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ABSTRACT: Chloroplast plays a major role in photosynthesis due to small size genome and it 

houses a small number of genes compared to the nuclear genome. The present study compares the 

gene order and synteny among the microalgae. A phylogenetic tree is inferred from gene order data. 

The synteny analysis specifies that microalgae undergo many genome rearrangements and high 

variability in gene order between and within phyla. Phylogenetic tree from gene order data is 

applicable to class level.  
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1. INTRODUCTION 

Genome data is accumulating with the available genome sequencing strategies which are aiding the 

comparative genomics. Phylogenetic relationships are studied based on two types of data i.e., gene 

order data and sequence data. The first kind of data relates to the order of genes on the chromosomes 

whereas the second kind relates to the gene (DNA) sequence. All these categories were analysed for 

their conservatism at different levels in the genome of related species or organisms. Synteny blocks 

is another kind which contains the genes that share similar functions and are mostly co-regulated 

[1], which are much more complex in eukaryotes than the prokaryotes. Poor conservation of gene 

order in prokaryotes provides better for analysis of the species at strain level evolution [2]. As the 

prokaryotic genes are regulated by a single regulatory element called operons which are absent in 

the higher plant and animal genomes with some exceptions. The accumulating sequenced data 

http://www.rjlbpcs.com/


Saragadam et al RJLBPCS 2019          www.rjlbpcs.com           Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 March – April RJLBPCS 5(2) Page No.202 

 

suggests that due to a functional role, the genes are arranged in a cluster called gene clusters in 

eukaryotes [3]. Gene order data is based on structural arrangements of genes in an organism’s entire 

genome. Phylogenetic reconstruction based on gene order data which determines the evolution of 

the organism. Evolutionary process alters the order of genes through rearrangements like inversions 

and transpositions, collectively known as genome rearrangements. Such events are rare so, 

phylogenies were inferred using rearrangement of gene orders [4-10]. Synteny blocks help in 

knowing the gene functions and they tend to be conserved in related organisms. However, 

differences in the gene order may be observed in genomes. Phylogenetic inference based on gene 

order data resolve the species relationship in mitochondria and chloroplast genome [6, 7, 11]. As 

chloroplast contains small genome (single chromosome) it is evolving at a faster rate as a result 

order of genes undergo insertions, inversions and deletions, also transposition (in mitochondria) and 

translocation between chromosomes during evolution. Such differences in gene order provide 

insights in inferring their phylogenetic relationships among microalgae. Gene order data from 

plastid genomes proven useful in resolving phylogenetic relationships among plant groups [12]. 

When gene order data from close relatives is taken the least number of changes was observed [13]. 

Highly rearranged chloroplast genome is noticed in Chalymadomonas reinhardtii when compared 

with other green algae [14]. In our analysis, preparation of gene order data from chloroplast genome 

of microalgae which is used to infer phylogeny to resolve the relationship among microalgae and 

synteny analysis is done to find the synteny blocks shared in microalgae. 

2. MATERIALS AND METHODS 

1. Chloroplast genome sequence retrieval 

Chloroplast genome files available to date were retrieved from NCBI ftp site 

(ftp;//ftp.ncbi.nlm.nih.gov/genomes/archive/old refseq) for all 43 microalgal species. We analysed 

thirty protein coding genes that are shared by at least 43 taxa.  

2. Gene order analysis  

Pairwise comparison of gene order depends upon the type of the comparator chosen. No synteny is 

observed when the distant comparator is chosen. In our case,Monomorphina aenigmatica 

(Euglenophyta) is chosen as a comparator as it consists of less number of genes. In preparation of 

data set where n denotes any number ranging from 1-30 and –n or n denotes the minus or plus strand 

where the gene is present. Genes are ordered based on their location irrespective of their presence 

in plus or minus strands [15]. 

3. Phylogenetic analysis 

Phylogenetic constructions from gene order data were performed using MLGO (Maximum 

Likelihood for gene order analysis) a web server http://www.geneorder.org/ [16]. 

