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RESUMO 

O Ferro (Fe) é um micronutriente essencial para todos os seres vivos, sendo necessário 

para diversas atividades metabólicas e praticamente insubstituível pois possui propriedades 

eletroquímicas únicas, que possibilitam ou facilitam uma série de processos bioquímicos. 

Possivelmente, o Fe foi um elemento essencial para o surgimento da vida na terra, uma vez que 

sua utilização em processos bioquímicos essenciais é conservada durante toda a evolução dos 

organismos vivos. Atualmente na Terra, o Fe é abundante, mas é encontrado em uma forma 

pouco solúvel (ferro férrico – Fe3+) pelos organismos vivos como as plantas. Esse cenário muda 

de acordo com o ambiente, onde por exemplo, em ambientes aquáticos o Fe é mais 

biodisponível (como ferro ferroso – Fe2+). As plantas atuais estabeleceram estratégias de 

absorção do Fe que são respostas a deficiência desse metal na forma mais solúvel. A. thaliana, 

por exemplo, captura o Fe através de um mecanismo que diminui o pH da região da raiz e 

aumenta a solubilidade do Fe3+, através do bombeamento de prótons na rizosfera. O Fe férrico 

mais solúvel é reduzido a Fe ferroso pela FRO2 redutase e transportado para o interior da célula 

pelo principal transportador de ferro das plantas, o IRT1, pertencente à família proteica ZIP 

(ZRT/IRT - Related Protein), composta por transportadores de membrana de Zn, Fe e outros 

micronutrientes. Nesse trabalho, investigamos como os mecanismos de absorção do Fe podem 

ser, possivelmente, um dos fatores que levaram a terrestrialização do planeta pelas estreptófitas 

iniciais e como essas estratégias de captura de Fe se estabeleceram durante a evolução na 

linhagem das plantas (Archaeplastida). Através de análises filogenéticas, observamos que o 

IRT1 de C. reinhardtii possui distância suficiente do AtIRT1 para indicar uma possível 

aparição em paralelo e em diferentes momentos da história evolutiva das plantas desses dois 

tipos de IRT1. Além disso, nossas análises comparativas demonstram que os aminoácidos de 

CrIRT1 são completamente diferentes em algumas posições essenciais para que o transporte 

de Fe aconteça como em AtIRT1. Com os resultados apresentados nesse artigo, nosso trabalho 

abre caminho para diferentes análises que podem ser empregadas em cima dos dados 

encontrados aqui, como por exemplo, uma análise estrutural e funcional dos homólogos da 

família ZIP de espécies de algas que nunca foram estudados antes. A caracterização funcional 

e estrutural dos membros da família ZIP em Archaeplastida ajudará a entender como se 

estabeleceram as estratégias de absorção do Fe nas plantas e auxiliará nos estudos 

biotecnológicos em cultura e saúde oferecidos por essas espécies. 

Palavras-chaves: captura de ferro, Archaeplastida, transportadores ZIP, genômica 

comparativa. 



ABSTRACT 

Iron (Fe) is an essential micronutrient for all living beings, being necessary for several 

metabolic activities and practically irreplaceable because it has unique electrochemical 

properties, which enable or facilitate a series of biochemical processes. Possibly, Fe was an 

essential element for the emergence of life on earth, since its use in essential biochemical 

processes is conserved throughout the evolution of living organisms. Currently on Earth, Fe is 

abundant, but it is found in a poorly soluble form (ferric iron – Fe3+) by living organisms such 

as plants. This scenario changes according to the environment, where, for example, in aquatic 

environments Fe is more bioavailable (as ferrous iron – Fe2+). Current plants have established 

Fe absorption strategies that are responses to the deficiency of this metal in the most soluble 

form. A. thaliana, for example, captures Fe through a mechanism that lowers the pH of the root 

region and increases the solubility of Fe3+, by pumping protons into the rhizosphere. The most 

soluble ferric Fe is reduced to ferrous Fe by FRO2 reductase and transported into the cell by 

the main iron transporter in plants, IRT1, belonging to the ZIP protein family (ZRT/IRT - 

Related Protein), composed of membrane transporters of Zn, Fe and other micronutrients. In 

this work, we investigate how Fe uptake mechanisms could possibly be one of the factors that 

led to terrestrialization of the planet by early streptophytes and how these Fe capture strategies 

were established during evolution in the plant lineage (Archaeplastida). Through phylogenetic 

analyses, we observed that the IRT1 of C. reinhardtii has sufficient distance from AtIRT1 to 

indicate a possible appearance in parallel and at different times in the evolutionary history of 

plants of these two types of IRT1. Furthermore, our comparative analyzes demonstrate that 

CrIRT1 amino acids are completely different in some essential positions for Fe transport to 

occur as in AtIRT1. With the results presented in this article, our work opens the way for 

different analyzes that can be used on top of the data found here, such as a structural and 

functional analysis of homologs of the ZIP family of algae species that have never been studied 

before. The functional and structural characterization of members of the ZIP family in 

Archaeplastida will help to understand how Fe absorption strategies were established in plants 

and will help in biotechnological studies in culture and health offered by these species. 

