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Abstract 

Background 

The biological diversity among Stramenopiles is striking; they range from large 

multicellular seaweeds to tiny unicellular species, they embrace many ecologically 

important algal (e.g., diatoms, brown algae), and heterotrophic (e.g., oomycetes) 

groups. Transcription factors (TFs) and transcription regulators (TRs) regulate spatial 

and temporal gene expression. A plethora of transcriptional regulatory proteins have 

been identified and classified into families on the basis of sequence similarity.The 

purpose of this work is to identify the TF and TR complement on diverse species 

belonging to Stramenopiles in order to understand how these regulators may 

contribute to the observed diversity. 

Results 

We identified and classified 63 TF and TR families in 11 species of Stramenopiles. In 

some species we found families with high relative importance, however, other species 

showhomogenity across families. Taking into account the 63 TF and TR families 

identified, 28 TF and TR families were established to be positively correlated with 

specific traits like number of predicted proteins, number of flagella and number of 

cell types during the life cycle. Additionally, we found gains andseveral losses in TF 

and TR families specific to some species and clades, as well as,two family 

expansionsspecific to the autotrophic species and three family expansions specific to 

the heterotropic species. 

Conclusions 

For the first time, there is a systematic search of TF and TR families in Stramenopiles. 

The attempts to uncover relationships between these families and the complexity of 

this group may be of great impact, consideringthat there areseveral important 

pathogens of plants and animals, as well as, important species involved in carbon 

cyclinng.Speficific TF and TR families identified in this work appear to be correlated 

with particular traits in the Stramenopiles group, as well as, gains, losses and 

expansions found in some TF and TR families may be involved with the high 

complexity and diversity of the Stramenopiles. 



Background. 

Stramenopilesare a very diverse group that includes algae, diatoms, as well as the 

non-photosynthetic oomycetes, and a range of chlorophyll c-containing unicellular 

and multi-cellular brown algae [1]. This group contains specieswhich are very 

diverse, one example of this are Bacillariophyceaeand Chrysophyceae, secondarily 

photosynthetic organisms having engulfed a red algae and adopted it as a plastid 

approximately 1,300 million years ago[2]. On the other hand, non-photosynthetic 

Stramenopiles such as the oomycetes, do not even have the vestigial plastids found in 

Apicomplexan and Euglenoid parasites that originated from phototrophs [2]. 

In all organisms, the regulation and coordination of growth, development, and cell 

cycle progression, as well as the physiological and metabolic adaptation to a variable 

environment, depend on the regulation of gene expression. A major step in 

modulation, is controlling when and how much RNA is generated from a DNA 

template. Sequence specific DNA-binding transcription factors (TFs) each 

recognizing a family of cis-regulatory DNA sequences, regulate spatial and temporal 

gene expression by binding to DNA and either activating or repressing the action of 

the RNA polymerase (Figure1;[3]). On the other hand, additional proteins called 

transcriptional regulators (TRs) are involved in protein-protein interactions or 

chromatin remodeling [4]. TFs and TRs are modular in nature, composed of structural 

semi-independent units called domainsthatcan be present in various combinations and 

arrangements [5], i.e., domain architecture. 

In earlier approximations, Kummerfeld et al.,(2006) [5] used profile Hidden Markov 

Models (HMMs) from SUPERFAMILY and PFAM databases to identify proteins that 

contain sequence-specific DNA-binding domains, all predicted proteins for several 

genome sequences are available via web on the DBD database 

(http://www.transcriptionfactor.org/). Later, Riaño-Pachonet al., (2007) [6]described 

a number of TF families according to their domain architecture (rules system), 

identifying all domains which are known to occur in TFs and that are generally 

employed to classify proteins as transcriptional regulators, making a database with 

putatively complete sets of TFs and TRs from several plant species called PlnTFDB. 

A posterior update by Pérez-Rodriguez et al., (2010) [4]included 16 new TF families, 

http://www.transcriptionfactor.org/


for a total of 84 families described in the database PlnTFDB 3.0 

(http://plntfdb.bio.uni-potsdam.de/) 

In this study we identified and classified TFs and TRs on Stramenopiles which 

genome sequences are available,based on an extension of the rule system designed by 

Pérez-Rodriguez et al., (2010) [4].Furthermore, wecarried out a comparative 

phylogenetic analysis to uncover relationships between TFs and TRs family size,with 

phenotypic characteristicsof Stramenopiles. 

