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Supplementary Information 
 
CDF protein sequence information was obtained from individual sequence database 
depositions followed published characterisation of selected CDF proteins or from genome 
annotations. Individual sequence, reference and database (including website address) 
information is provided in Supplementary Table S1 (below). All individual bacterial proteins 
sequences were obtained from National Center for Biotechnology Information (NCBI) Protein 
Database. 
 
Genome assemblies and annotations from 38 species were used in this study. The details of 
each genome are described below. The majority of the genome data was accessed from the 
DOE Joint Genome Institute (JGI) Genome Portal (Grigoriev et al. 2012; Nordberg et al. 
2014), including JGI MycoCosm (Grigoriev et al. 2014) and JGI PhycoCosm, and JGI 
Phyozome v.12 (Goodstein et al. 2012). 
 
For the non-algal organisms the following genomes were analysed. Nostoc punctiforme PCC 
73102 genome data was obtained from JGI Genome Portal. Homo sapiens sequence data 
was obtained from NCBI. Saccharomyces cerevisiae strain S288C genome data (genome 
version R64-2-1) was obtained from the Saccharomyces Genome Database (SGD) (Cherry 
et al. 2012; Engel et al. 2014). Arabidopsis thaliana cv. Col-0 genome (The Arabidopsis 
Genome Initiative 2000) release v.9 data was obtained from The Arabidopsis Information 
Resource (TAIR) v.10 (Lamesch et al. 2012). Schizochytrium aggregatum ATCC 28209 draft 
genome release v.1 data was obtained from JGI MycoCosm.  
 
For a charophyte genome, Klebsormidium nitens NIES-2285 genome release v.1.1 data was 
obtained from the Klebsormidium nitens NIES-2285 genome project (Hori et al. 2014).  
 
For the chlorophyte organisms the following genomes were analysed. Bathycoccus prasinos 
RCC1105 genome (Moreau et al. 2012) assembly ASM222023v1 data was obtained from 
JGI PhycoCosm. Botryococcus braunii Race B (Showa strain) genome release v.2.1 
(Botryococcus braunii Showa v2.1 DOE-JGI, http://phytozome.jgi.doe.gov/) data was 
obtained from JGI Phytozome. Chlamydomonas reinhardtii CC-503 genome (Merchant et al. 
2007) assembly and annotation v.5.5 data was obtained from JGI Phytozome. Chlorella sp. 
NC64A draft genome (Blanc et al. 2010) assembly and annotation v.1 data was obtained 
from JGI PhycoCosm. Chromochloris zofingiensis SAG 211-14 genome (Roth et al. 2017) 
assembly and annotation v.5.2.3.2 data was obtained from JGI PhycoCosm.Coccomyxa 
subellipsoidea C-169 genome (Blanc et al. 2012) assembly and annotation v.2 data was 
obtained from JGI Phytozome. Dunaliella salina CCAP19-18 draft genome (Polle et al. 2017) 
assembly and annotation v.1 data was obtained from JGI Phytozome. Micromonas pusilla 
CCMP1545 genome (Worden et al. 2009) assembly and annotation v.3 data was obtained 
from JGI Phytozome. Micromonas sp. RCC299 genome (Worden et al. 2009) assembly and 
annotation v.3 data was obtained from JGI Phytozome. Ostreococcus lucimarinus genome 
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(Palenik et al. 2007) assembly and annotation v.2 data was obtained from JGI Phytozome. 
Ostreococcus sp. RCC809 draft genome (Palenik et al. 2007) assembly and annotation v.2 
data was obtained from JGI PhycoCosm.Ostreococcus tauri RCC4221 genome (Palenik et 
al. 2007; Blanc-Mathieu et al. 2014) assembly and annotation v.3 data was obtained from 
JGI PhycoCosm.Volvox carteri genome (Prochnik et al. 2010) assembly and annotation 
v.2.1 data was obtained from JGI Phytozome. 
 
For the pelagophyte organisms the following genomes were analysed. Aureococcus 
anophagefferens clone 1984 genome (Gobler et al. 2011) assembly and annotation v.1 data 
was obtained from JGI PhycoCosm. Pelagophyceae sp. CCMP2097 draft genome assembly 
and annotation v.1 data was obtained from JGI PhycoCosm. 
 
For the cryptophyte organisms the following genomes were analysed. Cryptophyceae sp. 
CCMP2293 draft genome assembly and annotation v.1 data was obtained from JGI 
PhycoCosm. Guillardia theta CCMP2712 draft genome (Curtis et al. 2012) assembly and 
annotation v.1 data was obtained from JGI PhycoCosm. 
 
For the rhodophyte organisms the following genomes were analysed. Cyanidioschyzon 
merolae genome (Matsuzaki et al. 2004; Nozaki et al. 2007) assembly and annotation data 
was obtained from JGI PhycoCosm. Galdieria sulphuraria 074W genome (Schönknecht et 
al. 2013) assembly and annotation data was obtained from JGI PhycoCosm. Porphyra 
umbilicalis genome (Brawley et al. 2017) assembly and annotation v1.5 data was obtained 
from JGI Phytozome.  
 
For the haptophyte organisms the following genomes were analysed. Emiliania huxleyi 
CCMP1516 draft genome (Read et al. 2013) assembly and annotation v.1 data was 
obtained from JGI PhycoCosm. Pavlovales sp. CCMP2436 draft genome assembly and 
annotation v.1 data was obtained from JGI PhycoCosm. Phaeocystis antarctica CCMP1374 
genome assembly and annotation v.2.2 data was obtained from JGI PhycoCosm. 
Phaeocystis globosa Pg-G genome assembly and annotation v.2.3 data was obtained from 
JGI PhycoCosm. 
 
For the bacillariophyte organisms the following genomes were analysed. Fragilariopsis 
cylindrus CCMP 1102 genome (Mock et al. 2017) assembly and annotation v.1 data was 
obtained from JGI PhycoCosm. Phaeodactylum tricornutum CCAP 1055/1 genome (Bowler 
et al. 2008) assembly and annotation v.2 data was obtained from JGI PhycoCosm. Pseudo-
nitzschia multiseries CLN-47 draft genome assembly and annotation v.1 data was obtained 
from JGI PhycoCosm. Thalassiosira pseudonana CCMP 1335 genome (Armbrust et al. 
2004) assembly and annotation v.3 data was obtained from JGI PhycoCosm. 
 
For the ochrophyte organisms the following genomes were analysed. Ectocarpus siliculosus 
Ec 32 genome (Cock et al. 2010) assembly and annotation data was obtained from JGI 
PhycoCosm. Nannochloropsis oceanica CCMP1779 draft genome assembly and annotation 
v.2 data was obtained from JGI PhycoCosm. Ochromonadaceae sp. CCMP2298 draft 
genome assembly and annotation v.1 data was obtained from JGI PhycoCosm. 
 
For a chlorarachinophyte genome, Bigelowiella natans CCMP2755 draft genome assembly 
and annotation v.1 data was obtained from JGI PhycoCosm. 
 
 
 
 
 
 
 



Supplementary Table S1. Details of each CDF protein from each analysed organism and genome used in the phylogenetic analysis. The genome Id 
number or accession number refer to the database listed in the adjacent column, Database website addresses are shown in the table footnotes. CDF 
group assignments were determined from phylogenetic analysis (Figure 1) and supported by cluster analysis (Figure 2). Eight sequences were 
classed as unassigned including seven sequences where the evidence for Group 2 assignment was not supported by cluster analysis. 
 
Protein name Species Taxonomic 

classification 
Genome ID or 
accession no. 

