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domain, several repeated ankyrin (ANK) domains involved in 
signal transduction, and a dimerization domain rich in hydro-
phobic and acidic residues (KHA) located at the C-terminus 
(Supplementary Fig. S1A, B). Both proteins also contained 
six transmembrane domains (S1�S6), which are also charac-
teristic of these Shaker K+ channel proteins (Supplementary 
Figs S2A, S3A). MtAKT1, MtSKOR/GORK, and their cor-
responding homologues identi�ed in other legume species also 
have the pore loop domain (P) between S5 and S6, harboring 
the GYGD hallmark motif, present in P domains of highly se-
lective K+ channels (Supplementary Figs S2B, S3B) (Lebaudy 
et�al., 2007; Drain et�al., 2020). Both AtSKOR and AtGORK 
legume homologues also display two conserved amino acid 
residues (M, V) of the P loop and two residues (D, M) in S6 
that are involved in the dependency of the channel voltage-
sensitive gating on the external K+ concentration (Fig. S3B) 
(Johansson et�al., 2006; Drain et�al., 2020). A�particular case is 
that of L.�albus, with three SKOR/GORK homologues. Two 

of them (Lalb_Chr17g0346031 and Lalb_17g0346021) are 
shorter proteins, one of them containing the transmembrane 
domain and voltage-dependent K+ channel domain, and the 
other containing the cNMP, ANK, and KHA domains.

Expression analysis of potassium channels in nodules

An analysis was performed by qPCR from RNA extracted 
from 28 dpi nodules dissected in three parts: white meristem 
plus infection zone (M/z2), red middle nitrogen-�xing zone 
(z3), and basal senescence zone (z4) (Fig. 3A, B). The expres-
sion levels of MtAKT1 and MtSKOR/GORK showed no sig-
ni�cant di�erences among the analysed nodule�zones.

 Promoter:GUS expression analysis of AKT1 in root showed 
its expression in meristematic cells, cortex, and vascular bun-
dles (Fig. 3C). In nodule primordia, expression was detected 
over the whole organ (Fig. 3D). Mature nodules showed a uni-
form distribution of expression throughout the nodule (Fig. 

Fig. 2.  Evolutionary analyses of AKT1 and SKOR/GORK homologues of M.�truncatula and other legumes. (A) The evolutionary history of AKT1 
was inferred by using the maximum likelihood method and Tamura�Nei model. A�discrete Gamma distribution was used to model evolutionary rate 
differences among sites. The tree with the highest log likelihood is shown. The M.�truncatula AKT1 reference gene is contained in a box. The A.�thaliana 
AKT1 reference is underlined. Arabidopsis thaliana AKT5, AKT6, and two M.�truncatula homologue sequences were added as the outgroup (OG). (B) 
Evolutionary history of SKOR/GORK homologues in M.�truncatula and other legumes was inferred by using the maximum likelihood method based 
on the general time reversible model. A�discrete Gamma distribution was used to model evolutionary rate differences among sites. The tree with the 
highest log likelihood is shown. The M.�truncatula reference gene is contained in a box. Arabidopsis thaliana GORK and SKOR references are underlined. 
Clusters containing legume and Brassicales homologues are identi�ed to the right. The A.�thaliana AKT1, AKT2/3, KAT1, and M.�truncatula AKT2/3 
gene sequences were added as the OG. In both trees, bootstrap values are shown next to the branches (1000 pseudoreplicates). The trees are drawn 
to scale, with branch lengths measured in the number of substitutions per site. For each gene, the GenBank accession number and/or gene name (in 
parentheses) are indicated.
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3E) and, in senescent nodules, expression was mainly detected 
in vascular bundles (Fig. 3F). Promoter:GUS expression ana-
lysis of MtSKOR:GORK was recently reported by Drain et�al. 
(2020). The analysis showed gene expression throughout the 
nodule and in vascular bundles of the root.

Localization of MtAKT1 and MtSKOR/GORK proteins 
in infected and non-infected cells using confocal and 
electron microscopy

MtAKT1 was located in the plasma membrane of meristem-
atic cells, non-infected cells along the nodule developmental 
zones, and infected cells in the infection zone (Fig. 4A, B). In 
mature infected cells, packed with symbiosomes, the plasma 
membrane labelling was quite low, in contrast to non-infected 
cells (Fig. 4C). MtAKT1 signal was mainly detected in the 
cytoplasm in a dotted pattern and was partly depleted from the 
plasma membrane (Fig. 4C; Table 1; Supplementary Fig. S4).

 The speci�city of the anti-MtSKOR/GORK Ab was tested 
by western blot. In plasma membrane isolated from M.�truncatula 
roots, anti-SKOR Ab recognized a band of 95.99 kDa, the ex-
pected size for MtSKOR/GORK protein (Supplementary 
Fig. S5). In nodule cells, MtSKOR/GORK signal was detected 
in both the plasma membrane and the symbiosome membrane 
(Fig. 4D, F; Supplementary Fig. S4). In mature infected cells, 
the protein was depleted from the plasma membrane similarly 
to MtAKT1 (Fig. 4E; Table 1).

With the aim to characterize the observed dot-like signal, 
we performed a double localization analysis of MtAKT1 and 
the small GTPase Rab7, which is a marker for late endosomes/

vacuoles (Limpens et�al., 2009). According to the analysis, the 
MtAKT1 signal partially (24%) co-localized with Rab7 (Fig. 
4G). Hence, this result indicated that part of MtAKT1 protein 
was internalized from the plasma membrane by endosomes 
similar to the cycles of turnover of the Shaker channel KAT1 
in stomatal cells (Meckel et�al., 2004), but most of the dot-like 
signal might be located in other organelles.