4. Synteny analysis 

Synteny analysis was performed using Progressive mauve software 
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(http://darlinglab.org/mauve/mauve.html) [17]. 

3. RESULTS AND DISCUSSION 

1. Gene content and genome organization 

Chloroplast genomes of microalgae are 60-269 kb in length (Table 1). Smallest plastid genome of 

microalgae is reported in Eutreptiella gymnastica. The largest genome is from a Chlorophycean 

member - Dunaliella [18]. Gene number in the genomes range from 92-243, these include rRNA, 

26-37 tRNA, 61-207 protein coding genes.GC% range from 26.1 (Euglena gracilis) to 57.7 

(Trebouxiophyceae) (Table 1). Presence or absence of introns varies from one group to next. 

Table 1. General features of microalgae 

S. No RefSeq Organism Phylum Genome No. of 

Introns 

Group 

 

        Size 

(MB) 

 

GC% 

I II  

1 NC_014267 Kryptoperidinium 

foliaceum 

Dinophyta 

(Dinophyceae) 

0.14 32.4 0 0  

2 NC_014287 Durinskia baltica Dinophyta 

(Dinophyceae) 

0.11 32.6 0 0  

3 NC_001713 Odontella sinensis Heterokontophyta 

(Bacillariophycea) 

0.12 31.8

2 

0 0  

4 NC_008588 Phaeodactylum 

tricornutum 

Heterokontophyta 

(Bacillariophycea) 

0.12 32.5

6 

0 0  

5 NC_008589 Thalassiosira 

pseudonana 

Heterokontophyta 

(Bacillariophycea) 

0.13 30.6

6 

0 0  

6 NC_014808 Thalassiosira 

oceanica 

Heterokontophyta 

(Bacillariophycea) 

0.12 34 1 0  

7 NC_015403 Fistulifera Heterokontophyta 

(Bacillariophycea) 

0.13 32.1

3 

0 0  

8 NC_010772 Heterosigma 

akashiwo 

Heterokontophyta 

(Raphidophyceae) 

0.16 30.4

4 

0 0  

9 NC_012898 Aureococcus 

anophagefferens 

Heterokontophyta 

(Pelagophyceae) 

0.09 33.6

4 

0 0  

10 NC_012903 Aureoumbra 

lagunensis 

 

Heterokontophyta 

(Pelagophyceae) 

0.12 30 0 0  
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11 NC_020014 Nannochloropsis 

gaditana 

Heterokontophyta 

(Eustigmatophyceae) 

0.11 32.9

5 

0 0  

12 NC_016703 Phaeocystis 

antarctica 

Haptophyta 

(Coccolithophyceae) 

0.11 35.5

1 

0 0  

13 NC_021637 Phaeocystis globosa Haptophyta 

(Coccolithophyceae) 

0.11 35.4

2 

0 0  

14 NC_007288 Emiliania huxleyi Haptophyta 

(Prymnesiophyceae) 

0.1 36.8 0 0  

15 NC_020371 Pavlova lutheri Haptophyta 

(Pavlovophyceae) 

0.1 35.5

9 

0 0  

16 NC_000926 Guillardia theta Cryptophyta 

(Cryptophyceae) 

0.12 32.9

7 

0 0  

17 NC_009573 Rhodomonas salina Cryptophyta 

(Cryptophyceae) 

0.14 34.7

9 

0 2  

18 NC_001840 Cyanidium caldarium Rhodophyta 

(Cyanidiophyceae) 

0.16 32.7

3 

0 0  

19 NC_004799 Cyanidioschyzon 

merolae strain 10D 

Rhodophyta 

(Cyanidiophyceae) 

0.15 37.6

3 

0 0  

20 NC_001675 Cyanophora 

paradoxa 

Glaucophyta 

(Glaucophyceae) 