Database CDF Group Known 
substrate 

Reference 

Bs_CzcD Bacillus subtilis Bacteria NP_390542.1 NCBI a Group 1  
(Zn-CDF) 

Zn2+, Co2+, 
Cu2+, Ni2+ 

Moore et al. (2005) 

Bd_blr4938 Bradyrhizobium 
diazoefficiens USDA 110 

Bacteria NP_771578.1 NCBI a Group 1  
(Zn-CDF) 

  

Ec_ZitB Escherichia coli Bacteria P75757.1 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Chao & Fu (2004) 

Ec_YiiP Escherichia coli Bacteria P69380.1 NCBI a Group 2 
(Fe/Zn CDF) 

Fe2+, Zn2+, 
Cd2+ 

Wei & Fu (2005) 

Cm_FieF Ralstonia metallidurans 
CH34 

Bacteria ZP_00593836.1 NCBI a  Group 2 
(Fe/Zn CDF) 

Fe2+, Co2+, 
Ni2+, Cd2+, 
Zn2+ 

Munkelt et al. 
(2004) 

Re_CepA Rhizobium etli CFN 42 Bacteria ABC90024.1 NCBI a Group 1  
(Zn-CDF) 

Co2+ Cubillas et al. 
(2013) 

Re_NepA Rhizobium etli CFN 42 Bacteria ABC93653.1 NCBI a Group 2 
(Fe/Zn CDF) 

Ni2+, Co2+ Cubillas et al. 
(2013) 

Sm_0683 Sinorhizobium meliloti 
1021 

Bacteria NP_435608.2 NCBI a Unassigned   

Sp_MntE Streptococcus 
pneumoniae D39 

Bacteria ABJ55467.1 NCBI a Group 2 
(Fe/Zn CDF) 

Mn2+ Rosch et al. (2009) 

Tt_CzrB Thermus thermophiles Bacteria CAC83722.1 NCBI a  Group 2 
(Fe/Zn CDF) 

Zn2+, Cd2+ Spada et al. 
(2002) 

Ma_4394 Methanosarcina 
acetivorans C2A 

Archaea AAM07736.1 NCBI a  Group 2 
(Fe/Zn CDF) 

  

Np_F1794 Nostoc punctiforme PCC 
73102  

Cyanobacteria ACC80456.1 JGI Genome 
Portal b 

Group 3 
(undefined) 

  

Np_F0707 Nostoc punctiforme PCC 
73102 

Cyanobacteria ACC79459.1 JGI Genome 
Portal b 

Group 2 
(Fe/Zn CDF) 

  

Np_R3104 Nostoc punctiforme PCC 
73102 

Cyanobacteria ACC81585.1 JGI Genome 
Portal b 

Group 3 
(undefined) 

  

Np_F2455 Nostoc punctiforme PCC 
73102 

Cyanobacteria ACC81016.1 JGI Genome 
Portal b 

Group 2 
(Fe/Zn CDF) 

  

Hs_Znt1 Homo sapiens Metazoa NP_067017.2 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Segal et al. (2004) 



Hs_Znt2 Homo sapiens Metazoa NP_001004434.1 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Lopez & Kelleher 
(2009) 

Hs_Znt3 Homo sapiens Metazoa NP_003450.2 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Salazar et al. 
(2009) 

Hs_Znt4 Homo sapiens Metazoa NP_037441.2 NCBI a  Group 1  
(Zn-CDF) 

Zn2+ Murgia et al. 
(2011) 

Hs_Znt5 Homo sapiens Metazoa NP_075053.2 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Ohana et al. 
(2009) 

Hs_Znt6 Homo sapiens Metazoa NP_001180442.1 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Huang et al. 
(2002) 

Hs_Znt7 Homo sapiens Metazoa NP_001138356.1 NCBI a Group 1  
(Zn-CDF) 

Zn2+ Kirschke & Huang 
(2003) 

Hs_Znt8 Homo sapiens Metazoa NP_776250.2 NCBI a  Group 1  
(Zn-CDF) 

Zn2+ Chimienti et al. 
(2004) 

Hs_Znt9 Homo sapiens Metazoa NP_006336.3 NCBI a  Group 3 
(undefined) 

Zn2+ Perez et al. (2017) 

Hs_Znt10 Homo sapiens Metazoa NP_061183.2 NCBI a Group 1  
(Zn-CDF) 

Mn2+, Zn2+? Nishito et al. 
(2016) 

Sc_ZRC1 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000004856 SGC c Group 1  
(Zn-CDF) 

Zn2+ MacDiarmid et al. 
(2002) 

Sc_COT1 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000005843 SGC c Group 1  
(Zn-CDF) 

Zn2+, Co2+ MacDiarmid et al. 
(2002) 

Sc_MSC2 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000002613 SGC c Group 1  
(Zn-CDF) 

Zn2+ Ellis et al. (2004) 

Sc_ZRG17 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000005322 SGC c Unassigned Zn2+ Ellis et al. (2005) 

Sc_MMT1 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000004789 SGC c Group 2 
(Fe/Zn CDF) 

Fe2+ Li et al. (2014) 

Sc_MMT2 Saccharomyces 
cerevisiae S288C 

Ascomycota SGD:S000006145 SGC c Group 2 
(Fe/Zn CDF) 

Fe2+ Li et al. (2014) 

At_MTP1 Arabidopsis thaliana 
columbia 

Embryophyta AT2G46800.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+ Kobae et al. 
(2004) 

At_MTP2 Arabidopsis thaliana 
columbia 

Embryophyta AT3G61940.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+ Sinclair et al. 
(2018) 

At_MTP3 Arabidopsis thaliana 
columbia 

Embryophyta AT3G58810.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+, Cd2+ Arrivault et al. 
(2006) 

At_MTP4 
 

Arabidopsis thaliana 
columbia 

Embryophyta AT2G29410.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+ Fujiwara et al. 
(2015) 

At_MTP5 Arabidopsis thaliana 
columbia 

Embryophyta AT3G12100.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+ Fujiwara et al. 
(2015) 



At_MTP6 Arabidopsis thaliana 
columbia 

Embryophyta AT2G47830.1 TAIR d Group 2 
(Fe/Zn CDF) 

  

At_MTP7 Arabidopsis thaliana 
columbia 

Embryophyta AT1G51610.1 TAIR d Group 3 
(undefined) 

  

At_MTP8 Arabidopsis thaliana 
columbia 

Embryophyta AT3G58060.1 TAIR d Group 4  
(Mn-CDF) 

Mn2+, Fe2+? Eroglu et al. 
(2016) 

At_MTP9 Arabidopsis thaliana 
columbia 

Embryophyta AT1G79520.2 TAIR d Group 4  
(Mn-CDF) 

Mn2+ Chu et al. (2017) 

At_MTP10 Arabidopsis thaliana 
columbia 

Embryophyta AT1G16310.1 TAIR d Group 4  
(Mn-CDF) 

Mn2+ Chu et al. (2017) 

At_MTP11 Arabidopsis thaliana 
columbia 

Embryophyta AT2G39450.1 TAIR d Group 4  
(Mn-CDF) 

Mn2+ Peiter et al. (2007) 

At_MTP12 Arabidopsis thaliana 
columbia 

Embryophyta AT2G04620.1 TAIR d Group 1  
(Zn-CDF) 

Zn2+ Fujiwara et al. 
(2015) 

Sa_54404 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 54404 JGI  
MycoCosm e 

Group 1  
(Zn-CDF) 

  

Sa_80149 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 80149 JGI  
MycoCosm e 

Group 1  
(Zn-CDF) 

  

Sa_81417 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 81417 JGI  
MycoCosm e 

Group 1  
(Zn-CDF) 

  

Sa_27533 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 27533 JGI  
MycoCosm e 

Group 2 
(Fe/Zn CDF) 

  

Sa_73731 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 73731 JGI  
MycoCosm e 

Group 3 
(undefined) 

  

Sa_13553 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 13553 JGI  
MycoCosm e 

Group 4  
(Mn-CDF) 

  

Sa_86437 Schizochytrium 
aggregatum ATCC 28209 

Thraustochytrid Protein Id: 86437 JGI  
MycoCosm e 

Group 5 
(undefined) 

  

Kn_00085_0150 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00085_0150_v1.1 Klebsormidium 
genome project f  

Group 1  
(Zn-CDF) 

  

Kn_00345_0040 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00345_0040_v1.1 Klebsormidium 
genome project f 

Group 1  
(Zn-CDF) 

  

Kn_00701_0020 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00701_0020_v1.1 Klebsormidium 
genome project f 

Group 1  
(Zn-CDF) 

  

Kn_00804_0020 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00804_0020_v1.1 Klebsormidium 
genome project f 

Group 1  
(Zn-CDF) 

  

Kn_00270_0190 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00270_0190_v1.1 Klebsormidium 
genome project f  

Group 2 
(Fe/Zn CDF) 

  

Kn_00187_0105 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00187_0105_v1.1 Klebsormidium 
genome project f 

Group 3 
(undefined) 

  



Kn_00078_0240 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00078_0240_v1.1 Klebsormidium 
genome project f 

Group 4  
(Mn-CDF) 

  

Kn_00343_0090 Klebsormidium nitens 
NIES-2285 

Charophyta kfl00343_0090_v1.1 Klebsormidium 
genome project f 

Group 4  
(Mn-CDF) 