To resolove the dot pattern observed by confocal micros-
copy, immunogold EM was performed. According to the ana-
lysis, the immunogold signal for MtAKT1 and MtSKOR/
GORK was detected in the endoplasmic reticulum and plasma 
membrane (Fig 5A, B). The immunogold EM analysis of 
MtSKOR/GORK con�rmed the data of confocal microscopy 
and showed that MtSKOR/GORK was also associated with 
the symbiosome membrane (Fig. 5B).

The comparative estimation of �uorescence intensity over 
the plasma membrane regions of infected and non-infected 
cells demonstrated the partial depletion of both channels from 
the plasma membrane of infected cells (Table 1).

Discussion
The root nodule is a temporary organ with a short life span. 
The co-existence of symbionts is usually described as mutu-
ally bene�cial for both of them (Wang et�al., 2018). However, 
the infected cells have a short life span in comparison with 
non-infected root cells (Puppo et�al, 2005), and the inevitable 
scenario of symbiosome lysis and death of the host cell after 
12�18 d of existence has been well described (Kijne, 1975; 
Yang et�al., 2017).

Fig. 3.  MtAKT1 and MtSKOR/GORK expression in nodules. (A, B) Relative transcription of MtAKT1 (A) and MtSKOR/GORK (B) in the different nodule 
developmental zones as analysed by qPCR. Data represent means –SD (n=3). (C�F) Histochemical staining of GUS activity in the transgenic roots 
and nodules carrying the construct ProAKT1:GUS (C) Root and root primordium. Expression detected in vascular bundles and meristem. (D) Nodule 
promordium and young root nodule. Expression in the meristematic region and in the zone of cell growth. (E) Developed nodule showing expression in all 
nodule zones. (F) Senescing nodule. Expression was detected in all nodule developmental zones and vascular bundles. R, root primordium; M, meristem; 
N, nodule primordium; VB, vascular bundles; z2, infection zone; z3, nitrogen-�xing zone; z4, senescence zone. Scale bars: (C�F) 100��m.
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It is a reasonable assumption that the maintenance of an 
intracellular bacterial colony has its cost, and may have a det-
rimental e�ect on the host cell. Based on the high sensitivity 
of the root nodule to ionic stresses, we hypothesized that 
the infected nodule cells might have physiological defects in 
maintaining their ionic balance. In the present study, we de-
scribe a new aspect of the development of symbiosis: the even-
tual decrease of K+ during the infected cell�s life span and the 
putative reasons for such�loss.

K+ is one of the main players in maintaining osmotic pres-
sure, water potential, and turgor in plant cells (Lebaudy et�al., 
2007; Honsbein et�al., 2011; Shabala and Shabala, 2011). Drastic 
loss of K+ is one of the symptoms of stress caused by pathogen 
elicitors, heavy metals, reactive oxygen species (ROS), salinity, 
and drought (Demidchik et� al., 2014; Shabala and Potosin, 
2014). The loss of K+ leads to the activation of cytosolic 
endonucleases that in other conditions are inhibited by this 
ion (Seon and J-Eun, 2002; Demidchik et�al., 2010). We should 

Fig. 4.  Localization of the potassium transporters MtAKT1 and MtSKOR/GORK in the cells of M.�truncatula root nodules. (A�C) Confocal imaging 
of the GFP-fused protein MtAKT1 in roots and nodules from transgenic roots carrying the construct ProMtAKT1:MtAKT1:GFP. (A) MtAKT1 (green 
�uorescence) in the root meristem was detected in the plasma membrane. Note the strong signal in the plasma membrane between the freshly divided 
cells (*). (B) Distal infection zone (close to the meristem), MtAKT1 was detected in the plasma membrane. Note the infection threads. Rhizobia were 
counterstained with propidium iodide (red). (C) MtAKT1 in the mature infected zone, the signal was visible as green dots (arrow) in the cytoplasm of 
infected cells, but not in the plasma membrane; in contrast to infected cells, the non-infected cells showed the signal over the plasma membrane. 
(D�F) Immunolocalization of MtSKOR/GORK by anti-SKOR antibody in root nodules. (D) Apical part of the root nodule and infection zone. The signal for 
MtSKOR/GORK (green) was present in the plasma membrane region in non-infected cells. Rhizobia were counterstained with propidium iodide (red). (E) 
Mature part of the nodule. Note the MtSKOR/GORK signal in the plasma membrane region of non-infected cells (arrowhead) versus the nearly absent 
signal in the plasma membrane of infected cells. Strong green labelling in the symbiosome membranes. (F) Magni�cation of infected cells. MtSKOR/
GORK labelling in the symbiosome membrane (arrowhead). (G) Double localization of MtAKT1 (red �uorescence) and the endosome marker Rab7 (green 
�uorescence) in mature infected cells. Rhizobia were not counterstained. Note the same pattern of MtAKT1 (red dots) distribution in the cytoplasm as 
in (C) where MtAKT1 was displayed as green dots. The green signal for the endosomal marker Rab7 was present as very small dots encompassing 
individual symbiosomes. Co-localization of green and red signals provided a yellow signal in the endosomes (arrow). IC, infected cell; IT, infection thread; 
M, meristem; NI, non-infected cell. Scale bars: (A) 10��m; (B) 12.5��m; (C) 25��m; (D) 25��m; (E�G) 10��m.
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