Methods. 

Identification and classification system 

In order to find TFs and TRs family members in the genome sequences of 

Stramenopiles, in a first step, we extended the set of rules established by Pérez-

Rodriguezet al., (2010)[4] to cover specific groups such as Stramenopiles and Fungi. 

Briefly, they identified (using current literature) the set of domains that were known 

to occur in plant TFs and TRs. This list was established from the available PFAM 

profile HMMs (v23.0). Therefore, we used the latest release of PFAM profile HMMs 

(v25.0) (http://pfam.sanger.ac.uk/), which has been built, with the latest version of 

HMMER (v3.0) (http://hmmer.janelia.org/) that is more sensitive, specific and 

fasterthan previous versions [7].Additionally, Pérez-Rodriguez et al., (2010) [4] 

generated new models (in house models) with a previous version of HMMER (v2.0) 

for TF and TR families lacking appropriated models in PFAM.These models were 

built based on alignments that were created with outputs of PSI-BLAST searches 

against the NCBI protein database or found in the literature.We also updated these 

models to the latest version of HMMER (v3.0) as described below. 

To carry out the identification and classification of TFs and TRs, we retrieved the 

entire set of predicted proteins of all Stramenopiles species which nuclear genomes 

are sequenced and annotated (Table1). A profile HMM search with 

hmmsearch(HMMER v3.0) was performed over all protein sequences usingall 

protein domain models (PFAM and in house models).We considered as significant all 

hits with a bit-score larger than the domain gathering cut-off value defined in the 

model. We used the PERL script designed byPérez-Rodriguezet al., (2010) [4]to 

http://plntfdb.bio.uni-potsdam.de/
http://pfam.sanger.ac.uk/
http://hmmer.janelia.org/


classify the proteins into the established families of TFs and TRs based on their 

domain architecture i.e., the set of rules previously described (Supplementary figure 

6). 

After the identification and classification of TFs and TRs, we carried out a relative 

importance analysis that measures how important a family is in comparison with other 

families in the same organism, according to the family size. 

Updating in house models. 

For all in house models we created our own HMM profile with HMMER 3.0 based on 

multiple sequence alignments.Furthermore, we defined a gathering cut-off 

valuebeyond which the hits are considered significant,to this end, we used the same 

procedure as described in Pérez-Rodriguez et al., (2010) [4].Briefly, we ran a HMM 

search with an e-value of1as threshold, in order to get all possible hits to the models, 

including false positives. In a second step, the known members of the family were 

identified in the list of hits as true positves (TPs), and the remaining hits were 

regarded as false positives (FPs). Finally, the gathering cut-off value is defined as the 

average between the minimum score of the TPs and the maximum score of the FPs. 

An example of this procedure is illustrated in Figure 2. 

In order to verify our models, we carried out the identification and classification of 

TFs and TRs in Arabidopsis thaliana to find out whether the use of HMM-models 

now created with HMMER 3.0 shows the same classification asshown in Pérez-

Rodriguezet al., (2010)[4].We expected to retrieve at least the same members for each 

of the protein families reported in Pérez-Rodriguezet al., (2010)[4]. 

Phylogenomic analysis of Stramenopiles 

We inferred the phylogenetic relationships between the different species of 

Stramenopiles using orthologous genes identified via OrthoMCL 

(http://orthomcl.org/)[8]. Additionally, we run two extra OrthoMCL analyses, one of 

them including selected protist species, the other one including the same selected 

protist species and someplant species (Table 2). All the OrthoMCL analyses were 

made in order to determine if the inclusion of distant specieshad an effect on the tree 

topology.In establishing the groups of orthologous genes, we evaluated 3 differents 

MCL inflation values (1.0, 1.5 and 2.0). The MCL inflation value controls the 

http://orthomcl.org/


granularity of the clustering prodecure. AllorthoMCL clusters with one and only one 

orthologous gene for each species, as well as,all clusters in which one species was 

missing were retrieved.For each retrieved cluster we performed a multiple sequence 

alignment with MAFFT (--auto default option) [9], and determined the proper 

evolutionary model using ProtTest(default options) [10].We usedboth super-matrix 

and super tree approachesto reconstruct evolutionary relationships[11].Phylogenetic 

inference was performed with FastTree [12] and RAxML [13] for the super-matrix 

approach and FastTree for the super-tree approach,both methods with1000 bootstrap 

replicates/samples,ina maximun likelihood analysis. 

