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Abstract

:

ATP-binding cassette (ABC) transporters play an important role in driving the exchange of multiple molecules across cell membranes. The plant ABC transporter family is among the largest protein families, and recent progress has advanced our understanding of ABC classification. However, the ancestral form and deep origin of plant ABCs remain elusive. In this study, we identified 59 ABC transporters in Mesostigma viride, a unicellular charophyte algae that represents the earliest diverging lineage of streptophytes, and 1034 ABCs in genomes representing a broad taxonomic sampling from distantly related plant evolutionary lineages, including chlorophytes, charophytes, bryophytes, lycophytes, gymnosperms, basal angiosperms, monocots, and eudicots. We classified the plant ABC transporters by comprehensive phylogenetic analysis of each subfamily. Our analysis revealed the ancestral type of ABC proteins as well as duplication and gene loss during plant evolution, contributing to our understanding of the functional conservation and diversity of this family. In summary, this study provides new insight into the origin and evolution of plant ABC transporters.






Keywords:


ABC transporter; green plant; phylogeny; Mesostigma viride; evolution












1. Introduction


The ATP-binding cassette (ABC) transporter is an ancient and large family of transmembrane transport proteins [1,2,3], which are present in all cellular organisms and participate in the transport of a variety of substances [4,5,6,7,8,9,10]. Based on their structural organization, ABC proteins are mainly divided into full- and half-transporters. Full transporters are composed of two transmembrane domains (TMD) and two nucleotide-binding domains (NBD). Half transporters are composed of one TMD and one NBD [11,12].



In plants, ABC transporters are one of the largest protein families and include eight subfamilies (ABCA-G and ABCI) [11,13]. During evolution, plant ABC transporter genes have undergone multiplication and functional diversification [14,15,16]. The high number and complexity of ABC proteins requires comprehensive phylogenetic study to resolve their evolution and function. Several studies have reported the classification of ABC transporters in plants [17,18,19]. However, an investigation of ABCs in unicellular charophyte algae is missing and is crucial to understand the ancestral form and the original function of the plant ABC family.



All green plants can be divided into two groups: Streptophyta and chlorophyte green algae. Streptophyta are further divided into charophyte green algae and all land plants, which evolved from unicellular charophyte algae predecessors [20,21]. Currently, a total of six charophyte green algae genome have been reported [22,23,24,25,26]. Mesostigma viride is the only unicellular charophyte algae that was recently genome sequenced and is representative of the earliest diverging lineage of streptophytes [24].



In this study, we searched for ABC transporters in M. viride and evolutionarily representative genomes, including Chlamydomonas reinhardtii, Volvox carteri, Klebsormidium flaccidum, Physcomitrella patens, Marchantia polymorpha, Selaginella moellendorffii, Picea abies, Amborella trichopoda, Oryza sativa, and the model plant Arabidopsis thaliana. We performed comprehensive phylogenetic analysis and classified the ABC subfamilies.




2. Materials and Methods


2.1. Sequence Retrieval


We performed BLASTP and TBLASTN searches using well-studied Arabidopsis ABC proteins [11,27] from each subfamily as queries to identify the plant ABCs (e-value  <  e-10) from the 11 selected plants: M. viride (https://phycocosm.jgi.doe.gov/Mesvir1/Mesvir1.home.html, accessed on 1 May 2021), C. reinhardtii (http://plants.ensembl.org/Chlamydomonas_reinhardtii/Info/Index, accessed on 7 May 2021), V. carteri (https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v2_5/download/index, accessed on 6 May 2021), K. flaccidum (http://www.plantmorphogenesis.bio.titech.ac.jp/~algae_genome_project/klebsormidium/kf_download.htm, accessed on 8 May 2021), M. polymorpha (http://marchantia.info/download/, accessed on 15 May 2021), P. patens (https://plants.ensembl.org/Physcomitrella_patens/Info/Index, accessed on 12 May 2021), S. moellendorffii (http://plants.ensembl.org/Selaginella_moellendorffii/Info/Index, accessed on 18 May 2021), P. abies (ftp://plantgenie.org/Data/ConGenIE/Picea_abies/v1.0/, accessed on 20 May 2021), A. trichopoda (https://plants.ensembl.org/Amborella_trichopoda/Tools/Blast, accessed on 23 May 2021), A. thaliana (http://plants.ensembl.org/Arabidopsis_thaliana/Info/Index, accessed on 2 May 2021), and O. sativa (https://plants.ensembl.org/Oryza_sativa/Info/Index, accessed on 4 May 2021). We used a relatively strict criterion to collect ABCs with high-quality sequences. Subsequently, the sequences were searched against the conserved protein domain database [28], SMART [29], and PFAM [30] to validate their reliability. Protein sequences without signature domain CDD (1000606, 1000096, 1000085, 1002808, 11441177, 11477396, 11477521) or PFAM (PF00664, PF12698, PF01061, PF12679, PF19055, PF12730, PF13346, PF12848, PF00005) were discarded.




2.2. Phylogenetic Analysis of Gene Families


For each subfamily, multiple alignments of candidate proteins were performed using MAFFT version 7 with the G-INS-i algorithm [31], followed by manual editing in MEGA 7 software [32]. Only positions that were unambiguously aligned were included in the further analyses. Neighbor-joining (NJ) phylogenetic trees were constructed using MEGA 7 software based on the multiple alignment of candidate proteins. To determine the statistical reliability, bootstrap analysis was conducted using 1000 replicates with the p-distance and pairwise deletion. In addition, Maximum Likelihood (ML) phylogenetic trees were constructed using IQ-tree with 1000 replicates to validate the NJ results [33].




2.3. Gene Expression Analysis


M. viride expression datasets, with accession numbers GSE123852 [24], were downloaded from the NCBI Gene Expression Omnibus (GEO). A gene expression heatmap was created using R (https://www.r-project.org/, accessed on 18 March 2021) package “pheatmap”.