 

Keywords: iron uptake, Archaeplastida, ZIP transporters, comparative genomics. 
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1. INTRODUÇÃO GERAL

O Ferro (Fe) é um nutriente mineral fundamental para o crescimento, desenvolvimento

e manutenção de quase todos os organismos vivos, exceto por algumas bactérias (CRICHTON, 

2016; POSEY; GHERARDINI, 2000). Da síntese de hemoglobina em humanos (AGGETT, 

2012) a importante cofator para várias enzimas que estão envolvidas na fotossíntese de plantas 

(KIM; GUERINOT, 2007; ROUT; SAHOO, 2015), o Fe é essencial pois participa de uma 

ampla variedade de processos metabólicos, incluindo transporte de oxigênio, síntese de ácido 

desoxirribonucleico (DNA) e transporte de elétrons (ABBASPOUR; HURRELL; 

KELISHADI, 2014).  

Apesar da grande importância, o excesso Fe é altamente tóxico para diversos 

organismos. Em plantas, o Fe em grandes quantidades interrompe o desenvolvimento 

morfológico e fisiológico do indivíduo, causando danos, por exemplo, a organelas celulares 

como os cloroplastos que retarda o metabolismo de carbono pela fotossíntese (ONYANGO et 

al., 2019; ZAHRA et al., 2021).  

A necessidade do Fe em processos biológicos tão importantes de diferentes grupos de 

organismos é um mecanismo evolutivo bem caracterizado e conservado. O desempenho desse 

papel pelo Fe sugere que sua utilização é ancestral, indicando sua  ligação com o início da vida 

na Terra e podendo refletir nas condições ambientais desse período (LILL; FREIBERT, 2020; 

WADE et al., 2021). 

Atualmente, em um cenário onde o oxigênio é presente, o Fe é um dos elementos mais 

abundante no planeta em sua forma oxidada (Fe3+). Acredita-se que o aumento da fotossíntese 

e do oxigênio, consequência da evolução das plantas terrestres, resultou em mudanças 

geológicas que acumulou o Fe3+ no ambiente (KROH; PILON, 2020; LENTON et al., 2016). 

Essa forma do Fe não é prontamente biodisponível para a absorção pelas plantas, tendo que ser 

reduzido a Fe2+ ainda na rizosfera em processos muito bem estabelecidos atualmente por esses 

organismos (CONNORTON; BALK; RODRÍGUEZ-CELMA, 2017; FREY; REED, 2012). 

Em ambientes aquáticos de água doce, o Fe2+ é mais abundante que em ambientes marinhos, 

sendo um dos principais fatores limitantes para a produção fotossintética nesses ambientes 

(BLOMQVIST; GUNNARS; ELMGREN, 2004; FREY; REED, 2012). 

Ao longo do tempo evolutivo, os organismos adquiriram mecanismos específicos de 

absorção de Fe que podem responder à essa deficiência de Fe solúvel no ambiente. Em plantas 

terrestres, duas estratégias de captura de ferro são utilizadas por diferentes espécies do grupo 

Embryophyta. Estratégia I, realizada por plantas como Arabidopsis thaliana e tomate, e 
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Estratégia II, usada por plantas como arroz, cevada, milho e gramíneas (CONNORTON; 

BALK; RODRÍGUEZ-CELMA, 2017; RÖMHELD; MARSCHNER, 1986).  

Na Estratégia I, como resposta à deficiência de Fe, as células radiculares bombeiam 

prótons para o solo através da H-ATPase 2 (AHA2), diminuindo o pH da área circundante e 

aumentando a solubilidade do Fe3+. Depois disso, o Fe3+ é reduzido a Fe2+ via FRO2 redutase 

(Ferric Reduction Oxidase 2) e transportado para dentro das células pelo IRT1 (Iron-Regulated 

Transporter 1). A etapa de acidificação-redução também pode ser realizada utilizando 

compostos fenólicos, flavonóides, flavinas e cumarinas, sendo este último sintetizado pelo 

F6'H1 (Feruloyl CoA ortho-hydroxylase 1) e transportado para fora da célula em direção ao 

Fe3+ pelo ABCG37 (ABC transporter G family member 37). Nas plantas que usam a Estratégia 

II, as células da raiz secretam fitossideróforos no solo para aumentar a solubilidade do Fe3+ por 

quelação. Os fitosideróforos são sintetizados a partir da S-adenosil-metionina (SAM), que gera 

compostos da família do ácido mugineico (MA), como o ácido 2'-desoximugiênico (DMA), 

que é transportado para o solo via TOM1 (Transporter of Mugineic acid family 

phytosiderophores). O fitossideróforo forma um complexo com Fe3+ que é então transportado 

para dentro da célula com a ajuda de YSL (Yellow Stripe-Like). Espécies do gênero arroz 

(Oryza) são capazes de combinar ambas as estratégias como adaptação a áreas alagadas, onde 

a falta de O2 faz com que o Fe seja reduzido a Fe2+, sendo facilmente absorvido através de 

homólogos de IRT1 (CONNORTON; BALK; RODRÍGUEZ-CELMA, 2017; WAIRICH et al., 

2019). 

Em algas verdes, como Chlamydomonas reinhardtii (Chlorophyta), a absorção de ferro 

ocorre pela redução do Fe livre através da FRE1 redutase, seguida pela captação e reoxidação 

do Fe por uma ferroxidase (FOX1). O Fe é então transportado para dentro da célula via 

permease FTR1. Chlamydomonas também captura Fe2+ disponível em seu ambiente de água 

doce através de duas proteínas ZIP chamadas IRT1/IRT2. O complexo FOX1-FTR1 é um 

sistema de aquisição de Fe de alta afinidade que adquire Fe em concentrações muito baixas 

(ALLEN et al., 2007; BLABY-HAAS; MERCHANT, 2012; GLAESENER; MERCHANT; 

BLABY-HAAS, 2013; KROH; PILON, 2020). 

