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Main text 

Manganese (Mn) is an essential element for plants, playing major roles as a co-factor of 

enzymes involved in photosynthesis and oxygen species detoxification (Schmidt & Husted, 

2019). Mn acts in various plant cell compartments and need to be transported in chloroplast and 

mitochondria (He et al., 2021). The Mn/Ca efflux transporters of the UPF0016/GTD family 

(Demaegd et al., 2014), PAM71 and CMT1 have been shown to allow Mn transport at the 

thylakoid and inner membranes of the chloroplast, respectively (Fig. 1) (Schmidt et al., 2020). 

In this issue of New Phytologist, Yang et al. (pp. 000-000) investigated the function of another 

member of the UPF0016/GTD transporter family, PML3, in Arabidopsis thaliana. Using a 

functional GPF tagged protein, they showed that PML3 localizes in the cis-Golgi compartment 

as previously proposed by Hoecker et al. (2020)(Fig. 1). In agreement with the role of 

UPF0016/GTD in Mn transport, the growth of pml3 mutant is impaired under Mn limitation. 

The authors further determined that the pml3 phenotype is mainly caused by a defect in protein 

glycosylation and cell wall biosynthesis. Although it was known that Mn acts as a co-factor for 

glycosyl transferases, this publication provides the first genetic evidence that Mn loading in the 

Golgi is essential to sustain this process and that PML3 plays a dominant role in Mn loading 

into this cell compartment when Mn availability is limited. These results support a highly 

conserved role of PML3 and its homologues in distant organisms in Mn influx into the Golgi 

for protein glycosylation (Potelle et al., 2016).  

 

Before this study, it was assumed that the main effect of Mn deficiency on growth was the 

consequence of decreased PSII efficiency. However, photosynthesis does not appear to be 

affected in the pml3 mutant. Furthermore, even with ample Mn supply, the plm3 mutant is still 

strongly affected in reproductive functions, probably as a direct consequence of a defect in 

pectin deposition during the fast elongation of the pollen tube (Zhang et al., 2021). This result 

provides a cellular basis for the essential role of Mn in fertility. 

 

The study of PML3 demonstrates the importance of Mn influx into the secretory system. It 

establishes a link between Mn entry in the Golgi, the presence of Mn dependent glycosyl 

transferase in this compartment and the formation of the cell wall. Both protein glycosylation 

and glycosylation of cell wall polymers such as homogalacturonans, rhamnogalacturonans, 

xylogalacturonans and xyloglucans involve Mn-dependent glycosyl transferases (He et al., 

2021). The data presented show that arabinose, xylose and mannose contents are specifically 

decreased in the pml3 mutant cell walls under Mn deficiency. This supports the notion that Mn 
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plays an important role in the synthesis of secreted cell wall polymers. Yang et al. also 

demonstrates a strong decrease in the levels of glycosylation with xylose and fucose. Especially 

the amount of RSW2, a protein involved in cell wall organization which is the target of Mn-

dependent MNS1/2 glycosyl transferase, is decreased in the pml3 mutant under Mn limiting 

conditions. Together, these defects indirectly affect cellulose deposition and ultimately cell wall 

expansion accounting for the growth defect of pml3 under Mn deficiency, while photosynthesis 

apparently remains unaffected. 

 

Previously, other Mn transporters have been implicated in Mn loading into the secretory system. 

The Ca/Mn pump ECA3 resides in the Golgi and endosomes (Fig. 1) (Mills et al., 2008; Li et 

al., 2008). Like pml3, the eca3 mutant displays growth defects under Mn deficiency. The CDF 

transporter MTP11 localizes in the Golgi and in the PCV/late endosome (Peiter et al., 2007; 

Delhaize et al., 2007). However, in contrast to plm3 and eca3, the A. thaliana mtp11 mutant is 

more tolerant to Mn deficiency. All 3 genes PML3, ECA3 and MTP11 are involved in the 

tolerance to Mn excess. This raises the question of the respective functions of these transporters. 

Each transporter may act in different tissues or developmental stages. Furthermore, these 

transporters could act at different steps of the secretory pathway. Our knowledge of this 

complex and dynamic system has considerably evolved in the last decade with the identification 

of functional sub-compartments within the trans-Golgi network (TGN). In this view, it would 

be useful to refine the localization of ECA3 and MTP11 and compare it to that of PML3. It 

would also be interesting to test whether ECA3 or MTP11 loss of function affects protein 

glycosylation and cell wall formation as observed in pml3. Since these transporters play roles 

in both Mn deficiency and excess, it would be important to further test if their localization is 

affected by fluctuation of Mn supply, as recently shown for the Mn uptake transporter 

NRAMP1 (Castaings et al., 2021).  