3. Results and Discussion


3.1. Identification of ABC Transporters in Green Plants


To investigate the origin and evolution of the ABC family in plants, we carried out a genome-wide survey of ABC proteins from 11 representative species of chlorophyte (C.reinhardtii and V. carteri), charophyte (M. viride and K. flaccidum), bryophyte (P. patens and M. polymorpha), lycophyte (S. moellendorffii), gymnosperm (P. abies), basal angiosperm (A. trichopoda), monocot (O. sativa), and eudicot (A. thaliana). After removing incomplete and/or redundant sequences and alternative splice variants, we identified a total of 1093 ABC proteins in the 11 species (Figure 1). Based on the domain annotations, these proteins belong to eight ABC subfamilies: ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, ABCG, and ABCI. Interestingly, we identified 59 ABCs in M. viride that were distributed in all subfamilies, 55 of them were supported by RNA-seq data and their expression was dynamic under different environmental condition (Supplementary Figure S1) [24], suggesting most of the ABC genes in M. viride were functional. Notably, the eight ABC subfamilies also included chlorophyte green algae, suggesting that ABC subfamily diversification may have evolved and functional in the common ancestor of green plants. Comparing the number of ABC proteins among these species, we found that the number was largely increased from green algae (water) to land plants, coinciding with the functional diversification of ABC transporters in land plants [15,16].




3.2. Evolutionary Analyses of ABC Subfamilies


We further performed phylogenetic reconstruction of each subfamily to better understand the evolutionary relationships of ABC transporters and investigate their origin. Considering no standard nomenclature for the classified clades within each subfamily, we “group” to name each clade.



3.2.1. ABCA Subfamily


Subfamily A consists of forward-oriented (TMD-NBD) transporters and is mainly involved in the manipulation of metabolic and signaling lipids in organisms [34,35]. The plant ABCA subfamily contains one full-size ABCA, named AtABCA1, which is the only full-size ABCA protein and is the largest ABC protein, and several half-size ABCAs that are also called ABC two homologues (ATH) [27,36]. Our analysis showed that the plant ABCA subfamily proteins can be classified into three groups, G1–G3, with strong bootstrap support. The G1 and G3 proteins were half-size ABCAs that were found in all the species examined. G1 proteins were present as multiple copies in most species except for a single copy in P. abies, K. flaccidum, and M. viride (Figure 2 and Supplementary Figure S2), showing a trend of gene expansion during evolution. The G2 proteins contain full-size ABCAs (Figure 2 and Supplementary Figure S2). Interestingly, we observed four copies in the single-cell green algae M. viride and one copy in K. flaccidum, S. moellendorffii, and A. thaliana, but not in many species, including rice and early land plants, suggesting multiple losses of G2 proteins during evolution. G3 proteins were present as a single copy in most species except for multiple copies in P. abies, S. moellendorffii, and A. thaliana. It should be noted that G1–G3 proteins were all found in M. viride (Figure 2 and Supplementary Figure S2), suggesting that all three groups have an ancient origin.




3.2.2. ABCB Subfamily


ABCB proteins are functionally diverse and represent the second largest group of ABC proteins in plants. This subfamily includes full-size proteins, multidrug resistance protein (MDR) or P-glycoprotein (PGP) [37,38], and half-size proteins transporter associated with antigen processing (TAP), ABC transporter of mitochondria (ATM), and lipid A-like exporter putative (LLP) [27,39,40,41]. Our phylogenetic analysis revealed nine groups, G1-G9, and a few orphans (Figure 3 and Supplementary Figure S3). The high bootstrap value (89 NJ/100 ML) suggests that G1–G6 are closely related, and the seven groups (G1-G7) are likely more ancient because proteins were found in C. reinhardtii, V. carteri, and M. viride. Notably, G2 proteins were only present in charophyte green algae and early diverging land plants (Figure 3 and Supplementary Figure S3), suggesting that they were lost in vascular plants. G7, G8, and G9 contain more ABCBs, and many duplications were observed, especially the duplication within P. abies in G7 and G8, which contributed to the relatively bigger subgroup size. Interestingly, G7-G9 contained only three chlorophyte proteins (Figure 3 and Supplementary Figure S3), and many ABCBs, such as ABCB19, ABCB4, ABCB21, ABCB11, ABCB14, and ABCB15, which are involved in auxin transport and plant development, were found in G7–G9, consistent with auxin transport evolution in Streptophyta [42,43,44,45,46,47,48].




3.2.3. ABCC Subfamily


ABCC subfamily proteins, also known as multidrug resistance-associated proteins (MRPs), are full-length transporters in plants, and most of them contain an additional N-terminal hydrophobic region [11,49]. In plants, ABCCs are localized to the vacuolar membrane and plasma membrane [18,50]. They transport not only plant-derived compounds but also chlorophyll degradation metabolites and phytochelatins [50,51]. Therefore, ABCCs have thus far been described as transporters involved in internal detoxification [15]. Our phylogenetic analysis classified ABCCs into four subgroups: G1–G4 (Figure 4 and Supplementary Figure S4). The presence of ABCCs in green algae allowed us to identify the ancestral versions. We found green algae ABCCs in G3 and G4, and the chlorophytes C. reinhardtii and V. carteri were only present in G4. Together with all the protein sequences of G1 and G2 were from land plants (Figure 4 and Supplementary Figure S4), suggesting that these two groups, particularly G4, are more ancient, and G1 and G2 may have evolved after plants colonized land or green algae lost G1 and G2 proteins during evolution. Interestingly, within the subgroups, G4 contained nine copies of ABCCs in M. viride, which was the highest copy number among all species, suggesting that duplication of ABCC occurred at the base of Charophyta. Consistently, we observed multiple copies of ABCC in early land plants (Figure 4 and Supplementary Figure S4). However, the copy number was not significantly increased in seed plants, which have generally undergone whole genome duplication (WGD), suggesting a possible purifying selection in ABCCs during evolution.