O IRT1, tanto de C. reinhardtii, quanto de O. sativa e A. thaliana é o membro mais 

conhecido da grande família proteica ZIP (ZRT/IRT - Related Protein) de transportadores de 

membrana, identificados a partir de um cDNA de Arabidopsis capaz de complementar a função 

de captação de Fe em mutantes de Saccharomyces cerevisiae (EIDE et al., 1996). A família 

Zip transporta uma ampla gama de micronutrientes além do Fe, como Zinco (Zn) e Manganês 

(Mn). De fato, além do IRT1, os membros que deram o nome a esta família são os 
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transportadores de Zn ZRT1 e ZRT2 (EIDE et al., 1996; LEE et al., 2021; MILNER et al., 

2013; PITA-BARBOSA et al., 2019). Além desses elementos, estudos recentes demonstram 

que membros da família ZIP de arroz e A. thaliana respondem ao estresse de Cádmio (Cd) e 

acumulam esse metal, implicando ainda mais seus papéis na absorção de Cd em plantas 

(ZHENG; CHEN; LI, 2018). Apesar disso, pouco se sabe quanto a função desses membros da 

família ZIP em diferentes grupos de organismos, como as algas. 

Como já mencionado, os ambientes de água doce e terrestre têm distribuição e 

biodisponibilidade diferentes de Fe. Assim, a evolução da captura de Fe da crosta terrestre e 

dos solos primitivos pode ter sido um dos passos cruciais na terrestreização das primeiras 

estreptófitas unicelulares que finalmente deram origem às plantas terrestres. É interessante 

pensar em como e quando os mecanismos de captura de Fe de plantas verdes existentes 

evoluíram para lidar com a deficiência de ferro biodisponível. Com base nessa questão, este 

estudo utilizou uma abordagem de genômica comparativa para entender melhor a origem e 

diversificação das proteínas IRT1/ZIP na linhagem Archaeplastida, composta pelos grupos de 

algas Glaucophyta (algas de água doce), pelas algas vermelhas (Rodophyta) e pela divisão 

Viridiplantae, que incluem as algas verdes Chlorophyta e Charophyta e as plantas terrestres 

(Embryophyta). As algas verdes Charophyta são mais intimamente relacionadas com as plantas 

terrestres dentro de Viridiplantae e atualmente os dois grupos compõem um grupo conhecido 

como Streptophyta.  

Nossos resultados sugerem que os mecanismos baseados em IRT1 de captura de Fe2+

em plantas verdes evoluíram pelo menos duas vezes de ramos notavelmente distintos da árvore 

filogenética da família ZIP. Os homólogos de IRT1/ZIP responsáveis pelo transporte de Fe2+ 

na Estratégia I de plantas terrestres e aqueles envolvidos na absorção de Fe2+ da água doce em 

clorófitas provavelmente evoluíram o transporte de Fe independentemente dos transportadores 

ancestrais de Zn. Apesar disso, faz-se necessário uma série de estudos quanto a captura de 

Ferro em organismos como as algas, já que estudos nessa área são poucos, sendo restrito a 

espécies modelo.  
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2. OBJETIVOS

2.1. OBJETIVO GERAL 

Lançar luz sobre a evolução da proteína de membrana IRT1/ZIP, principal proteína 

transportadora de Ferro, na linhagem Archaeplastida. 

2.2.    OBJETIVOS ESPECÍFICOS 

- Identificar proteínas homologas ZIP em diferentes grupos da linhagem Archaeplastida;

- Construir redes e árvores filogenéticas que evidenciem os caminhos evolutivas das proteínas

homologas ZIP na linhagem Archaeplastida; 

- Identificar possíveis relações nos mecanismos de captura de Ferro de plantas atuais e a

terrestrialização das plantas pelas estreptófitas iniciais. 
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3. ARTIGO RESULTANTE

O artigo “Ferrous iron transport via IRT1 evolved at least twice in green plants”,

resultante das análises realizadas nesse trabalho, foi preparado para submissão à revista 

Genomics (Elsevier), que engloba áreas da genômica comparativa e evolutiva na qual esse 

trabalho se encontra.
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Abstract 

Iron (Fe) is an essential micronutrient for all living beings, being practically irreplaceable 

because of its unique electrochemical properties that enable or facilitate a series of biochemical 

processes, including photosynthesis. Although Fe is abundant on Earth, it is generally found in 

the poorly soluble form Fe3+. Extant plants have established Fe absorption strategies that are 

adapted to the deficiency of this metal in the soluble form Fe2+. Arabidopsis thaliana, for 

example, captures Fe through a mechanism that lowers the pH through proton pumping to the 

rhizosphere that increases Fe3+solubility, which is then reduced by a reductase and transported 

into the cell by the ZIP (ZRT/IRT - Related Protein) family protein IRT1. ZIP proteins are 

transmembrane transporters of a variety of metal such as Fe, Zn, Mn and Cd. In this work, we 

investigate the evolution of functional homologs of the IRT1 in the supergroup of 

photosynthetic eukaryotes Archaeplastida (Viridiplantae + Rhodophyta + Glaucophyta) using 

a dataset of 35 high-quality genomes of diverse lineages. Our analyses suggest that Fe is 

acquired through deeply divergent ZIP proteins in land plants and chlorophyte green algae, 

indicating that Fe2+ uptake evolved at least twice independently during green plant evolution. 