  

Bp_6660 Bathycoccus prasinos 
RCC1105 

Chlorophyta Protein Id: 6660 JGI  
PhycoCosm g  

Group 2 
(Fe/Zn CDF) 

  

Bp_127 Bathycoccus prasinos 
RCC1105 

Chlorophyta Protein Id: 127 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Bp_7715 Bathycoccus prasinos 
RCC1105 

Chlorophyta Protein Id: 7715 JGI  
PhycoCosm g 

Group 4 
 (Mn-CDF) 

  

Bb_0249s0060 Botryococcus braunii 
Race B (Showa strain) 

Chlorophyta Bobra.0249s0060.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Bb_0056s0042 Botryococcus braunii 
Race B (Showa strain) 

Chlorophyta Bobra.0056s0042.1 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Cr_MTP1 Chlamydomonas 
reinhardtii CC-503 

Chlorophyta Cre03.g145087.t1.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

Zn2+, Co2+ This study 

Cr_MTP2 Chlamydomonas 
reinhardtii CC-503 

Chlorophyta Cre03.g160800.t1.2 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

Mn2+ This study 

Cr_MTP3 Chlamydomonas 
reinhardtii CC-503 

Chlorophyta Cre03.g160750.t1.1 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

Mn2+, Zn2+, 
Co2+ 

This study 

Cr_MTP4 Chlamydomonas 
reinhardtii CC-503 

Chlorophyta Cre03.g160550.t1.1 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

Mn2+, Cd2+ Ibuot et al. (2017) 

Cr_MTP5 Chlamydomonas 
reinhardtii CC-503 

Chlorophyta Cre06.g289150.t1.1 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Chlsp_37115 Chlorella sp. NC64A  Chlorophyta Protein Id: 37115 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Chlsp_18700 Chlorella sp. NC64A  Chlorophyta Protein Id: 18700 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Chlsp_59655 Chlorella sp. NC64A  Chlorophyta Protein Id: 59655 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Cz_04g25040 Chromochloris 
zofingiensis SAG 211-14 

Chlorophyta Cz04g25040.t1 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Cz_11g13120 Chromochloris 
zofingiensis SAG 211-14 

Chlorophyta Cz11g13120.t1 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Cz_12g10240 Chromochloris 
zofingiensis SAG 211-14 

Chlorophyta Cz12g10240.t1 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Cz_Ug00396 Chromochloris 
zofingiensis SAG 211-14 

Chlorophyta UNPLg00396.t1 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Cs_14234 Coccomyxa 
subellipsoidea C-169 

Chlorophyta Protein Id: 14234 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  



Cs_16095 Coccomyxa 
subellipsoidea C-169 

Chlorophyta Protein Id: 16095 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Cs_28593 Coccomyxa 
subellipsoidea C-169 

Chlorophyta Protein Id: 28593 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Cs_21325 Coccomyxa 
subellipsoidea C-169 

Chlorophyta Protein Id: 21325 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Cs_39175 Coccomyxa 
subellipsoidea C-169 

Chlorophyta Protein Id: 39175 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Ds_0333s00001 Dunaliella salina 
CCAP19-18 

Chlorophyta Dusal.0333s00001.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Ds_0333s00003 Dunaliella salina 
CCAP19-18 

Chlorophyta Dusal.0333s00003.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Ds_1360s00001 Dunaliella salina 
CCAP19-18 

Chlorophyta Dusal.1360s00001.1 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Ds_0199s00009 Dunaliella salina  
CCAP19-18 

Chlorophyta Dusal.0199s00009.1 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Mp_17485 Micromonas pusilla 
CCMP1545 

Chlorophyta Protein Id: 17485 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Mp_52662 Micromonas pusilla 
CCMP1545 

Chlorophyta Protein Id: 52662 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Msp_60348 Micromonas sp. RCC299 Chlorophyta Protein Id: 60348 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Msp_102742 Micromonas sp. RCC299 Chlorophyta Protein Id: 102742 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Msp_64402 Micromonas sp. RCC299 Chlorophyta Protein Id: 64402 JGI  
Phytozome h 

Group 2 
(Fe/Zn CDF) 

  

Msp_97795 Micromonas sp. RCC299 Chlorophyta Protein Id: 97795 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Msp_55479 Micromonas sp. RCC299 Chlorophyta Protein Id: 55479 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Ol_39741 Ostreococcus lucimarinus Chlorophyta Protein Id: 39741 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Ol_33926 Ostreococcus lucimarinus Chlorophyta Protein Id: 33926 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Ostsp_28125 Ostreococcus sp. 
RCC809 

Chlorophyta Protein Id: 28125 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Ostsp_30303 Ostreococcus sp. 
RCC809 

Chlorophyta Protein Id: 30303 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Ot_69157 Ostreococcus tauri 
RCC4221 

Chlorophyta Protein Id: 69157 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  



Ot_73435 Ostreococcus tauri 
RCC4221 

Chlorophyta Protein Id: 73435 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Vc_0014s0072 Volvox carteri Chlorophyta Vocar.0014s0072.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Vc_0063s0011 Volvox carteri Chlorophyta Vocar.0063s0011.1 JGI  
Phytozome h 

Group 3 
(undefined) 

  

Vc_0005s0300 Volvox carteri Chlorophyta Vocar.0005s0300.1 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Aa_18887 Aureococcus 
anophagefferens clone 
1984 

Pelagophyta Protein Id: 18887 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Aa_54063 Aureococcus 
anophagefferens clone 
1984 

Pelagophyta Protein Id: 54063 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Aa_63403 Aureococcus 
anophagefferens clone 
1984 

Pelagophyta Protein Id: 63403 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Aa_12227 Aureococcus 
anophagefferens clone 
1984 

Pelagophyta Protein Id: 12227 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Psp_582096 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 582096 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Psp_474385 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 474385 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Psp_505673 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 505673 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Psp_623472 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 623472 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Psp_507764 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 507764 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Psp_522664 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 522664 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Psp_509680 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 509680 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Psp_614657 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 614657 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Psp_615359 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 615359 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Psp_617317 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 617317 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  



Psp_584138 Pelagophyceae sp. 
CCMP2097 

Pelagophyta Protein Id: 584138 JGI  
PhycoCosm g 

Unassigned   

Csp_1897108 Cryptophyceae sp. 
CCMP2293 

Cryptophyta Protein Id: 1897108 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Csp_1763656 Cryptophyceae sp. 
CCMP2293 

Cryptophyta Protein Id: 1763656 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Csp_1785488 Cryptophyceae sp. 
CCMP2293 

Cryptophyta Protein Id: 1785488 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Gt_65516 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 65516 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_131845 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 131845 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_133916 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 133916 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_140741 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 140741 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_163374 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 163374 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_163373 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 163373 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Gt_137697 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 137697 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Gt_114253 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 114253 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Gt_77758 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 77758 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Gt_165502 Guillardia theta 
CCMP2712 

Cryptophyta Protein Id: 165502 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Cmer_CMF058C Cyanidioschyzon merolae 
strain 10D 

Rhodophyta CMF058C JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Cmer_CMT536C Cyanidioschyzon merolae 
strain 10D 

Rhodophyta CMT536C JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Cmer_CMC075C Cyanidioschyzon merolae 
strain 10D 

Rhodophyta CMC075C JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Gs_1521 Galdieria sulphuraria 
074W  

Rhodophyta Protein Id: 1521 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pu_0152s0012 Porphyra umbilicalis Rhodophyta Pum0152s0012.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Pu_0222s0004 Porphyra umbilicalis Rhodophyta Pum0222s0004.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  



Pu_0333s0033 Porphyra umbilicalis Rhodophyta Pum0333s0033.1 JGI  
Phytozome h 

Group 1  
(Zn-CDF) 

  

Pu_0056s0045 Porphyra umbilicalis Rhodophyta Pum0056s0045.1 JGI  
Phytozome h 

Group 4  
(Mn-CDF) 

  

Eh_42691 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 42691 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Eh_53810 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 53810 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Eh_414632 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 414632 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Eh_98399 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 98399 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Eh_202761 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 202761 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Eh_210717 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 210717 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Eh_461752 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 461752 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Eh_42214 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 42214 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Eh_117787 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 117787 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Eh_203258 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 203258 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Eh_211062 Emiliania huxleyi 
CCMP1516 