3.2.4. ABCD Subfamily


The ABCD family contains predominantly half-size proteins with the orientation TMD-NBD, also known as PMPs (peroxisomal membrane proteins). They are associated with peroxisomal import of fatty acids [52,53,54,55]. The phylogenetic analysis identified three groups: G1–G3 (Figure 5 and Supplementary Figure S5). M. viride and chlorophyte green algae protein were observed in all groups, indicating the ancient origin of ABCDs. We found that every species examined contains half-size G1 and full-size G3 proteins. Interestingly, the copy number increased during the transition from water to land and subsequently decreased during the transition to flowering plants (Figure 5 and Supplementary Figure S5). However, we found G2 proteins in most species except A. thaliana, O. sativa, and P. abies, suggesting that G2 was lost in flowering plants from the basal angiosperm.




3.2.5. ABCE and ABCF Subfamilies


Atypical ABC transporters are present in the ABCE and ABCF subfamilies, which lack TMDs and consist of two NBDs [4,13]. ABCE was first identified as an RNase L inhibitor (RLI) in Homo sapiens and is a highly evolutionarily conserved protein [56]. In plants, the ABCE was the smallest subfamily among all the ABC subfamilies (Figure 1), and ABCEs were found in all the species, including M. viride (Figure 6 and Supplementary Figure S5). We found that most species contain 1–3 copies, except P. abies, which has seven copies of ABCEs, suggesting that the function of ABCEs is highly conserved and possibly redundant in very few species.



In humans and yeast, ABCF proteins are involved in ribosome assembly and protein translation [57]. Our phylogenetic analysis classified the plant ABCFs into five groups: G1–G5 (Figure 7 and Supplementary Figure S7). The presence of green algae ABCFs suggested that all the groups have an ancient origin. We found that all the species contain G1–G3 and G5 proteins. However, G4 only included green algae and P. patens (Figure 7 and Supplementary Figure S7), suggesting that G4 was lost in most land plants. Notably, for each group, we did not find a large copy number of ABCFs, and all the species contained 1–3 copies (Figure 7 and Supplementary Figure S7).




3.2.6. ABCG Subfamily


ABCG is the largest ABC transporter subfamily in plants and has an NBD-TMD reverse domain architecture [6,7]. ABCGs have been reported to be involved in the transport of various secondary metabolites in plants [6], such as detoxification materials, hormones, and lipids [16,58,59,60,61]. The plant ABCGs include two major groups: the white–brown complex (WBC), named after Drosophila melanogaster, which comprises half-size ABCG proteins, and pleiotropic drug resistance proteins (PDRs), named after the yeast prototype, which contain a large group of full-sized ABCG proteins [62,63]. Our phylogenetic analysis revealed six WBC groups, W1–W6, and one PDR group (Figure 8 and Supplementary Figure S8). For the WBC groups, M. viride was observed in W1–W3 and W5–W6, and the copy number of ABCG was largely expanded in multicellular plants. For W3, we observed 11 ABCGs in S. moellendorffii, representing the largest number within the WBC groups (Figure 8). The group of PDRs was highly supported by the bootstrap value, suggesting that PDRs have evolved from a common ancestor with full size. A single copy of PDR was present in M. viride. It should be noted that in other species, PDRs were largely expanded, and even more expanded than WBCs. The copy number of PDRs ranged from nine for K. flaccidum to 22 for S. moellendorffii (Figure 8 and Supplementary Figure S8). Based on the topology and bootstrap support, the PDR contains six smaller clusters, P1–P6, and the copy number is variable between species. For example, most of the rice PDRs were found in P1, and the majority of P. patens PDRs were found in P6 (Figure 8 and Supplementary Figure S8), suggesting that duplication may occur within specific species.




3.2.7. ABCI Subfamily


The ABCH subfamily is found in animals but not in plants. Instead, plants contain a group of nonintrinsic ABC proteins, named ABCIs, which have only NBD domains [11,18,64,65]. The phylogenetic analysis classified the ABCIs into 14 groups, G1–G14, with high bootstrap support (Figure 9 and Supplementary Figure S9). M. viride ABCIs were found in 11 of the 14 groups and were only absent in G2, G5, and G12, suggesting that most groups have a deep origin and that the expansion of ABCI may have occurred in the common ancestor. In contrast to the high number of copies and frequent duplications of other subfamilies, one or two copies of ABCIs were usually found in the species examined for each group, and the highest copy number was three, which was found in Arabidopsis of G6 and G12, and in P. abies of G2. Notably, ABCI was not identified in many species in G5 and G12, which may indicate multiple gene loss events during evolution.






4. Conclusions


As key players in plant growth and development, ABC transporters are of interest for their potential applications in agriculture. Here, we report the identification and evolution of ABCs in Mesostigma viride. Our comprehensive and updated phylogenetic analysis provides new insights into understanding the evolutionary mechanisms underlying the origin and expansion of plant ABC transporters and provides a valuable resource for investigating the physiological functions of ABC genes.
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Figure 1. Number of ABC proteins from 11 evolutionarily representative plant species. Each subfamily (ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, ABCG, and ABCI) is labeled with a different color. 
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Figure 2. Phylogenetic analysis of ABCA subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 3. Phylogenetic analysis of ABCB subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 4. Phylogenetic analysis of ABCC subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 5. Phylogenetic analysis of ABCD subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 6. Phylogenetic analysis of ABCE subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 7. Phylogenetic analysis of ABCF subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 
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Figure 8. Phylogenetic analysis of ABCG subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. ABCGs include two major groups: the white–brown complex (WBC), and pleiotropic drug resistance proteins (PDRs). The M. viride proteins are highlighted by triangles. 
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Figure 9. Phylogenetic analysis of ABCI subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles. 






Figure 9. Phylogenetic analysis of ABCI subfamily proteins from 11 evolutionarily representative plant species. A neighbor-joining (NJ) tree was generated using MEGA7 with 1000 bootstrap replicates, and bootstrap values >50% are shown on the branches. The M. viride proteins are highlighted by triangles.