Sequence analyses indicate that the archetypical IRT proteins from angiosperms likely emerged 

in streptophyte algae before the origin of land plants and might be an important player in green 

plant terrestrialization, a process that involved the evolution of Fe acquisition in terrestrial 

subaerial settings.  

Keywords: iron uptake, Archaeplastida, ZIP transporters, comparative genomics. 

mailto:delbem@ufmg.com
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Introduction 

Iron (Fe) is a fundamental element for virtually all cellular organisms. In plants, iron 

deficiency results in serious physiological problems, such as failures in photosynthetic electron 

transport and in sulfur and nitrogen metabolism, which impair growth [1]. Fe is not readily 

bioavailable, besides being the second most abundant metal in Earth's crust (after aluminum). 

Soil Fe is predominantly found as Fe3+ (ferric iron) with oxidants, which is poorly bioavailable 

to plants. In opposition, Fe2+ (ferrous iron) can be absorbed by plant roots without being reduced 

and without the aid of phytosiderophores. In freshwater environments, Fe can be found 

dissolved in greater abundance than in marine environments, where its limitation impacts 

photosynthetic productivity [2,3]. 

Throughout evolutionary time, organisms acquired specific mechanisms for Fe uptake 

that can sense and respond to soluble Fe deficiency in the environment. In terrestrial plants, two 

iron capture strategies are used by different species of land plants (Embryophyta). Strategy I, 

carried out by plants like Arabidopsis thaliana and tomato, and Strategy II, used by plants like 

rice, barley, maize and grasses (Poaceae) that live in flooded freshwater environments [4,5]. In 

Strategy I, as a response to Fe deficiency, root cells pump protons to soil through H-ATPase 2 

(AHA2), decreasing the pH of the surrounding area and increasing the solubility of Fe3+. After 

that, Fe3+ is reduced by Fe2+ via FRO2 reductase (Ferric Reduction Oxidase 2) and transported 

into cells by IRT1 (Iron-Regulated Transporter 1) (Figure 1A). The acidification-reduction step 

can also be performed using phenolic compounds, flavonoids, flavins, and coumarins, the latter 

being synthesized by F6'H1 (Feruloyl CoA ortho-hydroxylase 1) and carried outside the cell 

towards Fe3+ by ABCG37 (ABC transporter G family member 37). In plants that use Strategy 

II, root cells secrete phytosiderophores into the soil to increase the solubility of Fe3+ by 

chelation (Figure 1B). Phytosiderophores are synthesized from S-adenosyl-methionine (SAM), 

which generates mugineic acid (MA) family compounds such as 2’-deoxymugineic acid 

(DMA), which is transported into the soil via TOM1 (Transporter of Mugineic acid family 

phytosiderophores). The phytosiderophore forms a complex with Fe3+ that is then transported 

into the cell with the help of YSL (Yellow Stripe-Like). Species of the rice genus (Oryza) are 

able to combine both strategies as an adaptation to flooded areas, where the lack of O2 causes 

Fe to be reduced to Fe2+, being easily absorbed through homologues of IRT1 [5,6].  

In green algae, such as Chlamydomonas reinhardtii (Chlorophyta), iron absorption 

occurs through the reduction of free Fe through FRE1 reductase, followed by the uptake and 

reoxidation of Fe by a ferroxidase (FOX1). Fe is then transported into the cell via FTR1 

permease. Chlamydomonas also capture Fe2+ available in its freshwater environment through 
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ZIP’s [12–15], despite their possible importance for different groups of organisms in the 

absorption of micronutrients such as Fe and Zn. 

The great physiological importance that Fe has for plants and all living organisms is 

possibly explained by the role of iron-based catalysts in early life before the origin of extant 

domains [16]. Fe bioavailability decrease due to the Great Oxidation Event likely shaped the 

evolution of life afterwards [17].  

Freshwater and terrestrial environments have different distribution and bioavailability 

of Fe. Thus, the evolution of Fe capture from Earth’s crust and early soils may have been one 

of the crucial steps in the terrestrialization of early unicellular streptophytes that ultimately gave 

rise to land plants. It is interesting to think about how and when the Fe capture mechanisms of 

extant green plants evolved to deal with iron bioavailable deficiency. Based on this question, 

this study used a comparative genomics approach to better understand the origin and 

diversification of IRT1/ZIP proteins in the Archaeplastida lineage. Our results suggest that 

IRT1-based mechanisms of Fe2+ capture in green plants evolved at least twice from remarkably 

distinct branches of ZIP family tree. IRT1/ZIP homologs responsible for Fe2+ transport in the 

Strategy I of land plants and those involved in the uptake of Fe2+ from water in chlorophytes 

likely evolved Fe transport independently from ancestral Zn transporters. 

Methods 

Datasets 

The HMM (hidden Markov model) profile for Zip family (PF02535) was obtained from 

Pfam database (https://pfam.xfam.org/) [18]. The complete predicted proteomes of the analyzed 

organisms were collected from the databases detailed in Table 1. 

Table 1. List of complete predicted proteomes databases used in this study. 