Haptophyta Protein Id: 211062 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pasp_262010 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 262010 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pasp_936591 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 936591 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pasp_580610 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 580610 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pasp_597035 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 597035 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pasp_407315 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 407315 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pasp_915848 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 915848 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pasp_939555 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 939555 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  



Pasp_1059224 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 1059224 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pasp_1061345 Pavlovales sp. 
CCMP2436 

Haptophyta Protein Id: 1061345 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pa_1122 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 1122 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pa_9803 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 9803 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pa_16275 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 16275 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pa_24855 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 24855 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pa_30362 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 30362 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pa_1127 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 1127 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_2008 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 2008 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_9269 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 9269 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_17347 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 17347 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_17350 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 17350 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_19534 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 19534 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_27928 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 27928 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pa_35928 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 35928 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Pa_24952 Phaeocystis antarctica 
CCMP1374 

Haptophyta Protein Id: 24952 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pg_215 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 215 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pg_11101 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 11101 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pg_2185 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 2185 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pg_4331 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 4331 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  



Pg_30462 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 30462 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pg_25361 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 25361 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pg_17382 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 17382 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pg_2642 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 2642 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pg_5451 Phaeocystis globosa  
Pg-G 

Haptophyta Protein Id: 5451 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Fc_185721 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 185721 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Fc_197703 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 197703 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Fc_138643 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 138643 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Fc_179287 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 179287 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Fc_243722 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 243722 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Fc_244237 Fragilariopsis cylindrus 
CCMP 1102 

Bacillariophyta Protein Id: 244237 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pt_23557 Phaeodactylum 
tricornutum CCAP 1055/1  

Bacillariophyta Protein Id: 23557 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pt_45119 Phaeodactylum 
tricornutum CCAP 1055/1  

Bacillariophyta Protein Id: 45119 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pt_13994 Phaeodactylum 
tricornutum CCAP 1055/1  

Bacillariophyta Protein Id: 13994 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Pt_48955 Phaeodactylum 
tricornutum CCAP 1055/1  

Bacillariophyta Protein Id: 48955 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pt_46297 Phaeodactylum 
tricornutum CCAP 1055/1  

Bacillariophyta Protein Id: 46297 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Pn_98747 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 98747 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pn_260498 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 260498 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Pn_290477 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 290477 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Pn_247016 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 247016 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  



Pn_153478 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 153478 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Pn_302540 Pseudo-nitzschia 
multiseries CLN-47 

Bacillariophyta Protein Id: 302540 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Tp_26530 Thalassiosira 
pseudonana CCMP 1335 

Bacillariophyta Protein Id: 26530 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Tp_260789 Thalassiosira 
pseudonana CCMP 1335 

Bacillariophyta Protein Id: 260789 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Tp_7978 Thalassiosira 
pseudonana CCMP 1335 

Bacillariophyta Protein Id: 7978 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Tp_31951 Thalassiosira 
pseudonana CCMP 1335 

Bacillariophyta Protein Id: 31951 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Tp_22171 Thalassiosira 
pseudonana CCMP 1335 

Bacillariophyta Protein Id: 22171 JGI  
PhycoCosm g 

Unassigned   

Es_24050 Ectocarpus siliculosus  
Ec 32 

Ochrophyta Protein Id: 24050 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Es_26403 Ectocarpus siliculosus  
Ec 32 

Ochrophyta Protein Id: 26403 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Es_21867 Ectocarpus siliculosus  
Ec 32 

Ochrophyta Protein Id: 21867 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Es_29376 Ectocarpus siliculosus  
Ec 32 

Ochrophyta Protein Id: 29376 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Es_18100 Ectocarpus siliculosus  
Ec 32 

Ochrophyta Protein Id: 18100 JGI  
PhycoCosm g 

Unassigned   

No_630191 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 630191 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

No_672670 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 672670 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

No_639981 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 639981 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

No_577472 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 577472 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

No_630732 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 630732 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

No_556631 Nannochloropsis 
oceanica CCMP1779 

Ochrophyta Protein Id: 556631 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Osp_404893 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 404893 JGI  
PhycoCosm g 

Group 1  
(Zn-CDF) 

  

Osp_402386 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 402386 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  



Osp_447574 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 447574 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Osp_452074 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 452074 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Osp_483158 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 483158 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Osp_198761 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 198761 JGI  
PhycoCosm g 

Unassigned   

Osp_422041 Ochromonadaceae sp. 
CCMP2298 

Ochrophyta Protein Id: 422041 JGI  
PhycoCosm g 

Unassigned   

Bn_83139 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 83139 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Bn_89846 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 89846 JGI  
PhycoCosm g 

Group 2 
(Fe/Zn CDF) 

  

Bn_74255 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 74255 JGI  
PhycoCosm g 

Group 3 
(undefined) 

  

Bn_34339 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 34339 JGI  
PhycoCosm g 

Group 4  
(Mn-CDF) 

  

Bn_76194 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 76194 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Bn_88808 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 88808 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

Bn_135221 Bigelowiella natans 
CCMP2755 

Chlorarachniophyta Protein Id: 135221 JGI  
PhycoCosm g 

Group 5 
(undefined) 

  

 
a www.ncbi.nlm.nih.gov/protein/ 
b genome.jgi.doe.gov/portal/ 
c www.yeastgenome.org 
d www.arabidopsis.org 
e mycocosm.jgi.doe.gov/mycocosm/home 
f www.plantmorphogenesis.bio.titech.ac.jp/~algae_genome_project/klebsormidium/ 
g phycocosm.jgi.doe.gov/phycocosm/home 
h phytozome.jgi.doe.gov/pz/portal.html 



Supplementary Table S2. Oligonucleotide PCR primer sequences used for full-length 
amplification of C. reinhardtii MTP cDNAs. Underlined sequence indicates restriction 
enzyme site used for cloning.  
 

Gene Primer name Sequence (5′ – 3′) 

MTP1 
MTP1XbaIF AAATCTAGAAAAATGTCAGAAAGAACGCCTCTTC 

MTP1SacIR AAAGAGCTCCTAGACCTGTGCGTCGCCAGCGGC 

MTP2 
MTP2BamHIF AAAGGATCCAAAAATGGCGCAATTAGCTCGTGAAG 

MTP2XbaIR AAATCTAGAAACTGGGCTGCAAACGGGCTACTTC 

MTP3 
MTP3BamHIF AAAGGATCCAAAAATGGCTCAGTTAGCACGCGAAG 

MTP3XbaIR AAATCTAGACAGCCTACTGTGCCGCGGCGCCAG 

 

 
Supplementary Table S3. Oligonucleotide PCR primer sequences used for qPCR for C. 
reinhardtii MTP genes. 
 

Gene Primer name Sequence (5′ – 3′) 

MTP1 
MTP1F CGTGTGGCTTGAGCGAAGAG 

MTP1R GCTTGCGTGCGATGATACGA 

MTP2 
MTP2F ATGAGTGTGCGGGAGTCGCA 

MTP2R GGCAGTGGCTTCATCACGTC 

MTP3 
MTP3F ATCGAGGCTCTTGACACTGT 

MTP3R GTAAGGCGCTGCTCAGCGTC 

MTP4 
MTP4F ACATGTGTGTGCGGGAGTCG 

MTP4R CTTGTGCCGGTGCAGGGACC 

MTP5 
MTP5F CCTTCATCCTCAGCCATAGCA 

MTP5R CGAGAGGTTGGGAAGTGAG 

CBLP 
CBLPF CTTCTCGCCCATGACCAC 

CBLPR CCCACCAGGTTGTTCTTCAG 

 
  



 
Supplementary Figure S1. A timeline of key events in algal metallomics and CDF 
transporter research over the last 70 years.   



 
 
Supplementary Figure S2. Phylogenetic analysis of CDF transporter family proteins from 
chlorophyta algae. CDF protein sequences from the charophyte Klebsormidium nitens 
(square symbols) and land plant Arabidopsis thaliana (triangle symbols) were included for 
comparison. The Chlamydomonas reinhardtii sequences are highlighted (circle symbols). 
The genome identifier or accession numbers of all sequences used are provided in Table 
S1. Four major groups are highlighted. The tree was constructed using the maximum 
likelihood method and derived from alignments of full length amino acid sequence. A 
consensus tree following 1000 bootstrap replications is shown, with bootstrap percentage 
values indicated at the nodes of major branches. The branch length scale bar indicates the 
evolutionary distance of one amino acid substitution per site. 
 