Once in the secretory system, Mn will end up either in the apoplast or in the vacuole following 

membrane fusion (Fig. 1). It thus appears necessary to recover Mn from the secretory system 

for other functions (eg photosynthesis) at least under Mn deficiency. In contrast to the loading 

step, only one transporter involved in Mn retrieval has been identified so far. The NRAMP2 

transporter was shown to reside in the TGN (Alejandro et al., 2017; Gao et al., 2018). The 

nramp2 mutant is more sensitive to Mn deficiency for root growth and photosynthesis. 

Accordingly, the mutation of NRAMP2 also affects Mn supply to chloroplasts. Interestingly, 

NRAMP1, that functions in Mn uptake at the plasma membrane, was also localized in the TGN 

under sufficient Mn supply and could thus be also involved in Mn release from this 
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compartment (Agorio et al., 2017; Castaings et al., 2021). The pml3 mutation partially rescues 

the root growth phenotype and the chlorophyll content of the nramp2 mutant under Mn 

deficiency. This underlines the functional link between Mn loading in the Golgi and its 

downstream retrieval from the TGN due to the dynamic nature of the secretory pathway (Figure 

1).  

The import of Mn in the secretory pathway and the higher tolerance of the pml3 mutant to Mn 

excess raise the question of the role of the secretory pathway in the sequestration of Mn. The 

mtp11 mutant accumulates more Mn in roots. The MTP11 transporter was proposed to mediate 

Mn secretion leading to increased tolerance. However, this role is expected to be deleterious 

under Mn deficiency. Downstream of the TGN, the flux of vesicles might also be targeted to 

the vacuole. This pathway would contribute to the storage of Mn in the vacuole together with 

Mn transporters that reside on the vacuolar membrane such as MTP8 and CAX2 (He et al., 

2021). Collectively, these transporters are required for tolerance to Mn excess. Conversely, 

under Mn deficiency, Mn needs to be remobilized from the vacuole to provide Mn to 

photosystem II in chloroplasts (Lanquar et al., 2010). 

The study by Yang et al. provides an important piece in the jigsaw puzzle of Mn homeostasis 

in plant cells. It highlights the need to load Mn in the Golgi as a cofactor for glycosyl 

transferases that are essential for cell wall formation. This model is inferred from genetic and 

biochemical evidence. However, it would need to be substantiated by direct detection of Mn in 

organelles using Mn specific fluorescent sensors or high resolution XRF microscopy (Das et 

al., 2019). These approaches may allow to visualize a Mn concentration gradient through the 

secretory pathway and how it is spatially modulated by the activities of PML3, MTP11, ECA3 

and NRAMP2. Different members of UPF0016/GTD family are thus involved in targeting Mn 

in two different organelles hosting enzymes that require this element as cofactor. Differential 

regulation and differences in affinity for Mn of PAM71 and CMT1 or PML3 could provide 

means to prioritize Mn use for photosynthesis or cell wall synthesis according to plant needs. 

Finally, further research is needed to delineate the pathways for the supply of Mn for other 

important functions, as the superoxide dismutase in mitochondria and peroxisomes. 

  



5 
 

References 

Agorio A, Giraudat J, Bianchi MW, Marion J, Espagne C, Castaings L, Lelièvre F, 

Curie C, Thomine S, Merlot S. 2017. Phosphatidylinositol 3-phosphate–binding protein 

AtPH1 controls the localization of the metal transporter NRAMP1 in Arabidopsis. 

Proceedings of the National Academy of Sciences 114: E3354–E3363. 

Alejandro S, Cailliatte R, Alcon C, Dirick L, Domergue F, Correia D, Castaings L, Briat 

J-F, Mari S, Curie C. 2017. Intracellular Distribution of Manganese by the Trans -Golgi 

Network Transporter NRAMP2 Is Critical for Photosynthesis and Cellular Redox 

Homeostasis. The Plant Cell 29: 3068–3084. 

Castaings L, Alcon C, Kosuth T, Correia D, Curie C. 2021. Manganese triggers 

phosphorylation‐mediated endocytosis of the Arabidopsis metal transporter NRAMP1. The 

Plant Journal n/a: tpj.15239. 