Species Link 

Arabidopsis thaliana https://phytozome-next.jgi.doe.gov/info/Athaliana_TAIR10 

Marchantia polymorpha https://phytozome-next.jgi.doe.gov/info/Mpolymorpha_v3_1 

Oryza sativa https://phytozome-next.jgi.doe.gov/info/Osativa_v7_0 

Physcomitrella patens https://phytozome-next.jgi.doe.gov/info/Ppatens_v3_3 

Populus trichocarpa https://phytozome-next.jgi.doe.gov/info/Ptrichocarpa_v4_1 

Sorghum bicolor https://phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1 

Selaginella moellendorffii https://phytozome-next.jgi.doe.gov/info/Smoellendorffii_v1_0 

Zea mays https://phytozome-next.jgi.doe.gov/info/Zmays_RefGen_V4 

Anthoceros agrestis [Oxford] https://www.hornworts.uzh.ch/static/download/a_agr_oxford.zip 

https://pfam.xfam.org/
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Sphagnum fallax https://phytozome-next.jgi.doe.gov/info/Sfallax_v1_1 

Anthoceros angustus 
Dryad Data -- The hornwort genome and early land plant evolution 

(datadryad.org) 

Chara braunii 
https://bioinformatics.psb.ugent.be/gdb/Chara_braunii/chbra_iso_noTE_2354

6_pep.fasta 

Klebsormidium nitens 
http://www.plantmorphogenesis.bio.titech.ac.jp/~algae_genome_project/klebs

ormidium/kf_download/160614_klebsormidium_v1.1_AA.fasta 

Mesotaenium endlicherianum https://ndownloader.figshare.com/files/17819138 

Chlorokybus atmophyticus 
ftp://ftp.cngb.org/pub/CNSA/data1/CNP0000228/CNS0021447/CNA0002353

/scaffold_Chlorokybus_atmophyticus.pep.gz 

Mesostigma viride 
ftp://ftp.cngb.org/pub/CNSA/data1/CNP0000228/CNS0021438/CNA0002352

/scaffold_Mesostigma_viride.pep.gz 

Spirogloea muscicola https://ndownloader.figshare.com/files/17819147 

Auxenochlorella protothecoides 
https://genome.jgi.doe.gov/portal/Auxeprot1/download/Auxeprot1_GeneCatal

og_proteins_20170909.aa.fasta.gz 

Bathycoccus prasinos 
https://genome.jgi.doe.gov/portal/Batpra1/download/Batpra1_GeneCatalog_pr

oteins_20180426.aa.fasta.gz 

Chlorella variabilis 
https://genome.jgi.doe.gov/portal/ChlNC64A_1/download/Chlorella_NC64A.

all_proteins.fasta.gz 

Coccomyxa subellipsoidea 
https://genome.jgi.doe.gov/portal/Coc_C169_1/download/Coccomyxa_C169_

v2_all_proteins.fasta.gz 

Chlamydomonas reinhardtii 
https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?orga

nism=Phytozome# 

Dunaliella salina 
https://genome.jgi.doe.gov/portal/Dunsal1/download/Dunsal1_GeneCatalog_p

roteins_20180508.aa.fasta.gz 

Gonium pectorale 
https://genome.jgi.doe.gov/portal/Gonpec1/download/Gonpec1_GeneCatalog_

proteins_20180501.aa.fasta.gz 

Micromonas commoda 
https://genome.jgi.doe.gov/portal/MicpuN3v2/download/MicpuN3v2_GeneCa

talog_proteins_20160404.aa.fasta.gz 

Monoraphidium neglectum 
https://genome.jgi.doe.gov/portal/Monneg1/download/Monneg1_GeneCatalog

_proteins_20170920.aa.fasta.gz 

Micromonas pusilla 
https://genome.jgi.doe.gov/portal/MicpuC2/download/MicromonasCCMP154

5.allModels.aa.fasta.gz

Ostreococcus lucimarinus https://phytozome-next.jgi.doe.gov/info/Olucimarinus_v2_0 

Ostreococcus tauri 
https://genome.jgi.doe.gov/portal/Ostta4221_3/download/Ostta4221_3_Gene

Catalog_proteins_20161028.aa.fasta.gz 

Picochlorum soloecismus 
https://genome.jgi.doe.gov/portal/Picsp_1/download/Picsp_1_GeneCatalog_pr

oteins_20170909.aa.fasta.gz 

Volvox carteri https://phytozome-next.jgi.doe.gov/info/Vcarteri_v2_1 

Chondrus crispus https://greenhouse.lanl.gov/greenhouse/organisms/ 

Cyanidioschyzon merolae https://greenhouse.lanl.gov/greenhouse/organisms/ 

Galdieria sulphuraria https://greenhouse.lanl.gov/greenhouse/organisms/ 

Cyanophora paradoxa https://greenhouse.lanl.gov/greenhouse/organisms/ 

Identification of ZIP family homologs 

We performed a HMMER v3.2.1 [19] search with default e-value to identify Zip family 

proteins in Archaeplastida. We kept only the most representative protein isoform encoded by 

each unique gene, defined as the most complete isoform. We tried to discard, through an in-

house script written in Perl, partial sequences or pseudogenes by eliminating sequences shorter 

than 138aa, which represents 40% of the well characterized IRT1 protein of Arabidopsis 

thaliana. Also, we removed 100% redundant sequences with skipredundant from EMBOSS 

v6.6.0 [20] package.  
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All subsequent analyses were performed with the filtered sequences and results were 

plotted in different types of graphs with RStudio [21]. The relative genomic frequency of 

IRT/ZIP genes per genome was calculated by dividing the number of homologs found in each 

genome by the total number protein-coding genes. P-values were calculated for each contrast 

using the Wilcoxon statistical test in RStudio and p-values > 0.05 were considered not 

significant. 