Comparative phylogenetics of Stramenopiles 

One of our major goals was to assess the correlation between genomic and phenotypic 

characters and the sizes of different TF and TR families in Stramenopiles. In order to 

approach this we built a traitmatrix including4 traits: genome size, number of 

predicted proteins, number of flagella and number of cell types in the life cycle 

(Supplementary table 1).Then, we perfomed a Phylogenetic Independent Contrast 

analysis (PIC) [14]for each of these traits,using the R package APE[15]. Finally, the 

Pearson’s correlation coefficient was computed between the traits and the sizes of TF 

and TR famliies; p-values for the measured correlation coefficients were corrected 

using the  false discovery rate approach in the R package fdrtool [16]. 

Furthermore, we mappedin the phylogenetictree the gains, losses and expansions of 

TF and TR families.Additional6 characters, i.e., cell cover, presence/absence of 

chloroplast, presence/absence of pigments, lifestyle, presence/absence of cell wall 

degrading enzymesand formation of haustorium were mapped as well in the 

tree(Supplementary table 1). Mapping familysizesand traits was perfomed 

usingMesquite software (http://mesquiteproject.org/).Moreover, significant 

expansions in TFs and TRs families between the autotrophic and the heterotrophic 

groups was analyzed using standard t-test with a subsequent false discovery rate 

correction. 

 

 



Results 

Extension of the rules system for the identification and classification fo TF 

and TR families 

After conducting a thorough search in the literature, we ended up with 135 rules for 

classifying regulatory proteins.From the entire set of rules, 75% were related with 

domains occuring in plants from the previous work of Pérez-Rodriguez et al., (2010) 

[4],this set of rules comprises a wide array of families widely distributed across 

eukaryotes.The other 25% of the rules were builtwith domains occurring in TFs and 

TRs of Stramenopiles and/or fungi.  

For the domainsAlfin-like, CCAAT-Dr1, DNC, G2-like, HRT, LUFS, NF-YB, NF-

YC, NOZZLE, SAP, Topless, Trihelix, ULT, VARL and VOZ we updated the hidden 

markov models with the latest release of HMMER (v3.0).However, when we ran the 

identification and classification in A.thaliana in order to check the new models, we 

found that the number of predicted proteins decreased in at least 80% for the TFs and 

TRs families.After carefull revision, we observed that there is an under-

identificationwhen all HMMs are used in a single concatenated library file.When we 

ran the search using the models one by one, we foundan increase in the number of 

predicted proteins in all families (Supplementary table 3) to the expected 

numbers.However, we find exceptions in G2-like, C2H2 and C3H familes,thatwill be 

described below. 

G2-like Family 

In the case of the in house model for the G2-like family, we found that using the new 

model built with HMMER 3.0, about 80% of the proteins identified by Pérez-

Rodriguezet al., (2010) [4]were assignedinto the MYB-related family, whichis 

characterized by a single copy of the Myb_DNA-binding domain. This occurred 

because the G2-like family ischaracterized by a single modified Myb_DNA-binding 

domain, then, a wrongdefinition of the gathering cut-off value would cause that 

proteins previously classified into G2-like family tobe grouped into the MYB-related 

family. In order to clarify this, we performeda phylogenetic analysis (RAxML – 1000 

bootstraps) of all proteins containing a single MYB domainbelonging to 4 different 

species (Arabidopsis thaliana, Chlamydomonasreinhardtii, Physcomitrella patents, 

Selaginellamoellendorffii).We found that all proteins previously classified by Pérez-

Rodriguezet al., (2010) [4] as G2-likewere grouped into a single clade with 100% 



bootstrap support in the species-specific trees(Supplementary figure 4). Thus, we 

concluded, that the missing G2-like members in our first classification arose due to a 

subsampling of the proteins included in the seed alignment. This problem was 

subsequently corrected using a larger setof representative sequences of the familyin 

order to re-build the model.With the corrected model, we found that the number of 

predicted proteins for the G2-lile family increased including all previously reported 

membersby Pérez-Rodriguez et al., (2010)[4]. 