 
 
Supplementary Figure S3. Sequence analysis of Chlamydomonas reinhardtii MTP1 with 
other Group 1 Zn-CDF proteins. (a) Partial-length multiple sequence alignment of CrMTP1 in 
comparison with AtMTP1, AtMTP2, AtMTP3, AtMTP4, AtMTP12, ScZRC1 and ScCOT1. 
The N-terminal tail sequences of CrMTP1 and the Arabidopsis MTPs, and the N- and C-
terminal tail sequences of the yeast ZRC1/COT1 are not shown. The sequence of CrMTP1 
from amino acids 39 and AtMTP1 from amino acid 41 are shown. Amino acids that are 
identical or similar are shaded in black or grey, respectively. The six putative 
transmembrane (TM) spans are shown as red boxes and determined by hydropathy analysis 
(b). (b) Topology models of CrMTP1 in comparison with AtMTP1, generated by TMHMM. 
Red areas indicate the predicted TM spans. 
 
 



Supplementary References 
 
Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam NH, Zhou S, Allen AE, 

Apt KE, Bechner M, Brzezinski MA, Chaal BK, Chiovitti A, Davis AK, Demarest MS, 
Detter JC, Glavina T, Goodstein D, Hadi MZ, Hellsten U, Hildebrand M, Jenkins BD, 
Jurka J, Kapitonov VV, Kröger N, Lau WWY, Lane TW, Larimer FW, Lippmeier JC, 
Lucas S, Medina M, Montsant A, Obornik M, Parker MS, Palenik B, Pazour GJ, 
Richardson PM, Rynearson TA, Saito MA, Schwartz DC, Thamatrakoln K, Valentin 
K, Vardi A, Wilkerson FP, Rokhsar DS (2004) The genome of the diatom 
Thalassiosira pseudonana: ecology, evolution, and metabolism. Science 306 
(5693):79-86. doi:10.1126/science.1101156 

Arrivault S, Senger T, Kramer U (2006) The Arabidopsis metal tolerance protein AtMTP3 
maintains metal homeostasis by mediating Zn exclusion from the shoot under Fe 
deficiency and Zn oversupply. Plant J 46 (5):861-879. doi:10.1111/j.1365-
313X.2006.02746.x 

Blanc-Mathieu R, Verhelst B, Derelle E, Rombauts S, Bouget F-Y, Carré I, Château A, Eyre-
Walker A, Grimsley N, Moreau H, Piégu B, Rivals E, Schackwitz W, Van de Peer Y, 
Piganeau G (2014) An improved genome of the model marine alga Ostreococcus 
tauri unfolds by assessing Illumina de novo assemblies. BMC Genomics 15 (1):1103. 
doi:10.1186/1471-2164-15-1103 

Blanc G, Agarkova I, Grimwood J, Kuo A, Brueggeman A, Dunigan DD, Gurnon J, Ladunga 
I, Lindquist E, Lucas S, Pangilinan J, Pröschold T, Salamov A, Schmutz J, Weeks D, 
Yamada T, Lomsadze A, Borodovsky M, Claverie J-M, Grigoriev IV, Van Etten JL 
(2012) The genome of the polar eukaryotic microalga Coccomyxa subellipsoidea 
reveals traits of cold adaptation. Genome Biol 13 (5):R39. doi:10.1186/gb-2012-13-5-
r39 

Blanc G, Duncan G, Agarkova I, Borodovsky M, Gurnon J, Kuo A, Lindquist E, Lucas S, 
Pangilinan J, Polle J, Salamov A, Terry A, Yamada T, Dunigan DD, Grigoriev IV, 
Claverie J-M, Van Etten JL (2010) The Chlorella variabilis NC64A genome reveals 
adaptation to photosymbiosis, coevolution with viruses, and cryptic sex. Plant Cell 22 
(9):2943-2955. doi:10.1105/tpc.110.076406 

Bowler C, Allen AE, Badger JH, Grimwood J, Jabbari K, Kuo A, Maheswari U, Martens C, 
Maumus F, Otillar RP, Rayko E, Salamov A, Vandepoele K, Beszteri B, Gruber A, 
Heijde M, Katinka M, Mock T, Valentin K, Verret F, Berges JA, Brownlee C, Cadoret 
J-P, Chiovitti A, Choi CJ, Coesel S, De Martino A, Detter JC, Durkin C, Falciatore A, 
Fournet J, Haruta M, Huysman MJJ, Jenkins BD, Jiroutova K, Jorgensen RE, 
Joubert Y, Kaplan A, Kröger N, Kroth PG, La Roche J, Lindquist E, Lommer M, 
Martin–Jézéquel V, Lopez PJ, Lucas S, Mangogna M, McGinnis K, Medlin LK, 
Montsant A, Secq M-POL, Napoli C, Obornik M, Parker MS, Petit J-L, Porcel BM, 
Poulsen N, Robison M, Rychlewski L, Rynearson TA, Schmutz J, Shapiro H, Siaut 
M, Stanley M, Sussman MR, Taylor AR, Vardi A, von Dassow P, Vyverman W, Willis 
A, Wyrwicz LS, Rokhsar DS, Weissenbach J, Armbrust EV, Green BR, Van de Peer 
Y, Grigoriev IV (2008) The Phaeodactylum genome reveals the evolutionary history 
of diatom genomes. Nature 456 (7219):239-244. doi:10.1038/nature07410 

Brawley SH, Blouin NA, Ficko-Blean E, Wheeler GL, Lohr M, Goodson HV, Jenkins JW, 
Blaby-Haas CE, Helliwell KE, Chan CX, Marriage TN, Bhattacharya D, Klein AS, 
Badis Y, Brodie J, Cao Y, Collén J, Dittami SM, Gachon CMM, Green BR, Karpowicz 
SJ, Kim JW, Kudahl UJ, Lin S, Michel G, Mittag M, Olson BJSC, Pangilinan JL, Peng 
Y, Qiu H, Shu S, Singer JT, Smith AG, Sprecher BN, Wagner V, Wang W, Wang Z-
Y, Yan J, Yarish C, Zäuner-Riek S, Zhuang Y, Zou Y, Lindquist EA, Grimwood J, 
Barry KW, Rokhsar DS, Schmutz J, Stiller JW, Grossman AR, Prochnik SE (2017) 
Insights into the red algae and eukaryotic evolution from the genome of Porphyra 
umbilicalis (Bangiophyceae, Rhodophyta). Proc Natl Acad Sci USA 114 (31):E6361-
E6370. doi:10.1073/pnas.1703088114 



Chao Y, Fu D (2004) Kinetic study of the antiport mechanism of an Escherichia coli zinc 
transporter, ZitB. J Biol Chem 279 (13):12043-12050. doi:10.1074/jbc.M313510200 

Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan ET, Christie KR, 
Costanzo MC, Dwight SS, Engel SR, Fisk DG, Hirschman JE, Hitz BC, Karra K, 
Krieger CJ, Miyasato SR, Nash RS, Park J, Skrzypek MS, Simison M, Weng S, 
Wong ED (2012) Saccharomyces Genome Database: the genomics resource of 
budding yeast. Nucleic Acids Res 40 (D1):D700-D705. doi:10.1093/nar/gkr1029 

Chimienti F, Devergnas S, Favier A, Seve M (2004) Identification and cloning of a β-cell–
specific zinc transporter, ZnT-8, localized into insulin secretory granules. Diabetes 53 
(9):2330-2337. doi:10.2337/diabetes.53.9.2330 

Chu H-H, Car S, Socha AL, Hindt MN, Punshon T, Guerinot ML (2017) The Arabidopsis 
MTP8 transporter determines the localization of manganese and iron in seeds. Sci 
Rep 7 (1):11024. doi:10.1038/s41598-017-11250-9 