0.13 30.5 3 0  

21 NC_001603 Euglena gracilis Euglenophyta 

(Euglenophyceae) 

0.14 26.1 160 0  

22 NC_020460 Euglena viridis Euglenophyta 

(Euglenophyceae) 

0.09 26.4 77 0  

23 NC_020018 Monomorphina 

aenigmatica 

Euglenophyta 

(Euglenophyceae) 

0.07 29.4 53 0  

24 NC_017754 Eutreptiella 

gymnastica 

Euglenophyta 

(Euglenophyceae) 

0.06 34.3 2 0  

25 NC_012099 Pyramimonas 

parkeae 

Chlorophyta 

(Pyramimonadophyceae) 

0.1 34.7 0 1  

26 NC_008289 Ostreococcus tauri Chlorophyta 

(Prasinophyceae) 

0.07 39.8

9 

0 1  

27 NC_012097 Pycnococcus 

provasolii 

 

Chlorophyta 

(Pyramimonadophyceae) 

0.08 39.5 0 1  
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28 NC_000927 Nephroselmis 

olivacea 

Chlorophyta 

(Nephrophyceae) 

0.2 42.1

4 

0 0  

29 NC_012101 Monomastix sp. 

OKE-1 

Chlorophyta 

(Prasinophyceae) 

0.11 39 5 1  

30 NC_005353 Chlamydomonas 

reinhardtii 

Chlorophyta 

(Chlorophyceae) 

0.2 34.4

6 

5 2  

31 NC_008101  Scenedesmus 

obliquus 

Chlorophyta 

(Chlorophyceae) 

0.16 26.8

9 

7 2  

32 NC_016732 Dunaliella salina Chlorophyta 

(Chlorophyceae) 

0.27 32.0

8 

35 8  

33 NC_016733 Pedinomonas minor Chlorophyta(Ulvophyceae) 0.09 34.8 0 0  

34 NC_008099 Oltmannsiellopsis 

viridis 

Chlorophyta 

(Ulvophyceae) 

0.15 40.4

7 

5 0  

35 NC_008114 Pseudendoclonium 

akinetum 

Chlorophyta 

(Ulvophyceae) 

0.2 31.4

9 

27 0  

36 NC_001865 Chlorella vulgaris Chlorophyta 

(Trebouxiohyceae) 

0.15 31.6 3 0  

37 NC_015359 Chlorella variabilis Chlorophyta 

(Trebouxiohyceae) 

0.12 34 3 0  

38 NC_012978 Parachlorella 

kessleri 

Chlorophyta 

(Trebouxiohyceae) 

0.12 30 1 0  

39 NC_015084 Coccomyxa 

subellipsoidea C-169 

Chlorophyta 

(Trebouxiohyceae) 

0.17 50.7 0 1  

40 NC_018569 Trebouxiophyceae sp. Chlorophyta 

(Trebouxiohyceae) 

0.14 57.7 5 0  

41 NC_002186 Mesostigma viride  Streptophyta 

(Mesostigmatophyceae) 

0.11 30 0 0  

42 NC_004115 Chaetosphaeridium 

globosum 

 Streptophyta 

(Coleochaetophyceae) 

0.13 29.6

2 

1 17  

43 NC_008116 Staurastrum 

punctulatum 

 Streptophyta 

(Zygnemophyceae) 

0.16 32.4

9 

1 7  

*classes of the microalgae are shown in brackets 

Introns are termed as the non-coding region between the exons within a single gene. Out of four 

types of introns, but only two types (group I and group II) occur in organelle genomes [19]. Introns 

are completely absent in plastid genomes in members of Dinophyta, Haptophyta, Rhodophyta and 
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Heterokontophyta (except in Thalassiosira oceanica). Euglena is overloaded with atleast 149 introns 

[20]. Prasinophyta clade is composed of only group II introns. UTC (Ulvophyceae, 

Trebouxiophyceae, Chlorophyceae) clade is majorly interrupted with the group I introns (Table 1). 