[image: Cimb 44 00112 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  cimb-44-00112


  
    		
      cimb-44-00112
    


  




  





media/file8.jpg
af ————"
n——

e —)
oo i s P 14700315

&

«o| Loy Ao s ATIGH05 1ARDCO2
ol s e LoCOwTa 1641
s e S
e et G 45501

o —
R I -
e
S S————" s s Y
P ey
DA

“ 100 Selagete montendor TE3E2 - 62
EN e 0

y e Moo RT3 5
o et s P2 082003 15
rpcamia g 41101315

a T " i i S

P [P ———erestee

5

E A e o 1 e ATV OSARORROL TE

| e
Lo o smeiocomaor
[— onts e 0SRGS0






media/file11.png
100 — Physcomitrella patens Pp3c16 8950V3.1.p
i'lr— Physcomitrella patens Pp3c25 1990V3.1.p

Marchantia polymorpha Mapoly0081s0022.1.p
99 r Picea abies MA 161096g0010

| Picea abies MA 905861590010

Arabidopsis thaliana AT4G19210.1/AtABCE2
Amborella trichopoda evm 27.model. AmTrv1.0 scaffold00066.5

Oryza sativa LOC Os11g34350.1

Amborella trichopoda evm 27 .model. AmTr v1.0 scaffold00226.4

Picea abies MA 10427299g0010
Picea abies MA 142818g0010

5

62
66 | Picea abies MA 1043532890010
98 | Picea abies MA9955932g0010
L— Picea abies MA 1042696190010

Klebsormidium flaccidum kfl00217 0150v1.1

A Mesostigma viride Mv12857-RA
100 — Chlamydomonas reinhardtii Cre09.g409350.11.2

L—— Volvox carteri VVocar.0036s0015.1.p

Arabidopsis thaliana AT3G13640.1/AtABCE1

Oryza sativa LOC Os02g18180.1

Arabidopsis thaliana AT4G30300.1/AtABCE3






media/file6.jpg





media/file1.png
Strephtophyte

Arabidopsis thaliana
Oryza sativa

Amborella trichopoda
Picea abies

Selaginella moellendorffii
Marchantia polymorpha
Physcomitrella patens

Klebsormidium flaccidum

Mesostigma viride

Volvox carteri

Chlamydomonas reinhardtii

Land plants

Charophyte I

Chlorophyte

0 20 40 60 80 100 120
mABCA mABCB =mABCC =ABCD mABCE =mABCF mABCG mABCI

140

160





media/file13.png
100

100 = Physcomitrella patens Pp3c133790V3.1.p

100 Physcomitrella patens Pp3c2 12550V3.1.p
99 Physcomitrella patens Pp3c511340V3.1.p
Selaginella moellendorffii 154355
LA Marchantia polymorpha Mapoly0038s0051.1.p

Picea abies MA29137g0010
Amborella trichopoda evm 27.model. AmTr v1.0 scaffold00072.127

Oryza sativa LOC Os08g45010.1
98 Oryza sativa LOC Os09g39910.1

100 |5

100

Arabidopsis thaliana AT5G60790.1/AtABCF1

100 p———— Chlamydomonas reinhardtii Cre01.g023787 1.1

L—— Volvox carteri Vocar.0007s0396.1.p

T A Mesostigma viride Mv20616-RA
Klebsormidium flaccidum kfl00360 0010 v1.1

67

7;' 100 — Chlamydomonas reinhardtii Cre11.g467781.11.1
L—— Volvox carteri Vocar.0003s0485.1.p
Oryza sativa LOC Os04g56330.1

100

100 —— Chlamydomonas reinhardtii Cre01.9034950.t1.2

100

L— Volvox carteri Vocar.0001s0777.1.p

A Mesostigma viride Mv01577-RA

Klebsormidium flaccidum kfl00151 0260 v1.1

90 Oryza sativa LOC 0s03g32630.1

99 100 p—— Physcomitrella patens Pp3c113030V3.1.p
ﬂl L— Physcomitrella patens Pp3c2 24670V3.1.p

Marchantia polymorpha Mapoly0122s0045.1.p

Selaginella moellendorffii 417188

Arabidopsis thaliana AT3G54540.1/AtABCF4

Picea abies MA 302947g0010

Amborella trichopoda evm 27.model. AmTr v1.0 scaffold00002.474

r
100

100

Amborella trichopoda evm 27.model. AmTrv1.0 scaffold00049.22
100 ¢ Chlamydomonas reinhardtii Cre11.g478128.11.1

100

b— Volvox carteri Vocar.0027s0024.1.p
A Mesostigma viride Mv21089-RA

Klebsormidium flaccidum kfl00328 0140 v1.1
Marchantia polymorpha Mapoly0102s0020.1.p

Physcomitrella patens Pp3c¢323080V3.1.p

Selaginella moellendorffii 175495

Arabidopsis thaliana AT1G64550.1/AtABCF3

Oryza sativa LOC Os02g58020.1

65 | 92 | Amborella trichopoda evm 27.model. AmTr v1.0 scaffold00009.359

Picea abies MA 831207390010
Physcomitrella patens Pp3c133480V3.1.p

Klebsormidium flaccidum kfl00481 0060 v1.1

A Mesostigma viride Mv21492-RA

G4

Chlamydomonas reinhardtii Cre06.g271850.t11.2

100 |
100 - Volvox carteri Vocar.0002s0423.1.p

| Volvox carteri Vocar.0022s0008.1.p
100 Chlamydomonas reinhardtii Cre08.g372250.t1.2

100

L Volvox carteri Vocar.0065s0003.1.p
A Mesostigma viride Mv06125-RA

Klebsormidium flaccidum kfl00486 0090 v1.1
Arabidopsis thaliana AT5G09930.1/AtABCF2