Sequence alignment 

Protein sequences were aligned using MAFFT 

(https://mafft.cbrc.jp/alignment/software/) [22] with the following parameters --thread 10 --

reorder --leavegappyregion --maxiterate 1000 --retree 1 --localpair. The alignment output was 

exported in Phylip format (--phylipout) for subsequent phylogenetic analyses. We also aligned 

our sequences using MUSCLE in MEGA 11 software [23] to analyze the conservation of amino 

acids between proteins. This analysis was performed using sequence logos generated by 

WebLogo 3 (http://weblogo.threeplusone.com/) [24], with standard parameters, except for the 

y-axis unit which was relative frequency instead of bits.

Phylogenetic analysis 

The phylogenetic analyses were performed using the maximum-likelihood method 

implemented in IQTree v1.6.12 [25]. The amino acid substitution model was selected using the 

SMS method with Akaike Information Criterion (AIC) as the selection criterion. The Best-fit 

model chosen according to AIC was WAG+R10. The initial tree was calculated with BIONJ 

and improved by the tree topology search method NNI (Nearest Neighbor Interchanges). The 

branch support values were calculated with the likelihood-based method aLRT SH-like. 

Sequence Similarity Network (SSN) 

To corroborate our phylogenetic results, we performed a network analysis based on 

sequence similarity. We generated these networks with a threshold equal to 40 in the Enzymatic 

Similarity Tool (EFI-EST tool) (https://efi.igb.illinois.edu/efi-est/) [26]. After that, we visualize 

and edit the network with Cytoscape v3.8.2 software [27], keeping only nodes and edges 

between 50-100% identity as a parameter. 

https://mafft.cbrc.jp/alignment/software/
http://weblogo.threeplusone.com/
https://efi.igb.illinois.edu/efi-est/
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Results & Discussion 

Distribution of ZIP family homologs in Archaeplastida 

In our analyses looking for members of the ZIP family in Archaeplastida lineage groups, 

we found 392 homologs proteins (Supplemental Table S1), each corresponding to a unique 

genomic locus, distributed across the 35 species in our dataset (Table 1). We detected ZIP 

homologs not only in all lineages of green plants but also in the glaucophyte and the 

rhodophytes, which may indicate that genes encoding IRT1/ZIP proteins in land plants were 

likely inherited vertically from the last common ancestor of Archaeplastida (Figure 2A). Our 

data suggest that archaeplastidian algae typically have less than 10 ZIP genes (Figure 2A). We 

separated the algae by habitat (marine, freshwater or terrestrial) and no difference could be 

observed between the number of ZIP genes per genome in relation to different habitats 

(Supplemental Figure 1A). In the aqueous environment, algae adopt specific approaches to iron 

absorption, such as those described in C. reinhardtii (Figure 1C). The solubility of Fe2+ is 

generally temperature-, pH- and oxygen-dependent. In the ocean, when the water is warm and 

oxygenated, Fe2+ is stable for only a few seconds, and can last for hours or days when the 

temperature and oxygenation are reduced. Much of the ocean is well oxygenated and Fe2+ is 

normally oxidized to Fe3+, which is bound to organic ligands in the environment [28,29]. 

Understanding the availability of Fe in water is important to understand how the Fe capture 

mechanism in the first algae may have developed initially.  

Among archaeplastidians, land plants generally have a significantly greater number of 

ZIP genes (Figure 2A). However, we observed a great variability in the ZIP gene repertoire 

between land plants species, ranging from ~10 to ~40 genes per genome (Figure 2A). Little 

difference in the distribution of the number of ZIP homologs per genome was detected between 

bryophytes and tracheophytes (Figure 2A). It indicates that different lineages of bryophytes and 

tracheophytes might have independently experience increased fitness provided by the fixation 

of additional copies of ZIP genes. A broader set of ZIP genes might be related to the evolution 

of more elaborated metal acquisition and internal transport due to compartmentalization of gene 

expression and metal specialization of transporters.  

The copy number of a gene family might be influenced by whole genome duplication 

(WGD), making it difficult to compare deeply divergent organisms as green plants, red algae 

and glaucophytes, that have experienced a variety of independent rounds of WGD. Thus, we 

decided to compare the relative genomic frequency of ZIP genes, calculated as the fraction of 

the total protein-coding gene set occupied by them. Results indicate that archaeplastidian 

lineages dedicate a similar fraction of their gene set to encode ZIP proteins (Figure 2B). Also, 
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no significant difference was detected regarding algal habitat (Supplemental Figure 1B). 