Cock JM, Sterck L, Rouzé P, Scornet D, Allen AE, Amoutzias G, Anthouard V, Artiguenave 
F, Aury J-M, Badger JH, Beszteri B, Billiau K, Bonnet E, Bothwell JH, Bowler C, 
Boyen C, Brownlee C, Carrano CJ, Charrier B, Cho GY, Coelho SM, Collén J, Corre 
E, Da Silva C, Delage L, Delaroque N, Dittami SM, Doulbeau S, Elias M, Farnham G, 
Gachon CMM, Gschloessl B, Heesch S, Jabbari K, Jubin C, Kawai H, Kimura K, 
Kloareg B, Küpper FC, Lang D, Le Bail A, Leblanc C, Lerouge P, Lohr M, Lopez PJ, 
Martens C, Maumus F, Michel G, Miranda-Saavedra D, Morales J, Moreau H, 
Motomura T, Nagasato C, Napoli CA, Nelson DR, Nyvall-Collén P, Peters AF, 
Pommier C, Potin P, Poulain J, Quesneville H, Read B, Rensing SA, Ritter A, 
Rousvoal S, Samanta M, Samson G, Schroeder DC, Ségurens B, Strittmatter M, 
Tonon T, Tregear JW, Valentin K, von Dassow P, Yamagishi T, Van de Peer Y, 
Wincker P (2010) The Ectocarpus genome and the independent evolution of 
multicellularity in brown algae. Nature 465 (7298):617-621. doi:10.1038/nature09016 

Cubillas C, Vinuesa P, Tabche ML, García-de los Santos A (2013) Phylogenomic analysis of 
Cation Diffusion Facilitator proteins uncovers Ni2+/Co2+ transporters. Metallomics 5 
(12):1634-1643. doi:10.1039/C3MT00204G 

Curtis BA, Tanifuji G, Burki F, Gruber A, Irimia M, Maruyama S, Arias MC, Ball SG, Gile GH, 
Hirakawa Y, Hopkins JF, Kuo A, Rensing SA, Schmutz J, Symeonidi A, Elias M, 
Eveleigh RJM, Herman EK, Klute MJ, Nakayama T, Oborník M, Reyes-Prieto A, 
Armbrust EV, Aves SJ, Beiko RG, Coutinho P, Dacks JB, Durnford DG, Fast NM, 
Green BR, Grisdale CJ, Hempel F, Henrissat B, Höppner MP, Ishida K-I, Kim E, 
Kořený L, Kroth PG, Liu Y, Malik S-B, Maier UG, McRose D, Mock T, Neilson JAD, 
Onodera NT, Poole AM, Pritham EJ, Richards TA, Rocap G, Roy SW, Sarai C, 
Schaack S, Shirato S, Slamovits CH, Spencer DF, Suzuki S, Worden AZ, Zauner S, 
Barry K, Bell C, Bharti AK, Crow JA, Grimwood J, Kramer R, Lindquist E, Lucas S, 
Salamov A, McFadden GI, Lane CE, Keeling PJ, Gray MW, Grigoriev IV, Archibald 
JM (2012) Algal genomes reveal evolutionary mosaicism and the fate of 
nucleomorphs. Nature 492 (7427):59-65. doi:10.1038/nature11681 

Ellis CD, MacDiarmid CW, Eide DJ (2005) Heteromeric protein complexes mediate zinc 
transport into the secretory pathway of eukaryotic cells. J Biol Chem 280 (31):28811-
28818. doi:10.1074/jbc.M505500200 

Ellis  CD, Wang  F, MacDiarmid  CW, Clark  S, Lyons  T, Eide  DJ (2004) Zinc and the Msc2 
zinc transporter protein are required for endoplasmic reticulum function. J Cell Biol 
166 (3):325-335. doi:10.1083/jcb.200401157 

Engel SR, Dietrich FS, Fisk DG, Binkley G, Balakrishnan R, Costanzo MC, Dwight SS, Hitz 
BC, Karra K, Nash RS, Weng S, Wong ED, Lloyd P, Skrzypek MS, Miyasato SR, 
Simison M, Cherry JM (2014) The reference genome sequence of Saccharomyces 
cerevisiae: then and now. G3: Genes|Genomes|Genetics 4 (3):389-398. 
doi:10.1534/g3.113.008995 

Eroglu S, Meier B, von Wirén N, Peiter E (2016) The vacuolar manganese transporter MTP8 
determines tolerance to iron deficiency-induced chlorosis in Arabidopsis. Plant 
Physiol 170 (2):1030-1045. doi:10.1104/pp.15.01194 



Fujiwara T, Kawachi M, Sato Y, Mori H, Kutsuna N, Hasezawa S, Maeshima M (2015) A 
high molecular mass zinc transporter MTP12 forms a functional heteromeric complex 
with MTP5 in the Golgi in Arabidopsis thaliana. FEBS J 282 (10):1965-1979. 
doi:10.1111/febs.13252 

Gobler CJ, Berry DL, Dyhrman ST, Wilhelm SW, Salamov A, Lobanov AV, Zhang Y, Collier 
JL, Wurch LL, Kustka AB, Dill BD, Shah M, VerBerkmoes NC, Kuo A, Terry A, 
Pangilinan J, Lindquist EA, Lucas S, Paulsen IT, Hattenrath-Lehmann TK, Talmage 
SC, Walker EA, Koch F, Burson AM, Marcoval MA, Tang Y-Z, LeCleir GR, Coyne KJ, 
Berg GM, Bertrand EM, Saito MA, Gladyshev VN, Grigoriev IV (2011) Niche of 
harmful alga Aureococcus anophagefferens revealed through ecogenomics. 
Proceedings of the National Academy of Sciences, USA 108 (11):4352-4357. 
doi:10.1073/pnas.1016106108 

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, Mitros T, Dirks W, 
Hellsten U, Putnam N, Rokhsar DS (2012) Phytozome: a comparative platform for 
green plant genomics. Nucleic Acids Res 40 (D1):D1178-D1186. 
doi:10.1093/nar/gkr944 

Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, Riley R, Salamov A, Zhao X, 
Korzeniewski F, Smirnova T, Nordberg H, Dubchak I, Shabalov I (2014) MycoCosm 
portal: gearing up for 1000 fungal genomes. Nucleic Acids Res 42 (D1):D699-D704. 
doi:10.1093/nar/gkt1183 

Grigoriev IV, Nordberg H, Shabalov I, Aerts A, Cantor M, Goodstein D, Kuo A, Minovitsky S, 
Nikitin R, Ohm RA, Otillar R, Poliakov A, Ratnere I, Riley R, Smirnova T, Rokhsar D, 
Dubchak I (2012) The Genome Portal of the Department of Energy Joint Genome 
Institute. Nucleic Acids Res 40 (D1):D26-D32. doi:10.1093/nar/gkr947 

Hori K, Maruyama F, Fujisawa T, Togashi T, Yamamoto N, Seo M, Sato S, Yamada T, Mori 
H, Tajima N, Moriyama T, Ikeuchi M, Watanabe M, Wada H, Kobayashi K, Saito M, 
Masuda T, Sasaki-Sekimoto Y, Mashiguchi K, Awai K, Shimojima M, Masuda S, Iwai 
M, Nobusawa T, Narise T, Kondo S, Saito H, Sato R, Murakawa M, Ihara Y, Oshima-
Yamada Y, Ohtaka K, Satoh M, Sonobe K, Ishii M, Ohtani R, Kanamori-Sato M, 
Honoki R, Miyazaki D, Mochizuki H, Umetsu J, Higashi K, Shibata D, Kamiya Y, Sato 
N, Nakamura Y, Tabata S, Ida S, Kurokawa K, Ohta H (2014) Klebsormidium 
flaccidum genome reveals primary factors for plant terrestrial adaptation. Nat 
Commun 5 (1):3978. doi:10.1038/ncomms4978 

Huang L, Kirschke CP, Gitschier J (2002) Functional characterization of a novel mammalian 
zinc transporter, ZnT6. J Biol Chem 277 (29):26389-26395. 
doi:10.1074/jbc.M200462200 

Ibuot A, Dean AP, McIntosh OA, Pittman JK (2017) Metal bioremediation by CrMTP4 over-
expressing Chlamydomonas reinhardtii in comparison to natural wastewater-tolerant 
microalgae strains. Algal Res 24:89-96. 
doi:https://doi.org/10.1016/j.algal.2017.03.002 

Kirschke CP, Huang L (2003) ZnT7, a novel mammalian zinc transporter, accumulates zinc 
in the Golgi apparatus. J Biol Chem 278 (6):4096-4102. doi:10.1074/jbc.M207644200 

Kobae Y, Uemura T, Sato MH, Ohnishi M, Mimura T, Nakagawa T, Maeshima M (2004) Zinc 
transporter of Arabidopsis thaliana AtMTP1 is localized to vacuolar membranes and 
implicated in zinc homeostasis. Plant Cell Physiol 45 (12):1749-1758. 
doi:10.1093/pcp/pci015 