C2H2 and C3H Family 

Similar to the G2-like family, we found a decrease of ~40% in the number of 

predicted proteins in the C2H2 and C3H families.We found that there is not a clear 

definition of the gathering cut-off value for these families, because there is a 

continuously decreasing score, without any clear limit or threshold(Supplementary 

Figures 1a and 1b). Moreover, Finn et al., (2009) [7]reportedthat in the last version of 

PFAM database (v25.0) there is a loss of sensitivity in a few specific HMMER 3 

models, especially zinc fingers.Thus, based on the distribution of the predicted scores 

for these proteins and the issues reported by Finn et al., (2009)[7] i.e., loss of 

sensitivity in very divergent families like C2H2;we decided to decrease the gathering 

cut-off value ofboth modelin order to include all know members, but not as much as 

to include other proteins. 

TFs and TRs found in Stramenopiles 

We found 38 TF and 25 TR families in the11 Stramenopiles evaluated, i.e., about 

50% of the total of rules included.However, this is an expected result taking into 

account that most of the rules were designed withother eukaryotic organisms in mind 

Pérez-Rodriguez et al., (2010)[4]. The relative importance analysis (Figure 3a and 

3b), revealed that in the species Phytophthora capsiciand Saprolegnia parasitica,the 

familiesGNAT (proteins with acetyltransferase domain), HSF (heat shock factors), 

MYB-related (DNA binding domains from Myb proteins), and C2H2 (protein 

structural zinc fingerthat bind DNA, RNA or proteins) have a high relative 

importance.In some species however, there arefamilies with no clear relative 

importance. 



Phylogenomic analysis of Stramenopiles 

For each one of the three OrthoMCL analyses that we perfomed, we found different 

numbers of orthologous gene clusters.This is an expected result due to inclusion of 

taxonomically distant species and due to the use of different MCL inflation values 

(Table 3). Following the super-tree approach to reconstruct the species tree of this 

group we observed several polytomies between Phytophthora species, which is an 

undesiderable result which precludes further analyses in this study. Instead the super-

matrix approach always produced well resolved trees and thus was kept for furhter 

analyses. 

Moreover, by following the super-matrix approach,we found that the effect of the 

missing data in the final topology of the tree changed some relations in the 

Stramenopiles group (Supplementary Figure 2a). The evaluation of different inflation 

values in the MCL clustering step revealed that for this group of species varying this 

parameter didnot cause an effect in the topology of the trees, even though that the 

number of retrieved clusters, i.e., genes,is different foreach inflation 

value(Supplementary Figure 2b and 2c). Additionaly we could show that the 

inference of evolutionary relationships among Stramenopiles is robut to the inclusion 

of distantly related species as protists and algae plants (Supplementary figure 3). 

Noteworthy, we found that red and green algae are closelyrelated to Stramenopiles, as 

suggested previously[17-19]. Finally, for the comparative phylogenetic analyses of 

Stramenopiles, we decided to use the phylogenetic tree containingall orthologous 

genes clusters, with at most one gene representing each species (orthologues in one to 

one relationship), and using an inflation value of 1.5 as suggested before[20] (Figure 

4). 

Comparative phylogenetics of Stramenopiles 

Out ofthe 63 TF and TR families identified in the Stramenopiles group, we found a 

correlation between 28 families with the presence of flagella, number of predicted 

proteins and number of cell types in the life cycle. This correlation is positive in 

almost all the families (details in Supplementary table 2). Moreover, we found 

nocorrelation with genome size; this is an expected result due to the high variability 

of the genome sizes in the group, even more when taking into account the c-value 

paradox [21]. The PIC analysis showed a common set of families correlated with all 



traits (Figure 5), making them a candidate set responsible for the diversity of this 

group of organisms. A different subset of families is correlated with formation of 

flagella and cell types together. Moreover, there are several families specifically 

correlated with the number of predicted proteins. There are three families specifically 

correlated with the number of cell types in the life cycle (Figure 5). Taking into 

account the relative importance analysis described previously (Figure 3aand 3b) we 

found that there are families showing a correlation and at the same time a high 

relative importance, as in the case of C2H2, GNAT and MYB families. 