Interestingly, chlorophyte genomes tend to dedicate a greater fraction of genes to encode ZIP 

proteins when compared to charophytes (Figure 2B), which are more closely related to land 

plants [30–32]. Chlorophytes from the Class Chlorophyceae apparently tend to have more ZIP 

genes per genome (Supplemental Figure 1C), although no differences regarding the relative 

genomic frequency of ZIP genes were found between Chlorophyta Classes Chlorophyceae, 

Trebouxiophyceae and Mamiellophyceae (Supplemental Figure 1D). In the unicellular 

freshwater chlorophytes Chlorella variabilis and Coccomyxa subellipsoidea, both from Class 

Trebouxiophyceae, > 0.1% of their genes encode for ZIP proteins, a similar fraction is only 

observed in the top ZIP-enriched genomes of our land plant set like maize and Anthoceros 

augustus (hornwort) (Figure 2B). No significant differences were observed in ZIP genomic 

frequency related to algal habitats (Supplemental Figure 1B). It is unclear why genomes of 

simple unicellular chlorophytes have accumulated such a high frequency of ZIP genes, more 

than double of the median value (~ 0.05%) observed for our set of vascular plants 

(Tracheophyta) (Figure 2B). C. subellipsoidea and C. variabilis are promising species for 

biofuel production and in the accumulation of metals such as cadmium (Cd) [33,34]. In 

angiosperms it is known that some members of the ZIP family help in the absorption of Cd 

[13]. So, it is tentative to speculate that the large number of ZIP proteins in these algae might 

be related to the absorption of a broad range of metals other than iron.  

No significant difference in term of genomic frequency of ZIP genes were detected 

between bryophytes and tracheophytes (Figure 2B), indicating that the variability of ZIP 

genomic frequency is similar between the two major groups of land plants. Although we 

accumulated knowledge in angiosperms such as A. thaliana and O. sativa, the molecular 

mechanisms of Fe acquisition are less well understood in bryophytes. Our results suggest, 

however, that ZIP genes might be important players in bryophytes. Experiments with the 

liverwort Marchantia polymorpha show evidence only for the use of Strategy I to capture Fe. 

M. polymorpha uses members of the ZIP family, such as MpZIP3 (Mapoly0169s0010) and

MpZIP5 (Mapoly0088s0041) to capture Fe2+ [35]. 

We then wonder if the variation in number of ZIP homologs between species could be 

correlated with other genomic features. We first compared the number of ZIP genes with the 

total number of protein-coding genes for each genome. Result indicates that land plants do not 

exhibit any clear correlation between the two variables, suggesting that ZIP genes might not be 

preferably retained after WGD events in embryophytes (Figure 2C). The variation in the 

number of ZIP loci observed in land plants might be explained by gene-level duplications rather 
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Phylogenetic analysis of ZIP proteins in Archaeplastida 

To better understand the phylogenetic relationship between ZIP proteins, we constructed 

a phylogenetic tree using the most representative protein sequence from the 392 unique ZIP 

genes identified across our sample of 35 genomes. The resulting phylogenetic tree can be 

subdivided into two deeply divergent major clades, here called X and Y (Figure 3A). 

Interestingly, there was no clustering among the IRTI proteins of land plants and green algae. 

IRTI/ZIP proteins from the angiosperms Arabidopsis and rice, and from the liverwort 

Marchantia all belong to Clade X, while Chlamydomonas IRT 1 and IR T2 belong to Clade Y 

(Figure 3A). Interestingly, MpZIP3 is phylogenetically related to angiosperms IRT proteins 

while MpZIP5 belongs to a subclade more distantly related to Arabidopsis and rice IRTs that 

is shared with charophytes. lt indicates that divergent ZIP proteins might be recruited into 

Strategy I in land plants, possibly due to low specificity to metal transport of the proteins and 

fast changes in regulatory networks that may including new ZIP genes into the early 

transcriptional response to environmental Fe depletion. We also performed a sequence 

similarity network (SSN) analysis with the sarne protein sequences that yielded similar results, 

confirmed the distant relationship between Clades X and Y (Figure 3B). This result suggests 

that the mechanism of ferrous iron acquisition via ZIP proteins evolved at least twice in green 

plants from deeply divergent ancestral genes ofthe ZIP family. 

Angiosperm proteins AtZIP13 (AT3G08650) and OsZIP13 (LOC_Os02gl0230) from 

Arabidopsis and rice, respectively, are likely Zn transporters belonging to Clade Y [36]. lt 

suggests that Chlamydomonas IRTI/2 is more closely related to proteins that are dedicated to 

Zn transport in angiosperms. The Arabidopsis proteins from Clade X AtZIP2 (AT5G59520) 

and AtZIPl 1 (ATIG55910), are involved in the uptake of Zn or Mn [12,13]. Suggesting that 

the IRTI from angiosperms like Arabidopsis and rice are more closely related to proteins acting 

in Zn or Mn transporters than to the functional homologous IRTI and IRT2 from chlorophytes. 

These observations suggest that even deeply sequence divergent ZIP proteins can evolve to 

fulfill the functional role ofIRTl first discovered in Arabidopsis. ZIP proteins might be able to 

have a fast tumover between different metal acquisition mechanisms due to an overall low metal 

selectivity coupled with transcriptional network rewiring of ZIP genes [37]. 
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Our results suggest that Strategy I of land plants evolved based on Clade X IRT proteins 

and could have evolved before the last common ancestor of Embryophyta. To better clarify this 

possibility, we aligned the Arabidopsis IRT1 with its closest related charophyte proteins from 

Clade X (Figure 4B). We observed D residue conservation in distinct charophyte lineages 

related to Arabidopsis IRT1 position 116. However, most charophytes have an E residue in 

position 154 (Figure 4B). It is interest to note that E and D residues are both acidic amino acids, 

with similar structure and chemical properties, indicating that the substitution D154E might not 

affect Fe transport. These results suggest that charophytes have Clade X ZIP proteins 

compatible with Fe2+ acquisition in Strategy I. It opens the possibility that Strategy I might have 

evolve in Streptophyta (Embryophyta + Charophyta) during early land colonization by simples 

charophytes before the origin of land plants. Functional studies in charophytes, especially with 

terrestrial species, will be needed to confirm this hypothesis. 