2. Gene order of core protein coding genes in the chloroplast genome 

Majority of the orthologous protein coding genes are present in the plus strand of the chloroplast  

genome (Table 2). Some orthologous gene clusters are interrupted by genes in some microalgae. 

Table 2: Gene order data set 

 

*where the number denotes genes i.e 1- atpA, 2-atpB, 3-atpE, 4- atpH, 5-psaA, 6-psaB, 7 -psbA, 

8-psbD, 9-psbE, 10-psbF, 11-psbH, 12 -psbK, 13 -psbN, 14-psbT, 15-rbcL, 16-rps2, 17-rps3, 18-

rps4, 19-rps7, 20-rps8, 21-rps11, 22-rps12, 23-rps18, 24-rps19, 25-rpl2, 26- rpl14, 27-rpl16, 28-

rpl20, 29-rpl36, 30-rpoC2 and minus sign denotes gene is present on complementary strand. 

Genes involved in the common functioning pathway were clustered together as it is evident from 

previous studies of plants, animal and fungal genomes [3, 21]. A total of 7 gene order clusters are 

found in our analysis (Table 3). 
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Table 3: A total of 7 patterns of gene order are seen among microalgae 

Most of the genes are organized into dicistronic clusters. rpl2-rps19-rpl22-rps3 gene order is 

conserved among all lineages of microalgae except in Chlorophyta (Table 3). rpl2-rps19 gene cluster 

is present is all the microalgae studied. This indicates the co-transcription of rpl and rps genes. This 

case is even observed in land plant chloroplasts [22]. From previous studies dicistronic clusters of 

rpl2-rps19 were detected using RNA gel blots in C. reinhardtii cp DNA clusters of the genes. Co-

transcription of ribosomal protein clusters were seen in case of C. reinhardtii chloroplast DNA. This 

gain the possibility of co-transcription of other functionally related genes [23]. psbH-psbN-psbT is 

present in all Heterokontophyta, Cryptophyta, Haptophyta, Rhodophyta and Chlorophyta, in 

Euglenophyta this gene order is absent. Majority of the gene orders are conserved in pairs. atpB-

atpE present in all microalgae except Nannochloropsis gaditana and Chlorophyceae class, atpA-

atpH pair is absent in S. obliquus and D. salina and Parachlorella kessleri. psaA-psaB present in all 

except the case of S. obliquus and D. salina. Genes psbE-psbF are adjacent to each other in all 

microalgae species but they are dispersed in Chlorophyceae. Genes order rps12-rps7 occurs among 

all genomes except in Chlorophyceae class and rpl36-rps11 absent in Euglenophyta and 

Chlorophyceae (Table 3). But in Dinophyta, Heterokontophyta, Haptophyta, Cryptophyta and 

Rhodophyta the rpl36-rps11 and rps7 and rps12 are present adjacent to each other (Table 3). This 

type of conservation of gene order in different lineages is considered to be a preserved synteny. 

atpB-atpE encodes the beta and epsilon subunits, respectively, of the membrane component CF1. 

The atpB-atpE genes are cotranscribed as a dicistronic message. A special feature of the atpB-atpE 

genes from several plant species, which is distinct from the other chloroplast atp genes, is 

Gene order Absent  in 

rpl2-rps19-rpl22-rps3 Chlorophyta 

psbH-psbN-psbT Euglenophyta 

atpB-atpE Nannochloropsis gaditana (Heterokontophyta), Chalymadomonas 

reinhardtii,  Scenedesmus obliquus and Dunaliella salina 

(Chlorophyceae) 

psaA-psaB C. reinhardtii, S. obliquus and D. salina (Chlorophyceae), 

Pseudendoclonium akinetum (Chlorophyta) 

psbE-psbF C. reinhardtii, S. obliquus and D. salina (Chlorophyceae) 

rps12-rps7 C. reinhardtii, S. obliquus and D. salina (Chlorophyceae) 

rpl36-rps11 C. reinhardtii, S. obliquus and D. salina (Chlorophyceae) and 

Euglenophyta 
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overlapping of the stop codon of atpB with the start codon of atpE in the sequence ATGA [24, 25]. 

