Table S1. Summary statistics for the sampling, the transcriptome assembly, coding sequence 

detection and ortholog group inference. Isoforms were not included in the counts. Only ortholog 
groups with at least one coding transcript from the five studied species were included. 

Table S2. High confidence ortholog groups (HCOGs). HCOGs generated by filtering and 
splitting ortholog groups (see Methods). Ortholog groups were stored as a table with the ortholog 
group IDs as rows and species as columns. Each cell contains sequence IDs separated by “,”. 
Groups that were the result of splitting larger ortholog groups were marked by a number suffix in 
the group ID. 

Table S3. A cross species expression matrix. Combined read counts for high confidence ortholog 
groups. Column represents samples and rows represents HCOGs. The sample IDs in the column 
header consists of the species ID, the time point, indication of whether the sample is pooled from 
five individual plants (“mix”) or just a single individual plant (“ind”) and the replicate number. 

Table S4. Differential expression results for the high confidence ortholog groups (HCOGs). 
A table with rows representing HCOGs and columns representing differential expression results 
including log2 fold changes, P-values and FDR adjusted p-values for short- and long-term 
responses. 

Figure S1: The four most common gene tree topologies.  We generated gene trees from a 
selected set of 3914 ortholog groups (see Methods). This figure depicts the four most common 
topologies. 
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