Das S, Carmona A, Khatua K, Porcaro F, Somogyi A, Ortega R, Datta A. 2019. 

Manganese Mapping Using a Fluorescent Mn 2+ Sensor and Nanosynchrotron X-ray 

Fluorescence Reveals the Role of the Golgi Apparatus as a Manganese Storage Site. 

Inorganic Chemistry 58: 13724–13732. 

Delhaize E, Gruber BD, Pittman JK, White RG, Leung H, Miao Y, Jiang L, Ryan PR, 

Richardson AE. 2007. A role for the AtMTP11 gene of Arabidopsis in manganese transport 

and tolerance. The Plant Journal 51: 198–210. 

Demaegd D, Colinet A-S, Deschamps A, Morsomme P. 2014. Molecular Evolution of a 

Novel Family of Putative Calcium Transporters (C Beh, Ed.). PLoS ONE 9: e100851. 

Gao H, Xie W, Yang C, Xu J, Li J, Wang H, Chen X, Huang C-F. 2018. NRAMP2, a 

trans-Golgi network-localized manganese transporter, is required for Arabidopsis root growth 

under manganese deficiency. New Phytologist 217: 179–193. 

He J, Rössner N, Hoang MTT, Alejandro S, Peiter E. 2021. Transport, functions, and 

interaction of calcium and manganese in plant organellar compartments. Plant Physiology. 

Hoecker N, Honke A, Frey K, Leister D, Schneider A. 2020. Homologous Proteins of the 

Manganese Transporter PAM71 Are Localized in the Golgi Apparatus and Endoplasmic 

Reticulum. Plants 9: 239. 

Lanquar V, Ramos MS, Lelièvre F, Barbier-Brygoo H, Krieger-Liszkay A, Krämer U, 

Thomine S. 2010. Export of Vacuolar Manganese by AtNRAMP3 and AtNRAMP4 Is 

Required for Optimal Photosynthesis and Growth under Manganese Deficiency. Plant 

Physiology 152: 1986–1999. 

Li X, Chanroj S, Wu Z, Romanowsky SM, Harper JF, Sze H. 2008. A Distinct Endosomal 



6 
 

Ca 2+ /Mn 2+ Pump Affects Root Growth through the Secretory Process. Plant Physiology 

147: 1675–1689. 

Mills RF, Doherty ML, López-Marqués RL, Weimar T, Dupree P, Palmgren MG, 

Pittman JK, Williams LE. 2008. ECA3, a Golgi-Localized P 2A -Type ATPase, Plays a 

Crucial Role in Manganese Nutrition in Arabidopsis. Plant Physiology 146: 116–128. 

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. Proceedings of the National Academy of Sciences 104: 8532–8537. 

Potelle S, Morelle W, Dulary E, Duvet S, Vicogne D, Spriet C, Krzewinski-Recchi M-A, 

Morsomme P, Jaeken J, Matthijs G, et al. 2016. Glycosylation abnormalities in 

Gdt1p/TMEM165 deficient cells result from a defect in Golgi manganese homeostasis. 

Human Molecular Genetics 25: 1489–1500. 

Schmidt SB, Eisenhut M, Schneider A. 2020. Chloroplast Transition Metal Regulation for 

Efficient Photosynthesis. Trends in Plant Science 25: 817–828. 

Schmidt, Husted. 2019. The Biochemical Properties of Manganese in Plants. Plants 8: 381. 

Zhang B, Zhang C, Liu C, Fu A, Luan S. 2021. A Golgi-Localized Manganese Transporter 

Functions in Pollen Tube Tip Growth to Control Male Fertility in Arabidopsis. Plant 

Communications: 100178. 

 

 

Key words:  

manganese, secretory pathway, Golgi, Trans Golgi Network, cell wall, glycosyl transferase 

  



7 
 

 
 

Figure 1: Transporters involved in the intracellular distribution of Mn in plant cells. The 

transporters involved in influx and efflux from the secretory pathway (PML3, MTP11, ECA3, 

NRAMP2), into the plastids and thylakoids (CMT1, PAM71) and in the vacuole (MTP8, 

CAX2, NRAMP3 and NRAMP4) are shown. Straight arrows through the transporters indicate 

the direction of the transport. Curved arrows indicate the flow of vesicles through the secretory 

pathway. Created in BioRender.c 