atpB-atpE cluster forms the same component in the photosynthetic apparatus. In the thylakoid 

membranes of chloroplasts and cyanobacteria, the PSI complex mediates light-induced electron 

transport from plastocyanin or cytochrome c6 to ferredoxin. In cyanobacteria, PSI consists of eleven 

major polypeptides. Among them, a heterodimer of two integral membrane proteins, psaA and psaB, 

which form the core of the PSI reaction centre, that harbours nearly 100 antenna chlorophyll (Chl) 

molecules, and binds the majority of the electron transfer intermediates: P700, a Chl dimer; A0, a 

monomeric Chl; A1, a phylloquinone and Fx, an iron-sulfur centre. The genes for the two 

polypeptides are located adjacent to each other in all lineages of microalgae. These genes are present 

in the large single copy region of the circular plastid genome in higher plants and co-transcribed as 

a single transcript in rice [26-28].The psbE and psbF genes encode the alpha subunit and the beta 

subunit, respectively, of Cyt b-559 [29]. The alpha and beta subunits are integral thylakoid 

membrane proteins that form a heme-bridged heterodimer with the heme group bound by conserved 

His residues located on the transmembrane helices of each subunit [30]. Cyt b-559 is closely 

associated with oxygen evolving complex Photosystem II reaction centre and found to protect the 

PSII from photo inhibition [31]. Genes with related function are transcribed as dicistronic or 

polycistronic transcription unit [32]. From gene order data it is evident that complete rearrangement 

of all syntenic genes is noticed in Chlorophyceae members. Except for retention of the gene block 

i.epsbH-psbN-psbT (Figure 1). High degree of gene order variation is seen in the case of 

Chlorophyceae members (Figure 1). Complete gene order conservation is seen between genus 

groups of Phaeocystis antarctica and Phaeocystis globosa, Euglena gracilis and Euglena viridis 

where no gene arrangements is noticed (Figure 1). Such conservation is lost between genus group 

of Thalassiosira pseudonana and Thalassiosira oceanica were there is no correlation of gene order 

(Figure 1). 
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Figure 1: Gene order of the conserved protein coding chloroplast genes in microalgae. Gene 

 order is based on GenBank sequences of microalgae. 
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3. Phylogenetic inference from gene order data 

Maximum likelihood tree is inferred from gene order data set using MLGO with 1000 bootstrap 

replicates (Figure 2). But the gene order failed to resolve phylogeny relationship among the entire 

microalgae except in the case of Euglenophyta group (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Gene order Maximum likelihood tree generated by using MLGO (Maximum Likelihood 

for gene order analysis). Numbers at nodes denote bootstrap values for 100 replicates. 

Monophyly in Euglenophyta is evidently supporting that the strong conservation in its gene order. 

A well supported monophyletic clade is observed among the Chlorophyceae class. Organisms 

belonging to same genus i.e Euglena gracilis and Euglena viridis, Phaeocystis antarctica and 
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Phaeocystis globosa were clustered together in the same clade (Figure 2). As these microalgae share 

the same gene order, genome rearrangements are less prone to occur in closely related species [33]. 