Lamesch P, Berardini TZ, Li D, Swarbreck D, Wilks C, Sasidharan R, Muller R, Dreher K, 
Alexander DL, Garcia-Hernandez M, Karthikeyan AS, Lee CH, Nelson WD, Ploetz L, 
Singh S, Wensel A, Huala E (2012) The Arabidopsis Information Resource (TAIR): 
improved gene annotation and new tools. Nucleic Acids Res 40 (D1):D1202-D1210. 
doi:10.1093/nar/gkr1090 

Li L, Miao R, Jia X, Ward DM, Kaplan J (2014) Expression of the yeast Cation Diffusion 
Facilitators Mmt1 and Mmt2 affects mitochondrial and cellular iron homeostasis: 
evidence for mitochondrial iron export. J Biol Chem 289 (24):17132-17141. 
doi:10.1074/jbc.M114.574723 



Lopez V, Kelleher Shannon L (2009) Zinc transporter-2 (ZnT2) variants are localized to 
distinct subcellular compartments and functionally transport zinc. Biochem J 422 
(1):43-52. doi:10.1042/bj20081189 

MacDiarmid CW, Milanick MA, Eide DJ (2002) Biochemical properties of vacuolar zinc 
transport systems of Saccharomyces cerevisiae. J Biol Chem 277 (42):39187-39194 

Matsuzaki M, Misumi O, Shin-i T, Maruyama S, Takahara M, Miyagishima S-y, Mori T, 
Nishida K, Yagisawa F, Nishida K, Yoshida Y, Nishimura Y, Nakao S, Kobayashi T, 
Momoyama Y, Higashiyama T, Minoda A, Sano M, Nomoto H, Oishi K, Hayashi H, 
Ohta F, Nishizaka S, Haga S, Miura S, Morishita T, Kabeya Y, Terasawa K, Suzuki 
Y, Ishii Y, Asakawa S, Takano H, Ohta N, Kuroiwa H, Tanaka K, Shimizu N, Sugano 
S, Sato N, Nozaki H, Ogasawara N, Kohara Y, Kuroiwa T (2004) Genome sequence 
of the ultrasmall unicellular red alga Cyanidioschyzon merolae 10D. Nature 428 
(6983):653-657. doi:10.1038/nature02398 

Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, Terry A, 
Salamov A, Fritz-Laylin LK, Maréchal-Drouard L, Marshall WF, Qu L-H, Nelson DR, 
Sanderfoot AA, Spalding MH, Kapitonov VV, Ren Q, Ferris P, Lindquist E, Shapiro H, 
Lucas SM, Grimwood J, Schmutz J, Cardol P, Cerutti H, Chanfreau G, Chen C-L, 
Cognat V, Croft MT, Dent R, Dutcher S, Fernández E, Fukuzawa H, González-
Ballester D, González-Halphen D, Hallmann A, Hanikenne M, Hippler M, Inwood W, 
Jabbari K, Kalanon M, Kuras R, Lefebvre PA, Lemaire SD, Lobanov AV, Lohr M, 
Manuell A, Meier I, Mets L, Mittag M, Mittelmeier T, Moroney JV, Moseley J, Napoli 
C, Nedelcu AM, Niyogi K, Novoselov SV, Paulsen IT, Pazour G, Purton S, Ral J-P, 
Riaño-Pachón DM, Riekhof W, Rymarquis L, Schroda M, Stern D, Umen J, Willows 
R, Wilson N, Zimmer SL, Allmer J, Balk J, Bisova K, Chen C-J, Elias M, Gendler K, 
Hauser C, Lamb MR, Ledford H, Long JC, Minagawa J, Page MD, Pan J, Pootakham 
W, Roje S, Rose A, Stahlberg E, Terauchi AM, Yang P, Ball S, Bowler C, Dieckmann 
CL, Gladyshev VN, Green P, Jorgensen R, Mayfield S, Mueller-Roeber B, Rajamani 
S, Sayre RT, Brokstein P, Dubchak I, Goodstein D, Hornick L, Huang YW, Jhaveri J, 
Luo Y, Martínez D, Ngau WCA, Otillar B, Poliakov A, Porter A, Szajkowski L, Werner 
G, Zhou K, Grigoriev IV, Rokhsar DS, Grossman AR (2007) The Chlamydomonas 
genome reveals the evolution of key animal and plant functions. Science 318 
(5848):245-250. doi:10.1126/science.1143609 

Mock T, Otillar RP, Strauss J, McMullan M, Paajanen P, Schmutz J, Salamov A, Sanges R, 
Toseland A, Ward BJ, Allen AE, Dupont CL, Frickenhaus S, Maumus F, Veluchamy 
A, Wu T, Barry KW, Falciatore A, Ferrante MI, Fortunato AE, Glöckner G, Gruber A, 
Hipkin R, Janech MG, Kroth PG, Leese F, Lindquist EA, Lyon BR, Martin J, Mayer C, 
Parker M, Quesneville H, Raymond JA, Uhlig C, Valas RE, Valentin KU, Worden AZ, 
Armbrust EV, Clark MD, Bowler C, Green BR, Moulton V, van Oosterhout C, 
Grigoriev IV (2017) Evolutionary genomics of the cold-adapted diatom Fragilariopsis 
cylindrus. Nature 541 (7638):536-540. doi:10.1038/nature20803 

Moore CM, Gaballa A, Hui M, Ye RW, Helmann JD (2005) Genetic and physiological 
responses of Bacillus subtilis to metal ion stress. Mol Microbiol 57 (1):27-40. 
doi:10.1111/j.1365-2958.2005.04642.x 

Moreau H, Verhelst B, Couloux A, Derelle E, Rombauts S, Grimsley N, Van Bel M, Poulain 
J, Katinka M, Hohmann-Marriott MF, Piganeau G, Rouzé P, Da Silva C, Wincker P, 
Van de Peer Y, Vandepoele K (2012) Gene functionalities and genome structure in 
Bathycoccus prasinos reflect cellular specializations at the base of the green lineage. 
Genome Biol 13 (8):R74. doi:10.1186/gb-2012-13-8-r74 

Munkelt D, Grass G, Nies DH (2004) The chromosomally encoded Cation Diffusion 
Facilitator proteins DmeF and FieF from Wautersia metallidurans CH34 are 
transporters of broad metal specificity. J Bacteriol 186 (23):8036-8043. 
doi:10.1128/jb.186.23.8036-8043.2004 

Murgia C, Grosser D, Truong-Tran AQ, Roscioli E, Michalczyk A, Ackland ML, Stoltenberg 
M, Danscher G, Lang C, Knight D, Perozzi G, Ruffin RE, Zalewski P (2011) Apical 



localization of zinc transporter ZnT4 in human airway epithelial cells and its loss in a 
murine model of allergic airway inflammation. Nutrients 3 (11):910-928 

Nishito Y, Tsuji N, Fujishiro H, Takeda T-a, Yamazaki T, Teranishi F, Okazaki F, Matsunaga 
A, Tuschl K, Rao R, Kono S, Miyajima H, Narita H, Himeno S, Kambe T (2016) Direct 
comparison of manganese detoxification/efflux proteins and molecular 
characterization of ZnT10 protein as a manganese transporter. J Biol Chem 291 
(28):14773-14787. doi:10.1074/jbc.M116.728014 

Nordberg H, Cantor M, Dusheyko S, Hua S, Poliakov A, Shabalov I, Smirnova T, Grigoriev 
IV, Dubchak I (2014) The genome portal of the Department of Energy Joint Genome 
Institute: 2014 updates. Nucleic Acids Res 42 (D1):D26-D31. 
doi:10.1093/nar/gkt1069 

Nozaki H, Takano H, Misumi O, Terasawa K, Matsuzaki M, Maruyama S, Nishida K, 
Yagisawa F, Yoshida Y, Fujiwara T, Takio S, Tamura K, Chung SJ, Nakamura S, 
Kuroiwa H, Tanaka K, Sato N, Kuroiwa T (2007) A 100%-complete sequence reveals 
unusually simple genomic features in the hot-spring red alga Cyanidioschyzon 
merolae. BMC Biol 5 (1):28. doi:10.1186/1741-7007-5-28 

Ohana E, Hoch E, Keasar C, Kambe T, Yifrach O, Hershfinkel M, Sekler I (2009) 
Identification of the Zn2+ binding site and mode of operation of a mammalian Zn2+ 
transporter. J Biol Chem 284 (26):17677-17686. doi:10.1074/jbc.M109.007203 