To check whether Clade Y proteins have evolved diverse metal affinities, we aligned 

the Chlamydomonas IRT1 with its closest related proteins from Arabidopsis and rice, together 

with IRT1 from Arabidopsis and rice from Clade X (Figure 4C). No sequence conservation was 

observed in the critical residues, suggesting that Clade Y and Clade X proteins might have 

structural differences and still be able to function in the transport the same metals. 
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Conclusion 

Our results support the notion that green plants functional homologs of the archetypical 

angiosperm IRT1 emerged from distantly related ZIP proteins that are divergent in key features 

of their amino acid sequences.  Furthermore, the typical critical amino acids in the Arabidopsis 

IRT1 protein seems to have evolved in before the split of land plants from streptophytic algae. 

Functional data on Fe acquisition of soil charophytes (such as Klebsormidium) might help 

understand how land plants ancestors were first able to obtain Fe in terrestrial settings with 

subaerial exposure and direct contact with the substrate. IRT1/2 from the chlorophyte 

Chlamydomonas seem to have a divergent sequence regarding key residues known in 

Arabidopsis, suggesting that multiple primary amino acid sequences of ZIP proteins might be 

fitted to transport Fe2+ efficiently. 

The phylogenetic diversity of ZIP proteins used in Fe acquisition in green plants indicate 

that networking rewiring of ZIP genes encoding proteins with the ability to transport Fe might 

be the ultimate cause of IRT1 diversity in the Strategy I of Fe acquisition. Besides its ecological 

importance for photosynthesis, little is known about Fe acquisition strategies across the 

superdiverse group Archaeplastida. The results presented here indicate that functional 

homologs of IRT1 can emerge from highly divergent phylogenetic groups of ZIP transporters, 

suggesting that much evolutionary diversity is still to be found in Fe uptake in less studied 

groups such as green and red algae. 
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Supplementary Data 

Supplemental Table S1. Table showing the number of ZIP family 

homologs found by species in our dataset. 

Species Group 
ZIP 

homologs 

Arabidopsis thaliana Embryophyta 18 

Marchantia polymorpha Embryophyta 9 

Oryza sativa Embryophyta 17 

Zea mays Embryophyta 35 

Physcomitrella patens Embryophyta 12 

Populus trichocarpa Embryophyta 23 

Sorghum bicolor Embryophyta 17 

Selaginella moellendorffii Embryophyta 10 

Anthoceros agrestis [Oxford] Embryophyta 24 

Sphagnum fallax Embryophyta 25 

Anthoceros angustus Embryophyta 22 

Chlorokybus atmophyticus Charophyta 5 

Chara braunii Charophyta 12 

Klebsormidium nitens Charophyta 7 

Mesotaenium endlicherianum Charophyta 5 

Mesostigma viride Charophyta 5 

Spirogloea muscicola Charophyta 9 

Auxenochlorella protothecoides Chlorophyta 5 

Bathycoccus prasinos Chlorophyta 5 

Chlorella variabilis Chlorophyta 14 

Coccomyxa subellipsoidea Chlorophyta 11 

Chlamydomonas reinhardtii Chlorophyta 14 

Dunaliella salina Chlorophyta 11 

Gonium pectorale Chlorophyta 14 

Micromonas commoda Chlorophyta 6 

Monoraphidium neglectum Chlorophyta 8 

Micromonas pusilla Chlorophyta 7 

Ostreococcus lucimarinus Chlorophyta 7 

Ostreococcus tauri Chlorophyta 6 

Picochlorum soloecismus Chlorophyta 5 

Volvox carteri Chlorophyta 10 

Chondrus crispus Rhodophyta 3 

Cyanidioschyzon merolae Rhodophyta 5 

Galdieria sulphuraria Rhodophyta 3 

Cyanophora paradoxa Glaucophyta 3 

Total 392 
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4. CONCLUSÕES E PERSPECTIVAS

A captura de Fe é baseada em vários mecanismos que diferem de organismo para

organismo. Sem dúvida, as proteínas da família ZIP desempenham um papel crucial nesses 

vários mecanismos. A identificação dessas proteínas e genes candidatos relacionados ao 

transporte de Fe auxilia na investigação da possível origem das plantas terrestres ou como elas 

conseguiram dominar o ambiente terrestre através do estabelecimento desses mecanismos. 

Nossos resultados filogenéticos indicam que o mecanismo de captura de Fe apareceu de forma 

divergente em algas e plantas. Além disso, os aminoácidos críticos típicos da proteína AtIRT1 

parecem ter evoluído antes da separação das plantas terrestres das algas estreptófitas.  

Grande parte da biomassa do planeta é constituída por plantas, apresentando grande 

importância para a sobrevivência de todos os seres vivos. Portanto, este estudo também pode 

auxiliar no desenvolvimento de culturas de plantas e algas através da biotecnologia, superando 

problemas como habitats e terrenos com baixa biodisponibilidade de Fe. Para isso, é necessário 

visualizar essas sequências de proteínas encontradas em nosso trabalho de forma funcional e 

estrutural. Em geral, o conhecimento dos sistemas de absorção de Fe em algas e muitas plantas 

ainda é muitas vezes baseado apenas em análises in silico, faltando a caracterização bioquímica 

dos vários componentes envolvidos neste processo. Nossos achados serão valiosos 

conhecimentos científicos para estudos futuros. 
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