0.05

100
99 99‘ | Arabidopsis thaliana AT5G64840.1/AtABCF5
20 Amborella trichopoda evm 27.model.AmTr v1.0 scaffold00010.339
Oryza sativa LOC Os11g39020.1
p Physcomitrella patens Pp3c1917230V3.1.p
Physcomitrella patens Pp3c219610V3.1.p
Picea abies MA10437027g0010
Selaginella moellendorffii 80721
Marchantia polymorpha Mapoly0003s0123.1.p
Physcomitrella patens Pp3c222140V3.1.p

66

G1

G2

G3

G5






media/file10.jpg
5

Physoomitrele palens Pp3c16 6050V3.1.0
o

Physcomirolla patens Pp3c25 1990V31p
Marchartia polymorpha Mapoly008 150022 1.0

s Picea abios A 16100690010

Picoa abies MAS0SE615g0010
Arabidopsisthaliana AT4G15210.1/NABCE2

|—— Amborels tichopoda evm>7.model AmTrv1,05caffold00066.5

Oryza sativa LOC Os11g34350.1
Amborslatichopoda evm 27 model ATrv1 05caffokd00226 4
Pioa ables MA 104272990010

Picea ables MA 14281850010

o) Pcea abies MA1043532860010
| 23 Picoa abies MAS5595200010
Picea ables MA 1042696190010

Kiabsormidium flaccidum k100217 0150v1.1

A Mosostigma viide IN1285T-RA

H 100 Chiamydomonas rinharcti Cre0d g40350.1.2
"1 Vovor cartriVocar 0036s0015.1.5.

Avabidopsis thaliana AT3G13640.1/AABCE
Oryza sativa LOC Os02g18180.1

Arabidopsis thaliana AT4G30300.1/AABCE3





media/file7.png
i g
L
100 ) Picea abi
L Picea abies MA 8528690010

4 Py ? .
| Arabidopsis thaliana AT3G80870.1/AtABCC15

o 27 moadel AmT;
o
/e 144775
100 S /i 163772
100 I_‘l g/ i 163776
i 106184
T Phj M P 18050V3.1.p
o Ph P P
‘ Ph i P 19700V3.1.p
Ph Pp3c217530V3.1p
&5 " M 20 78
Pi 1790010
75] 89 3
1
| 99| o
AmTrvi
66
91 bl Ko
94 Pi o
81 s
1p
i165716
i 171469
i 169678
i 145432
g

G1

G2

p3c1710760V3.1p

147933

G3

0100 v1.1

100 |

i124919

107555

0010v1.1

0021s0141.1.p

T1G30410.1/AtABCC12

G4






media/file12.jpg





media/file9.png
50

100 Selaginella moellendorffii 446842
64 Selaginella moellendorffii 122318

100 22 Selaginella moellendorffii 424411

Selaginella moellendorffii 125433
ﬁl— Selaginella moellendorffii 105244
Selaginella moellendorffii 424776

Selaginella moellendorffii 91321

100 |

Physcomitrella patens Pp3c611470V3.1.p

Physcomitrella patens Pp3c521800V3.1.p

Marchantia polymorpha Mapoly0094s0070.1.p G1

Marchantia polymorpha Mapoly0025s0137.1.p

56 93

Klebsormidium flaccidum kfl00555 0060 v1.1

83

Arabidopsis thaliana AT1G54350.1/AtABCD2

Amborella trichopoda evm 27 .model. AmTr v1.0 scaffold00071.217

Oryza sativa LOC Os01g11946.1

A Mesostigma viride Mv13045-RA

100

Volvox carteri Vocar.0001s1307.1.p

Chlamydomonas reinhardtii Cre10.g439000.11.1
Picea abies MA 1043622490010
59 e Picea abies MA 1043540390010

| Picea abies MA 1043506090010

Volvox carteri Vocar.0013s0077.1.p

Picea abies MA 39545590010

Chiamydomonas reinhardtii Cre01.g001350.11.2

A Mesostigma viride Mv04170-RA

1

Klebsormidium flaccidum kflo0023 0100 v1.1
100 [ Selaginella moellendorffii 78362 G2

72| og

— Selaginella moellendorffii 438238

Marchantia polymorpha Mapoly0066s0022.1.p

Physcomitrella patens Pp3c2 10620V3.1.p

Physcomitrella patens Pp3c14 11150V3.1.p

92

50
100 'I

Klebsormidium flaccidum kfl00426 0090 v1.1

A Mesostigma viride Mv12345-RA

100

Klebsormidium flaccidum kfl00175 0220 v1.1

Selaginella moellendorffii 440599
100 | Volvox carteri Vocar.0071s0022.1.p

95

! Chlamydomonas reinhardtii Cre15.g637761.t1.2

Klebsormidium flaccidum kfl00529 0060 v1.1

0.05

Picea abies MA 1043710990030
100 Physcomitrella patens Pp3c1711810V3.1.p

L Physcomitrella patens Pp3c146330V3.1.p

i

Marchantia polymorpha Mapoly0144s0028.1.p

Selaginella moellendorffii 439220

52 66
100 -I

Amborella trichopoda evm 27 .model. AmTrv1.0 scaffold00032.176

Arabidopsis thaliana AT4G39850.1/AtABCD1
100 Oryza sativa LOC Os05g01700.1

L Oryza sativa LOC Os01g73530.1

G3





media/file14.jpg
Sl






media/file16.jpg





media/file5.png
G39040.1/AtABCB27
Amborella evm 27.model AmTrv1.0 scaffold00047.188 G1
Oryza sativa LOC Os03g54790.1