The mapping of families over the phylogenetic tree allowed us to find gains and 

losses. Losses are recurrent in different species and clades;however, in species like 

Hyaloperonosporaparasitica and Phaeodactylumtricornutumwe found a higher 

number of losses.There are families that were lost more than once, as in the case of 

zf_A20, HB and TIG families (Figure 4). On the other hand, we found the 

transcription factor family LuxR (related with the expression of response regulators in 

several bacteria species) as a gain in 3 autotrophic species (Figure 4). A remarkably 

high number of genes appear to have been transferred between Stramenopilediatoms 

and bacteria via horizontal gene transfer (HGT)[22]. Then, in order to shed light if 

this was a HGTevent between bacteria and Stramenopiles, we performed a 

phylogenetic analysis (RAxML – 1000 Bootstraps) with LuxR proteins that belongs 

to 3bacterial species of (Vibriocholera,Vibrioalginolyticusand Bacillus cereus), as 

well; the proteins found in Stramenopiles species. We found that the eukaryotic LuxR 

are included among bacterial version of the gene, suggesting horizontal gene transfer 

between these two groups (supplementary figure 5). Wecould also establishthat the 

LIM family, found in other eukaryotes,was lost in the oomcycete clade, and later 

gained again in the Phytophthora group (Figure 4).Finally, family expansions in 

HMG and HSF families were significant for the autotrophic group, as expansions in 

C2H2, C3H and FHA families were found significant for the heterotrophic group 

(Figure 4). 

Discussion 

This is the first approach focused to identify and classify TF and TR families in 

specific species that belong to the Stramenopilesgroup. Also, this is the first attempt 

to uncover if theseTF and TR families are correlated with particular traits that may be 

involved in the diversity and complexity of these organisms.The updated rule system 



designed by Pérez-Rodriguez et al., (2010) [4];allowedus to classify rigorously 

proteins into several and well-described families of TFs and TRs.This was a key 

phase in order to avoid the inclusion of false negatives and to generate the first step 

for numerous studies. Furthermore, aphylogenomic analysis of the Stramenopiles 

species enabled us to reach a reliable approximation of how these organisms are 

related. This was a key stepto establish a correlation between different traits and TF 

and TR families, eliminating as much as possible the bias generated by common 

ancestry in order to obtain values that are statistically independent [14]. 

Pairwise comparisons between the sizes of TF and TR families and some of the 

phenotypic and genomic traits that wereevaluated provided results for further 

experiments. The number of predicted proteins, number of cell types in the life cycle 

and the number of flagella,showed a strong correlation with several families. Most of 

these families, however, were positively correlated with more that one specific trait, 

making it clear that these families are implied in the complexity of the organisms, but 

leaving for further analyses the elucidationof their specific roles in the regulation of 

these traits. Moreover, this correlation may be positive (in most cases) or negative. On 

the other hand, there are several families correlating specifically with the number of 

cell types in life cycle and the number of predicted proteins, families like MYB, 

MYB_related and CAMTA are examples. It is very remarkable that we found a high 

relative importance of these familiesin some organisms, making them of great interest 

for further investigation. 

Gain and loss of TF and TR families have been reported to be determinant in the 

complexity and diversity of many organisms [23]. Stramenopiles species evaluated in 

this study show no exception to these findings. For example, we could suggest a 

gainof the LuxR family for some autotrophic species,most likely resulting 

fromhorizontal gene transfer between bacteria and Stramenopiles.Also,we found an 

interesting behavior in the LIM family (domains that mediate protein-protein 

interactions),it appeared as a loss in the oomycete group, but later, it appeared as a 

gain in the Phytophthora clade. Moreover, we found several families lost in specific 

species likethe heterotrophic organism Hyaloperonosporaparasitica, and the 

autotrophic organisms Aureococcusanophagefferens and 

Phaeodactylumtricornutum.These families need to be investigated in depth, in order 



to understand whether these losses and gainsestablished have and impact in the 

diversity of specific groups.However, the lack of genome sequences of heterotrophic 

but non-parasitic organisms could mask more relations between TF and TR families 

and specific features of Stramenopiles. 