Palenik B, Grimwood J, Aerts A, Rouzé P, Salamov A, Putnam N, Dupont C, Jorgensen R, 
Derelle E, Rombauts S, Zhou K, Otillar R, Merchant SS, Podell S, Gaasterland T, 
Napoli C, Gendler K, Manuell A, Tai V, Vallon O, Piganeau G, Jancek S, Heijde M, 
Jabbari K, Bowler C, Lohr M, Robbens S, Werner G, Dubchak I, Pazour GJ, Ren Q, 
Paulsen I, Delwiche C, Schmutz J, Rokhsar D, Van de Peer Y, Moreau H, Grigoriev 
IV (2007) The tiny eukaryote Ostreococcus provides genomic insights into the 
paradox of plankton speciation. Proc Natl Acad Sci USA 104 (18):7705-7710. 
doi:10.1073/pnas.0611046104 

Peiter E, Montanini B, Gobert A, Pedas P, Husted S, Maathuis FJM, Blaudez D, Chalot M, 
Sanders D (2007) A secretory pathway-localized cation diffusion facilitator confers 
plant manganese tolerance. Proc Natl Acad Sci USA 104 (20):8532-8537 

Perez Y, Shorer Z, Liani-Leibson K, Chabosseau P, Kadir R, Volodarsky M, Halperin D, 
Barber-Zucker S, Shalev H, Schreiber R, Gradstein L, Gurevich E, Zarivach R, Rutter 
GA, Landau D, Birk OS (2017) SLC30A9 mutation affecting intracellular zinc 
homeostasis causes a novel cerebro-renal syndrome. Brain 140 (4):928-939. 
doi:10.1093/brain/awx013 

Polle JEW, Barry K, Cushman J, Schmutz J, Tran D, Hathwaik LT, Yim WC, Jenkins J, 
McKie-Krisberg Z, Prochnik S, Lindquist E, Dockter RB, Adam C, Molina H, 
Bunkenborg J, Jin E, Buchheim M, Magnuson J (2017) Draft nuclear genome 
sequence of the halophilic and beta-carotene-accumulating green alga Dunaliella 
salina strain CCAP19/18. Genome Announc 5 (43):e01105-01117. 
doi:10.1128/genomeA.01105-17 

Prochnik SE, Umen J, Nedelcu AM, Hallmann A, Miller SM, Nishii I, Ferris P, Kuo A, Mitros 
T, Fritz-Laylin LK, Hellsten U, Chapman J, Simakov O, Rensing SA, Terry A, 
Pangilinan J, Kapitonov V, Jurka J, Salamov A, Shapiro H, Schmutz J, Grimwood J, 
Lindquist E, Lucas S, Grigoriev IV, Schmitt R, Kirk D, Rokhsar DS (2010) Genomic 
analysis of organismal complexity in the multicellular green alga Volvox carteri. 
Science 329 (5988):223-226. doi:10.1126/science.1188800 

Read BA, Kegel J, Klute MJ, Kuo A, Lefebvre SC, Maumus F, Mayer C, Miller J, Monier A, 
Salamov A, Young J, Aguilar M, Claverie J-M, Frickenhaus S, Gonzalez K, Herman 
EK, Lin Y-C, Napier J, Ogata H, Sarno AF, Shmutz J, Schroeder D, de Vargas C, 
Verret F, von Dassow P, Valentin K, Van de Peer Y, Wheeler G, Allen AE, Bidle K, 
Borodovsky M, Bowler C, Brownlee C, Mark Cock J, Elias M, Gladyshev VN, Groth 
M, Guda C, Hadaegh A, Debora Iglesias-Rodriguez M, Jenkins J, Jones BM, Lawson 
T, Leese F, Lindquist E, Lobanov A, Lomsadze A, Malik S-B, Marsh ME, Mackinder 
L, Mock T, Mueller-Roeber B, Pagarete A, Parker M, Probert I, Quesneville H, 



Raines C, Rensing SA, Riaño-Pachón DM, Richier S, Rokitta S, Shiraiwa Y, Soanes 
DM, van der Giezen M, Wahlund TM, Williams B, Wilson W, Wolfe G, Wurch LL, 
Dacks JB, Delwiche CF, Dyhrman ST, Glöckner G, John U, Richards T, Worden AZ, 
Zhang X, Grigoriev IV, Emiliania huxleyi Annotation C (2013) Pan genome of the 
phytoplankton Emiliania underpins its global distribution. Nature 499 (7457):209-213. 
doi:10.1038/nature12221 

Rosch JW, Gao G, Ridout G, Wang Y-D, Tuomanen EI (2009) Role of the manganese efflux 
system mntE for signalling and pathogenesis in Streptococcus pneumoniae. Mol 
Microbiol 72 (1):12-25. doi:10.1111/j.1365-2958.2009.06638.x 

Roth MS, Cokus SJ, Gallaher SD, Walter A, Lopez D, Erickson E, Endelman B, Westcott D, 
Larabell CA, Merchant SS, Pellegrini M, Niyogi KK (2017) Chromosome-level 
genome assembly and transcriptome of the green alga Chromochloris zofingiensis 
illuminates astaxanthin production. Proc Natl Acad Sci USA 114 (21):E4296-E4305. 
doi:10.1073/pnas.1619928114 

Salazar G, Falcon-Perez JM, Harrison R, Faundez V (2009) SLC30A3 (ZnT3) 
oligomerization by dityrosine bonds regulates its subcellular localization and metal 
transport capacity. PLOS ONE 4 (6):e5896. doi:10.1371/journal.pone.0005896 

Schönknecht G, Chen W-H, Ternes CM, Barbier GG, Shrestha RP, Stanke M, Bräutigam A, 
Baker BJ, Banfield JF, Garavito RM, Carr K, Wilkerson C, Rensing SA, Gagneul D, 
Dickenson NE, Oesterhelt C, Lercher MJ, Weber APM (2013) Gene transfer from 
bacteria and archaea facilitated evolution of an extremophilic eukaryote. Science 339 
(6124):1207-1210. doi:10.1126/science.1231707 

Segal D, Ohana E, Besser L, Hershfinkel M, Moran A, Sekler I (2004) A role for ZnT-1 in 
regulating cellular cation influx. Biochem Biophys Res Commun 323 (4):1145-1150. 
doi:https://doi.org/10.1016/j.bbrc.2004.08.211 

Sinclair SA, Senger T, Talke IN, Cobbett CS, Haydon MJ, Krämer U (2018) Systemic 
upregulation of MTP2- and HMA2-mediated Zn partitioning to the shoot supplements 
local Zn deficiency responses. Plant Cell 30 (10):2463-2479. 
doi:10.1105/tpc.18.00207 

Spada S, Pembroke TJ, Wall GJ (2002) Isolation of a novel Thermus thermophilus metal 
efflux protein that improves Escherichia coli growth under stress conditions. 
Extremophiles 6 (4):301-308. doi:10.1007/s00792-001-0257-0 

The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the flowering 
plant Arabidopsis thaliana. Nature 408 (6814):796-815. doi:10.1038/35048692 

Wei Y, Fu D (2005) Selective metal binding to a membrane-embedded aspartate in the 
Escherichia coli metal transporter YiiP (FieF). J Biol Chem 280 (40):33716-33724. 
doi:10.1074/jbc.M506107200 

Worden AZ, Lee J-H, Mock T, Rouzé P, Simmons MP, Aerts AL, Allen AE, Cuvelier ML, 
Derelle E, Everett MV, Foulon E, Grimwood J, Gundlach H, Henrissat B, Napoli C, 
McDonald SM, Parker MS, Rombauts S, Salamov A, Von Dassow P, Badger JH, 
Coutinho PM, Demir E, Dubchak I, Gentemann C, Eikrem W, Gready JE, John U, 
Lanier W, Lindquist EA, Lucas S, Mayer KFX, Moreau H, Not F, Otillar R, Panaud O, 
Pangilinan J, Paulsen I, Piegu B, Poliakov A, Robbens S, Schmutz J, Toulza E, 
Wyss T, Zelensky A, Zhou K, Armbrust EV, Bhattacharya D, Goodenough UW, Van 
de Peer Y, Grigoriev IV (2009) Green evolution and dynamic adaptations revealed by 
genomes of the marine picoeukaryotes Micromonas. Science 324 (5924):268-272. 
doi:10.1126/science.1167222 

 


	Untitled