ril | AmTrv

rffi 84555
lebsorr ¥ 2 Mapoly0023s0157.1,
Picea abies MA 43191990010 ’ 1 75680 d
T - 97 Ambx uu‘WLoc evm 27.model. AmTrv1.0 scaffold00018.111
| f1000160070v1.1 = agruyznl:;v-l.ocm
- Marchantia polymorpha Mapoly0134s0014.1.p G2 Amborella trichopoda evm 27. moddAmTrw 05caffold00007 341
100 Physcomitrella patens Pp3c24 ativa LOC 0s03g08380.1
Physcomitrelia patens Pp3c8 6200V3.1.p i
e Mv18666-RA o i i 231714
99 Klebs Kfi00979.0020v1.1
Picea abies MA 40901g0010 96 Physcomitrelia patens Pp3c22 11240V3.1.p
) 1 220984
Amborella trichopoda evm 2 &3 14i 99885
Oryza sativa LOC Os01g68330.1 100, Selaginella moellendorffi
m"ﬂ"‘ 19 ! Selaginella moslendori 419448
4510V3. L] thaliana AT3G28360.1/AABCB16
patens -'-P Arabidopsis thaliana AT3G28390.1/AtABCB18
Physcomitreila patens Pp3c21 243V3.1.p thaliana AT3G28380.1/AtABCB17
: Arabidopsis thaliana AT3G28415.1/AMABCB22
002350168.1.p Arabidopsis thaliana AT3G28345.1/AABCB15
14873-RA
yza sativa LOC 0s02g09720.1
Picea abies MA 114017g0010
G4 o Picea abies MA! 1
100 Picea abies MA 929827g0010
Picea abies MA 11109990010
o pres abes MASASTIOO10
odel. AmTrv1.0 scaffold00069.114
idopsis thaliana AT5G03910.1/AtABCB29 400049.104
98 Amborella trichopoda evm 27.model. AmTrv1.0 scaffold00031.74 Jla trichopoda evm 2 Id00056.104
Oryza sativa LOC Os04933700.1 LOC 0s01g52550.1
s 100 ativa LOC 70.1
A —— o Vepay 000220234 15
m kfi00168 0060 v1.1 11p
l‘l sof i 7 440408 Ppc1d 2470V3.1.p
T lapoly0025s0012.1.p MA 14544690020
Pp3c6 20190V3.1p Picea abies MA 14549690010
A Mesostigma viride Mv18937-RA s MA 1443730010
" 175404 abies MA 114590010
Aapoly0001s0331.1.p abies MA 8294590010
3c1126620V3.1.p
m kfi001010190v1.1
A 77-RA
) hardtii Cre17.g727650.11.1 Picea abies MA 914820090010
— 0014s0091.1.p Picea abies MA 7939990010
A Mesostigma viride Mv20949-RA MA 1043681090020
Arabidopsis thaliana AT4G28620.1/AtABCB24 Picea abies MA 10757690010
Arabidopsis thaliana AT4G28630.1/AABCB23 G6 repadh
i i 5G58270.1/AABCB25 MA 10
27.mc Kfi004610020v1.1
903770.1 1 idum kfI00047 0060 v1.1
idum k005100010 v1.1 85 Oryza sativa LOC Os01g74470.1
fli 100077 62 Oryza sativa LOC Os03g17180.1
19.1p 9 i svm 27.model. AmTrv1.0 scaffold00145.27
3c1 1, Arabidopsis thaliana AT2G39480.1/AtABCB6
patens Pp3c14 15010V3.1 v idopsis thaliana AT3G55320.1/AtABCB20
Physcomitrelta patens Pp3c14 15017V3.1 10
_”:__—WMMM n2 Picea abies MA81717g0010
Volvox carteri Vocar 002850139.1.p -
61) Picea abies MA 1043216990020 Picea abies MA 1413690020
JI: Oryza sativa Loco:owmo 1 0021s0082.1.p
— s P AT 2038010 LMABCS . 51
Physcomitrella patens Pp3c9 13390V3 1.p
l 05caffold00076.86 Picea abies MA 141308g0010
17.9725150.11.2 Picea abies MA 14136g0010
11 hardti Cre17.9725200.t1.2 Picea abies MA 104318150020
L 000151440.1.p - evm27. | AmTrv1.0scaffold00010.381
A iride Mv17911-RA Arabidopsis thaliana AT3G28860.1/AtABCB'
100 A i 90 Oryza sativa LOC 1
A Mesostigma viride Mv19411-RA 7210V3.1p
Klebsormidium flaccidum kf00008 0360 v1.1 9% Physcomitrella patens
100023 0200 v1.1 7 ;;:" msv]; g
i 123915 70 Pp3c21 18190V3.1.p
rri 1 123936 5001
7 q
H i 169182 Selaginella moellendorfii 410515
bl p -
4apoly006250086. 1.0 Selaginelia moellendorffii 92485
3¢12 11230V3.1.p 100 Arabidopsis thaliana AT1G10680. quBoan
Physcomitreiia patens Pp3c4 5170V3.1.p Arabidopsis thaliana ATAG25960.1/AtABCB:
mw"'m“" trichopoda evm 27mode|AmTrvl 05caffold00048.15
Oryza sativa LOC Os01950100. Oryza sativa LOC 0s02g46680.1
sativa LOC0.0igSOloD 1 Picea abies MA 12676690010
Oryza sativa LOC Os01g50080.1 - idopsis thaliana AT1G27940.1/AtABCB13
LOC Os05g47500.1 Arabidopsis thaliana AT1G28010.1/AtABCB14
LOC 0s0547480.1 =yt
sativa LOC 0s01g34970.1 G7 1p
Oryza sativa LOC 0s01935030.1 ty011550036.1 p
jana AT4G18050.1/AtABCBY 59 y018250000.1.p
7 o Pp3ci7 18450V3.1.p
i 230134
1fi 148837
Arabidopsis thaliana AT1G02520.1/AABCB11 i 230008
Avabidopsis thaliana AT1G02530.1/AtABCB12 134680V3.1.p
thaliana AT4G01820.1/AtABCB3 5 100 = Marchantia polymorpha Mapoly0075s0052.1 p
Arabidopsis thaliana AT4G01830.1/AtABCBS Marchantia polymorpha Mapoly0075s0053. 1
A 1/AtABCB4 -
thaliana 2150. 1/AtABCB21 [
Oryza sativa LOC 0s01918670.1 005
L
e
Picea abies MA 38240890010
Picea abies MA 29322690010
abies MA 84490010
Picea abies MA 188630010
MA 18004490010
Picea abies MA 1043216990010
10
138894g0010
Picea abies MA 5605 10