On the other hand, expansions in TF and TR families have been thoroughly 

analyzedin many groups across the tree of life and seem to correlate with the 

complexity and diversity in several organisms[23].We also could establish this 

relation in theStramenopiles, taking into account the comparison between the two 

largest groups(autotrophic and heterotrophic organisms). Inprotistsorganisms, the 

significant expansion in HMG (TR family)could suggest a possible secondary 

adaptation as a transcription factor[24], as well as, the expansion in the HSF family is 

involved in the regulation of heat shock proteins, in order to respond to different type 

of stresses[24].The C2H2 and C3H families have been reported in several eukaryotic 

organisms across the tree of life; the expansions of these families have been described 

as independent lineage specific expansions in parasitic organisms that may be 

involvedin regulation of their specific characteristics [24].The expansions of these 

families reported in this study for heterotrophic group (oomycetes) could be 

implicated in the regulation of specific features of this group, i.e., cell cover, 

haustoriumformation and cell wall degrading enzymes. 

Conclusions and outlook 

The understanding of howStramenopiles species regulate some of their distinct 

characteristicsmay be helpful in dealing with some of the species in this group that 

cause economic losses around the world (e.g., Phytophthora species), or play an 

important role in the carbon cycling (e.g., Diatoms). We showed for the first time that 

TF and TR families are correlated with specific traits that may be involved in the 

complexity and diversity of Stramenopiles. Besides, there areseveral losses 

established in the Stramenopile group, as well as, lineage specific expansions in 

families related to autotrophic and heterotrophic organisms. Currently, there is a bias 

in the genome sequences that are available towards the pathogenic organisms. The 

inclusion of more autotrophic organisms, as also, the inclusion of heterotrophic but 

non-pathogenic species, i.e., Salisapiliaspecies, will make possible a more complete 

identification across the Stramenopiles group in order to clarify the gains, losses and 



expansions of TF and TR families. Furthermore, it will be very interesting to evaluate 

if these results are correlated with the evolution of cis-regulatory elements, looking 

for variation in this sequences inside the promoters of Stramenopiles genes. Finally, it 

will be exciting to identify and classify TF and TR families in Fungi to uncover if 

there is any evidence of horizontal transfer between this group and Stramenopiles.



References. 

 
1. Andersen, R.A., Biology and systematics of heterokont and haptophyte algae. 

Am J Bot, 2004. 91(10): p. 1508-22. 

 

2. Tyler, B.M., et al., Phytophthora genome sequences uncover evolutionary 

origins and mechanisms of pathogenesis. Science, 2006. 313(5791): p. 1261-

6. 

 

3. Latchman, D.S., Transcription factors: bound to activate or repress. Trends 

Biochem Sci, 2001. 26(4): p. 211-3. 

 

4. Perez-Rodriguez, P., et al., PlnTFDB: updated content and new features of the 

plant transcription factor database. Nucleic Acids Res, 2010. 38(Database 

issue): p. D822-7. 

 

5. Kummerfeld, S.K. and S.A. Teichmann, DBD: a transcription factor 

prediction database. Nucleic Acids Res, 2006. 34(Database issue): p. D74-81. 

 

6. Riano-Pachon, D.M., et al., PlnTFDB: an integrative plant transcription 

factor database. BMC Bioinformatics, 2007. 8: p. 42. 

 

7. Finn, R.D., et al., The Pfam protein families database. Nucleic Acids Res, 

2008. 36(Database issue): p. D281-8. 

 

8. Li, L., C.J. Stoeckert, Jr., and D.S. Roos, OrthoMCL: identification of 

ortholog groups for eukaryotic genomes. Genome Res, 2003. 13(9): p. 2178-

89. 

 

9. Katoh, K., et al., MAFFT: a novel method for rapid multiple sequence 

alignment based on fast Fourier transform. Nucleic Acids Res, 2002. 30(14): 

p. 3059-66. 

 

10. Abascal, F., R. Zardoya, and D. Posada, ProtTest: selection of best-fit models 

of protein evolution. Bioinformatics, 2005. 21(9): p. 2104-5. 

 

11. Bininda-Emonds, O.R., Trees versus characters and the supertree/supermatrix 

"paradox". Syst Biol, 2004. 53(2): p. 356-9. 

 

12. Price, M.N., P.S. Dehal, and A.P. Arkin, FastTree 2--approximately 

maximum-likelihood trees for large alignments. PLoS ONE, 2010. 5(3): p. 

e9490. 