4. Synteny 

To assess the extent of chloroplast genome rearrangements more closely, genomes were aligned 

using the Progressive Mauve aligner version 2.1. 55 syntenic regions, which are free from 

obvious genome rearrangement, are apparent in the synteny map (Figure 3).  
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Figure 3: Alignments showing syntenic rearrangements in the 43 chloroplast genomes of 

microalgae using Progressive Mauve algorithm. Corresponding colour boxes are locally 

collinear blocks (LCBs). The height of colored lines inside LCB represents the similarity of the 

blocks. White boxes are protein coding genes. The LCB present below the axis indicates 

inversion. Red boxes are rRNA genes, green boxes are tRNA genes, large Pink boxes are repeat 

regions.  LCB1-Chll, trnL(caa); LCB2-psbD; LCB3-psbD, psbC, orf116; LCB4-orf31, psbC, 

orf462; LCB5-trnL(uaa); LCB6-psbA; LCB7-psbA; LCB8-psbA, ycf65,  trnR(ucu); LCB9-

psbK, trnT(ugc), trnG(gcc), trnM(cau); LCB10-psaI, trnY(gua), rps4, rps11, trnL(uag), 

trnR(acg), trnV(uac), rpoC2; LCB11-rpoC2; LCB12-rpoC2,rpoC1; LCB13-rpoC1; LCB14-

rpoB; LCB15-rpoB, trnH(gug), trnM(cau), trnW(cca), trnE(uuc), trnG(ucc); LCB16-psbB, psbT, 

psbH; LCB17-psbN, petB; LCB18-petB; LCB19-atpB; LCB20-atpB; LCB21-atpB, atpE; 

LCB22-atpE, rbcL; LCB23-rbcL; LCB24-rbcL, rpl32, psaC; LCB25-psaC; LCB26-rps9, rpl12, 
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psbZ, trnS(uga), trnP(ugg); LCB27-psaJ, rps18; LCB28-rps18,atpA; LCB29-atpF, atpH; 

LCB30-atpI, rps2; LCB31-rps2, trnC(gca), trnF(gaa); LCB32-rp14, trnI(cau), rpl36, rps8, rpl5; 

LCB33-rpl16; LCB34-rpl16; LCB35-roaA, orf240, rps3; LCB36-rps3, rpl22, rps19, rpl2; 

LCB37-rpl23, psbJ, psbL, psbF, psbE; LCB38-psaB; LCB39-psaB; LCB40-psaA; LCB41-psaA; 

LCB42-trnK(uuu), petG; LCB43-trnD(guc), psbI; LCB44-rps12,rps7; LCB45-tufA; LCB46-

ycf4, trnQ(uug), trnS(gcu);  LCB47-rrl; LCB48-rrl; LCB49-rrl; LCB50-rrl; LCB51-rrl; 

LCB52-trnA(ugc),trnI(gac);  LCB53-rrs; LCB54-rrs; LCB55-rrs present in the reference 

genome. 

Despite an overall highly conserved gene content between the phylum and class, the genomes have 

multiple rearrangements as indicated in the Mauve alignment (Figure 3). Out of 55 syntenic LCB 

clusters present in the reference set genome, only 25 LCBs (underlined LCBs in figure 3 legend) 

are present in common with some exceptions. Most of the LCBs are missing among 

Chlorophyceae class. The chloroplast genomes of microalgae were poorly collinear, whereas 

collinear alignment in the structure was observed between members of the phylum (Figure 3). The 

arrangements of tRNA genes are highly variable among microalgae and pattern of synteny is 

completely absent.  Conserved clusters of rpoC2-rpoC1, atpB-atpE (absent in Chlorophyceae), 

rps18-atpA (absent in E. gracilis, E. viridis), atpG-atpH(atpF-atpH present in Euglenophyta group), 

rps12-rps7 (absent in Chlorophyceae) genes present in the genomes of microalgae. Moreover gene 

order scrambled for LCB clusters psbB-psbT-psbH/psbN, rps3-rpl22-rps19-rpl2 and rpl23-psbJ-

psbL-psbF-psbE. 

4. CONCLUSION 

From this analysis, it indicates that Chlorophyceae and Euglenophyceae members have highly 

disarranged and scrambled plastid genome when compared with all other microalgal species. The 

chloroplast gene order of the Chlorophycean group of algae is unique and differs from those of other 

microalgal species. From the results, it is evident that plastid gene order is not applicable in inferring 

phylogenetic relationships among microalgae except at species level. 
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