G8

G9





media/file15.png
vy R Arabidopsis thaliana AT3G55090.1/ABCG16
100 Arabidopsis thaliana AT5G13580.1/ABCG6

fl /aLOC0s03g17350.1
85 LOCOs01g61940.1

100 Oryza sativa LOC Os05902870.1
Oryza sativa LOC 0s05902890.1

Arabidopsis thaliana AT3G55110.1/ABCG18
thaliana AT3G55130.1/ABCG19

100,
p0ly0004s0001.1.p
Marchantia polymorpha Mapoly0094s0060.1.p

100 .10
£y »

B 206990V3.1.p

100
trichopoda
Oryza sativa LOC 0s09923640.1
00833-RA

0400v1.1
k00521 0030 v1.1

2p0ly007150033.1.p
002750141.1.p
85 Z iy0061s0001.1.p

1 187010v3.1.p

hopod:
0CO0s06¢30730.1

\T5G19410.1/ABCG23
31

atens 16290V3.1.
\T2G13610.1/ABCGS

12670190030
rffii 88976

10v1.1

thalian
Oryza sativa LOC 05039642001

apoly010950010.1.p
010950013.1.0
167920

faginella moellendorfi
0C0s12g22120.1

0pOda
0CO0s05913520.1

100, Oryza sativa LOC 0s09903939.1
Oryza sativa LOCOs09g07670.1

Oryza sativa LOC Os09g29660.

OrynsaawLOCOdJQgﬂQsml

100574 0100 v1.1
Cre02.9096000.1.1

|yu| 2 L
mecalmvo(zrwm‘71 P

Pp3c610410V3.1.p

I—Sehwnelannenumvmnm

apoiy0042s0109.1.p
1022200V3.1.p
33380V3.1.p

forffi 93017
i 171321

Pp3c1517010v3.1p

Selagineila moellendorffii 169481
‘moeliendorffii 230259
Picea abies MA 1043677490010
Picea abies MA 1043580690020

‘ocar.0003s0408.1.p
\T2G01320.1/ABCGT

1 i lapoly0142s0030.1.p

ic 100923 0010 v1.1
inhardti Cre12. gsmoo CR]
Voivox carteri Vocar 0007501831

k00129 0270 v1.1

100 Oryza sativa LOC Os06g51460.1
'[_:o:msanva LOC0s11922350.1
9::1 vm 27.model AMTr v1.05caffold00009.36
- i \T5GE0740.//ABCG28
2 \T2G37010./NAP12

/aLOCOs04g11820.1
LOC0s10g30610.1

2p0ly014050016.1.9
2115180V3.1.p

\BCG21
13220.1/ABCG26

Picea abies MA 11498190010
Picea abies MA 21598990010

1poly0028s0077.1.p
ardti Cre17 9743547 111
s0263.1.p
100003 0100 v1.1
12476-RA

evm2
076001

ymomha Mapoly007s0054.1.p
AT1G31770.1/ABCG14

hopoda evm 27 model AmTr v1.0 scaffold00011.184
LOC0s08g07010.1

= a AT3G52310.1/ABCG27
o A \T5G06530. 1/ABCG22

WA1

w2

w3

W4

W5

W6

wBC

inhardtil Cre03.9162333.1.1
0197

Ap
Cre02.90967001.2
0014.1.p
0015.1.p
 Chiamydomonas reinhardtii Cre02.9095151.11.1
Voivox carteri Vocar 002750127.1.p
ntia poly
mitrella Pp3c27460V3.1.p
kfi00034 0085 v1.1
1y001 1.
1004 Physcomitrelia patens Pp3c1821510v3 2p
patens
224400.1.1
Cre11.9467507.41.1
Y LE]
7972350011
Oryza sativa LOC 0s01942350.1
Oryza sativa LOC 0s01g42370.1
Oryza sativa LOC 0501942380.1
Oryza sativa LOCOs01g24010.1
Oryza sativa LOCO§)|9424"J 1
Oryza sativa LOC 0s08g29570.
QyzasaﬁvaLOCMgﬂm(H P1
631 01d00122.57
83/ cafiold00122 54
fl0ld00122.55
1400013 47
0 400068 114
s thali
30 Oryza sativa LOC 0s09916449.1
100 C
H
_”‘ﬁr—ﬁoeaables MA 12409190010
0 scaffold00069.197

—{ 1 00069.201

y0021s0156.1.p
Pp3c169600V3.1.0

Physcomitreila patens
64— Picea abis MA 10547600010
model AmTrv1.05caffold00040.179

100 Arabidopsis thaliana AT1G86950.1/ABCG39

Arabidopsis thaiana AT2G36380. VABCG34
1340.1
Oryza sativa LOCOs11g37700.1
Oryza sativa LOCOs07g33780.1

L Ficea avies MA 12429800010 P3

Picea abies MA 1877090010

Picea abies MA 1042678190010
OvyzisahvaLOCOw1gl&260

Selaginella moellendortti 230050
72 Selaginella moellendortti 82705

poty0040s0080.
1812400V3.1p

iy003150045.1.p
34070V3.1p

90010
AT2G29940.1/ABCG31

P4

7. mode
80500 v1.1

720.
sativa LOC 0s12932820.1
PS5

Hceaab-e: MA954561gm10
MA 1043083490010

Picea abies MA 1043700290020

Picea abies MA 17327490010
Picea abies MA 1042697890010
0125s0012.1.p

i p0ly004050035.1.p
5 .I 1 oly017650013.1.p
1008350014.1.0

i polymorpha Mapoly004:
100 Ammpammmmszm 1/ABCG3S
87 A'ncseewumcees

27

"'I_o.m

53] OrmﬁbvaLOCOsO1¢25601

o1 Picea abies MA 13515290010
64 Picea abies MA 104276830010

P6

€523360V3.1.p
98/ Physcomitrella patens Pp3c66330V3.1.p

Physcomitrella patens Pp3c4 2380V3.1.p
3c53240V3.1.p

ul—l_p,.mmwwmw
L 3c1613830V3.1.p

69 Physcomitreia patens P93f2314€1UV3 1p

PDR





media/file3.png
Arabidopsis thaliana AT3G47750.1/AtABCA4
Arabidopsis thaliana AT3G47760.1/AtABCAS