 

13. Stamatakis, A., RAxML-VI-HPC: maximum likelihood-based phylogenetic 

analyses with thousands of taxa and mixed models. Bioinformatics, 2006. 

22(21): p. 2688-90. 

 

14. Felsenstein, J., Phylogenies and the comparative method. American Naturalist, 

1985. 125: p. 15. 



15. Paradis, E., J. Claude, and K. Strimmer, APE: Analyses of Phylogenetics and 

Evolution in R language. Bioinformatics, 2004. 20(2): p. 289-90. 

 

16. Strimmer, K., fdrtool: a versatile R package for estimating local and tail area-

based false discovery rates. Bioinformatics, 2008. 24(12): p. 1461-2. 

 

17. Bhattacharya, D., H.S. Yoon, and J.D. Hackett, Photosynthetic eukaryotes 

unite: endosymbiosis connects the dots. Bioessays, 2004. 26(1): p. 50-60. 

 

18. Cavalier-Smith, T., Protist phylogeny and the high-level classification of 

Protozoa. European Journal of Protistology, 2003. 39(4): p. 338-348. 

 

19. Cavalier-Smith, T., Deep phylogeny, ancestral groups and the four ages of 

life. Philos Trans R Soc Lond B Biol Sci, 2010. 365(1537): p. 111-32. 

 

20. Chen, F.M., A. Vermunt, J. Roos, D, Assesing performance of orthology 

detection strategies applied to eukaryiotic genomes. PLoS ONE, 2007. 2: p. 

383. 

 

21. Gregory, T.R., Coincidence, coevolution, or causation? DNA content, cell 

size, and the C-value enigma. Biol Rev Camb Philos Soc, 2001. 76(1): p. 65-

101. 

 

22. Bowler, C., et al., The Phaeodactylum genome reveals the evolutionary history 

of diatom genomes. Nature, 2008. 456(7219): p. 239-44. 

 

23. Lang, D., et al., Genome-wide phylogenetic comparative analysis of plant 

transcriptional regulation: a timeline of loss, gain, expansion, and correlation 

with complexity. Genome Biol Evol, 2010. 2: p. 488-503. 

 

24. Iyer, L.M., et al., Comparative genomics of transcription factors and 

chromatin proteins in parasitic protists and other eukaryotes. Int J Parasitol, 

2008. 38(1): p. 1-31. 

 

 

  



 

 

Table1 

Available Stramenopiles sequenced genomes 

Organism Size Genes Proteins Source 

Phytophthora infestansv 1.0 237 Mb 18179 18140 BROAD institute 

Phytophthora ramorumv 1.1 65 Mb 15743 16066 DOE-JGIinstitute 

Phytophthora capsiciv 11.0 64 Mb 19805 15919 DOE-JGI institute 

Phytophthora sojaev 4.0 86 Mb 19027 19276 DOE-JGI institute 

Saprolegnia parasiticav 1.0 53.09 Mb 20113 20088 BROAD institute 

Hyaloperonospora 

parasiticav 8.3 

82.05 Mb 14567 14565 BROAD institute 

Pythium ultimumv 1.0 44.91 Mb 15291 12614 BROAD institute 

Thalassiosira pseudonanav 

3.0 

32 Mb 11397 11318 DOE-JGI institute 

Phaeodactylum tricornutum 

sojae v 2.0 

28 Mb 10489 10389 DOE-JGI institute 

Fragilariopsis cylindrusv 1.0 80,5 Mb 27137 27137 DOE-JGI institute 

Aureococcus 

anophagefferensv 1.0 

56.7 Mb 11501 11501 DOE-JGI institute 

 

 

 

 

 

 



 