Arabidopsis thaliana AT3G47770.1/AtABCAG

Arabidopsis thaliana AT3G47740.1/AtABCA3

Arabidopsis thaliana AT3G47780.1/AtABCA7

Arabidopsis thaliana AT5G61700.1/AtABCA12

Arabidopsis thaliana AT5G61740.1/AtABCA10

Arabidopsis thaliana AT3G47790.1/AtABCAS8

Amborella trichopoda evm 27.model. AmTrv1.0 scaffold00078.116
Amborella trichopoda evm 27 .model. AmTrv1.0 scaffold00078.113
Oryza sativa LOC Os08g30770.1

Oryza sativa LOC Os08g30780.1

Oryza sativa LOC Os02g11960.1

Oryza sativa LOC Os02g01820.1

o 100 — Selaginella moellendorffii 171117

100 L Selaginella moellendorffii 268954

I Selaginella moellendorffii 231453

Klebsormidium flaccidum kfl00417 0130 v1.1

Marchantia polymorpha Mapoly0165s0002.1.p

99

~1
-1

100 [
1

98
92 87 Marchantia polymorpha Mapoly0078s0053.1.p
Picea abies MA 119138g0010
100 Physcomitrella patens Pp3c4 7070V3.1.p
100 Physcomitrella patens Pp3c12 20160V3.1.p
100 I_Iﬂ| Physcomitrella patens Pp3c19 7970V3.1.p
Physcomitrella patens Pp3c22 2650V3.1.p

A Mesostigma viride Mv20187-RA
Chlamydomonas reinhardtii Cre14.9g618400.11.2

100
100 Volvox carteri Vocar.0001s1463.1.p
100 Chlamydomonas reinhardtii Cre17.g721000.11.2
[ Volvox carteri Vocar.0024s0109.1.p

Arabidopsis thaliana AT2G41700.1/AtABCA1

100

A Mesostigma viride Mv16943-RA

| [A Mesostigma viride Mv03748-RA
A Mesostigma viride Mv05016-RA
A Mesostigma viride Mv18280-RA

100 rSelagmeﬂa moellendorffii 174006

Selaginella moellendorffii 424611
100 ¢ Chlamydomonas reinhardtii Cre14.g613950.t11.2
1 Volvox carteri Vocar.0057s0009.1.p
A Mesostigma viride Mv20188-RA
Klebsormidium flaccidum kfl00417 0120 v1.1
Selaginella moellendorffii 93011
Selaginella moellendorffii 76005
Marchantia polymorpha Mapoly0165s0010.1.p
Physcomitrella patens Pp3c14 6070V3.1.p

Picea abies MA 1042781890010

98
100 | I Picea abies MA 490279g0010

I Picea abies MA 39982g0010

Oryza sativa LOC Os08g30740.1

Arabidopsis thaliana AT3G47730.1/AtABCA2
Arabidopsis thaliana AT5G61690.1/AtABCA11
Arabidopsis thaliana AT5G61730.1/AtABCA9

0.05

100
100 Amborella trichopoda evm 27.model. AmTrv1.0 scaffold00159.25
100 Selaginella moellendorffii 446307
Klebsormidium flaccidum kfl00032 0070 v1.1

Amborella trichopoda evm 27 .model. AmTrv1.0 scaffold00078.112

G1

G2

G3






media/file17.png
i p 1
65
»
o4
Gl
73
| 1
A
100 52 ol
96 1
P
1
5H_| p
100 "
1
96 v
172462
o G2
|
52
98
100
r P 1p
P P
|
1
1p
100 1
1 2
88
92 G3
1p
60&'
1IAMABCI2
1
|.__| P
100 2
50 1
G4
55 7 1
50| 63 P
1
99
85
85 G5
100 had
P “wp
1
1/AABCI20
model AmTrv1.0 scaffold00003 199
1
(2 T7T10V31p
1
9731050.11.2
1p
1
e
P p
1/AIABCI21
o]
I
RA
r 146
64 ik
53 1p G7
1
i 123928
p
P 1p

A
1
13
G8
1/AABCI12
1p
p
p
63
100 :
; 1p
77 )
98 1
G9
90
100 28
b | = 130
4
L
“w
2
'p
100
H 1G19800.1/AtABC114
66} A Glo
|
|90| o 4
'p3c1 16480V3.1p
551
88
76
64 . o
97 s L
99
1
97 A
g3 Gl1
100 1p
a5 1
37 g
A
100 1
65 99 1p
1
79 1AMABCI3
99
L AT2GO7681 1/AIABCH =
100 | | 457
1
61 1
84 "
p3c4 1p
100 Gl13
| A
99 I—|
L 1p
p3c253020V3 1 p
100
100 1/AABCIB
99
1
10v11
70],,
1p Gl4
1p
n A
| I .0 scaffold00030.74
I 170465
I s
el L{ f P 1p
190V3iip






media/file4.jpg





media/file0.jpg
Strephtophyte

Arabidopsis thaliana
Oryza sativa

Amborela trichopoda
Picea abies

Selaginella moellendorffi
Marchantia polymorpha
Physcomitrella patens

Kiebsormidium flaccidum

cnaoste| " i vide
Volvox carteri
[l E——

0 20 40 60 8 100
WABCA wABCB wABCC wABCD WABCE wABCF WABCG

Land plants

120
wABCI

140

160





media/file2.jpg
ot

e s TS
conestps e 000215
e e s S 1.
Pty PRSI0
ontei e e X001

X e e T

s o1 726012

o e g T o A OO0 25
e eS0T 1.1
R

P e R
e,

e

=