Table 2 

Species included in OrthoMCL analysis 

Stramenopiles Protists 

Phytophthorainfestansv 4.0 - BROAD 

institute 

Plasmodium berghei – Ensemble 

Genomes 

Phytophthoraramorum v 1.1 -  DOE-JGI 

Institute 

Plasmodium chabaudi – Ensemble 

Genomes 

Phytophthoracapsici v 11.0 1 -  DOE-JGI 

Institute 

Plasmodium falciparum – Ensemble 

Genomes 

Phytophthorasojae v 4.0 1 -  DOE-JGI 

Institute 

Plasmodium knowlesi – Ensemble 

Genomes 

Saprolegniaparasítica v 1.0 - BROAD 

institute 

Plasmodium vivax – Ensemble Genomes 

Hyaloperonosporaparasitica v 8.3 - 

BROAD institute 

Dictyosteliumdiscoideum – Ensemble 

Genomes 

Pythiumultimum v 1.0 - BROAD institute Plants 

Thalassiosirapseudonana v 3.0 1 -  DOE-

JGI Institute 

Cyanidioschyzonmerolae – Ensemble 

Genomes 

Phaeodactylumtricornutum v 2.0 1 -  

DOE-JGI Institute 

Ostreocuccustauri – Ensemble Genomes 

Fragilariopsiscylindrus v 1.0 1 -  DOE-

JGI Institute 

Chlamydomonasreinhardtii – Ensemble 

Genomes 

Aureococcusanophagefferens v 1.0 1 -  

DOE-JGI Institute 

 

 

 



 

Table 3 

Number of phylogenetic clusters generated with OrthoMCL. 

OrthoMCL - Stramenopiles OrthoMCL - Stramenopiles + Protist 

MCL 1.0 MCL 1.5 MCL 2.0 MCL 1.0 MCL 1.5 MCL 2.0 

136 Clusters 168 Clusters 167 Clusters 67 Clusters 73 Clusters 74 Clusters 

MCL 1.0 (-1) MCL 1.5 (-1) MCL 2.0 (-1) MCL 1.0 (-1) MCL 1.5 (-1) MCL 2.0 (-1) 

180 Clusters 223 Clusters 217 Clusters 65 Clusters 88 Clusters 72 Clusters 

      

 
OrthoMCL - Stramenopiles + Protist + 

Plants   

 MCL 1.0 MCL 1.5 MCL 2.0   

 45 Clusters 52 Clusters 51 Clusters   

 MCL 1.0 (-1) MCL 1.5 (-1) MCL 2.0 (-1)   

 39 Clusters 56 Clusters 57 Clusters   

 

 

The number of clusters is showed for each MCL value (1.0, 1.5, 2.0). For each of the 

inflation values we also analyzed the dataset with one species (gene) missing. (1.0      

(-1), 1.5 (-1), 2.0 (-1). 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) 

B) 

C) 

Figure1. Transcription regulation model. A) General transcription factors (GFTs) 

recruit RNA polymerase in order to start the transcription of the gene, generally, this 

type of transcription factors are common among genes, B) Regulatory transcriptions 

factors interact with the gene promoter to regulate gene transcription, this transcription 

factors are usually specific for each gene and have been found to be linked to the 

generation of diversity in organisms, C) Other transcription regulators (TRs) as the 

Mediator complex participate in the process of transcription, but generally do not 

interact with DNA. Modified from Komberg 2007. 
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Figure 2. Gathering cut-off value definition. The graphic shows the scores obtained 

for the HMM search in A. thaliana using the Alfin-like in-house model. True 

positives (TPs) are highlighted in red and true negatives (TNs) are highlighted in 

gray. The gathering cut-off value is calculated as the average (black line) between the 

minimum score for TPs (blue line) and the maximum score for TNs (green line). 



 

 

 

 

A 

B 

Figure 3. Relative Importance. The columns represent the families of TFs and TRs 

found, the rows represent the species for this study, and the bars represent the relative 

importance. Figure 3A shows the first half of the families found as 3B shows another 

half. Families highlighted in blue were found to be correlated with traits used in this 

study. 



 

 

 

 

 

  

Figure 4.Mapping in the Stramenopiles tree. All the clusters with one orthologous gene 

for each species of Stramenopiles evaluated with 1,5 MCL inflation value. Note that there 

is a high bootstrap support in all clades. On the other hand, in green are mapped the 

losses, in red the expansions and in blue the gains of TFs and TRs families. Additionally, 

in cyan are some traits that are characteristic of autotrophic organisms, as also, in purple 

some traits of heterotrophic organisms. 
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Figure 5. Families correlated after phylogenetic independent contrasts 

analysis and false discovery ratecorrection. Colors represent each trait 

analyzed: in blue cell types, in red presence or absence of flagella and green 

predicted proteins. Genome size trait does not show correlation with any trait. 

Furthermore, there are several families shared between the 3 traits displayed. 

 










