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Abstract

Root K+ acquisition is a key process for plant growth and development, extensively

studied in the model plant Arabidopsis thaliana. Because important differences may

exist among species, translational research supported by specific studies is needed in

crops such as tomato. Here we present a reverse genetics study to demonstrate the

role of the SlHAK5 K+ transporter in tomato K+ nutrition, Cs+ accumulation and its

fertility. slhak5 KO lines, generated by CRISPR-Cas edition, were characterized in

growth experiments, Rb+ and Cs+ uptake tests and root cells K+-induced plasma

membrane depolarizations. Pollen viability and its K+ accumulation capacity were

estimated by using the K+-sensitive dye Ion Potassium Green 4. SlHAK5 is the major

system for high-affinity root K+ uptake required for plant growth at low K+, even in

the presence of salinity. It also constitutes a pathway for Cs+ entry in tomato plants

with a strong impact on fruit Cs+ accumulation. SlHAK5 also contributes to pollen K+

uptake and viability and its absence produces almost seedless fruits. Knowledge

gained into SlHAK5 can serve as a model for other crops with fleshy fruits and it can

help to generate tools to develop low Cs+ or seedless fruits crops.
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1 | INTRODUCTION

Potassium (K+) is an essential macroelement for plants which fulfils

important functions related to growth and development. It is concen-

trated in growing tissues, contributing to turgor potential and being

crucial for processes that require fast growth or rapid movements

such as pollen tube elongation or stomatal movements. Besides, it is

involved in many physiological processes such as enzyme activation,

neutralization of charges, plasma membrane potential maintenance as

well as transcriptional and posttranslational regulation (Amtmann,

Hammond, Armengaud, White, & Callow, 2006; Maathuis, 2009;

Marschner, 1995). It has a great impact on metabolism (Amtmann &

Armengaud, 2009) as well as on the movement of photosynthates and

nitrogen compounds to sink tissues (Deeken et al., 2002; Hermans,

Hammond, White, & Verbruggen, 2006; Mengel, Kirkby, Kosegarten, &

Appel, 2001; White & Karley, 2010), affecting fruit quality andManuel Nieves-Cordones and Alberto Lara contributed equally to this study.
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productivity of crops (Römheld & Kirkby, 2010). Due to all these func-

tions, K+ generally has a protective effect against biotic and abiotic

stresses and plants with a high K+ content cope better with environ-

mental stresses (Shabala & Pottosin, 2014).

Due to the essential roles it plays, K+ is required to maintain pro-

duction and quality of crops. However, large agricultural areas are

deficient in K+ (Luan et al., 2017; Römheld & Kirkby, 2010) and local

areas near the root surface may be depleted of K+ because of its rapid

absorption by the root. In addition, two environmental conditions

related to K+ nutrition, salinity and radiocaesium, challenge current

agriculture. Salinity is one of the most important stresses limiting crop

production, affecting over 800 million hectares around the world. It is

estimated that a 20% of irrigated lands, which produce one-third of

world food, suffer from secondary salinization. One of the clear

effects that high Na+ concentrations typical of salinized lands have on

plants is the induction of K+ deficiency (Munns, 2005). In relation to

this, increasing K+ supply to plants reduces Na+-induced toxicity

(Shabala & Pottosin, 2014). A recent analysis suggests that the energy

cost of plant K+ uptake under salt stress can be a limiting factor for

plant salt tolerance (Rubio, Nieves-Cordones, Horie, & Shabala, 2020).

Radiocaesium released after nuclear accidents has also become an

important threat for agriculture due to the large area of land contami-

nated and its persistence in time (decades) (Yasunari et al., 2011).

Radiocaesium, when present in the soil, is rapidly absorbed by crop

roots and accumulated in their edible organs (Fujiwara, 2013). Thus,

the consumption of radiocaesium-containing food by cattle and

humans imposes serious health concerns. It is well-known that K+ and

Cs+ are taken up by roots in a similar fashion and root K+ uptake sys-

tems may constitute the gate for Cs+ accumulation into the plant

(Collander, 1941; White & Broadley, 2000). Whether for correcting K+

deficiencies or for reducing the deleterious effects of the mentioned

abiotic stresses or others, the fact is that modern agriculture is based

on the use of large amounts of K+ fertilizers. Indeed, 40–60% of crop

yields are attributable to fertilization (Stewart, Dibb, Johnston, &

Smyth, 2005). This involves important economic and environmental

costs and there is a need to generate crop varieties with a higher use-

efficiency of K+ which allow a sustainable agriculture. One of the

approaches to meet this goal would be to improve root K+ acquisition,

which requires the characterization of the K+ uptake systems of

crops.

K+ is taken up from the soil solution by the roots through specific

transport systems located at the plasma membrane of epidermal and

cortical root cells. Research in the model plant Arabidopsis thaliana has

allowed the characterization of the main systems involved in root K+

uptake and their regulatory mechanisms (Aleman, Nieves-Cordones,

Martinez, & Rubio, 2011). Thus, the AtHAK5 transporter and the

AKT1 channel have been described as the major contributors to root

K+ uptake (Rubio, Nieves-Cordones, Alemán, & Martinez, 2008).

AtHAK5 is the only system mediating K+ uptake at external concen-

trations lower than 20 μM (Nieves-Cordones, Aleman, Martinez, &

Rubio, 2010; Pyo, Gierth, Schroeder, & Cho, 2010; Rubio et al., 2008).

At higher concentrations, from 20 to 200 μM, both AtHAK5 and

AKT1 contribute to uptake. At concentrations higher than 500 μM K+,

AtHAK5 contribution is very low and AKT1 becomes the predominant

pathway for K+ uptake (Pyo et al., 2010; Rubio, Alemán, Nieves-Cor-

dones, & Martínez, 2010). It is worth to highlight that HAK5-like K+

transporters have been shown to play an important role in K+ nutri-

tion under salt stress (Chen et al., 2018; Nieves-Cordones et al., 2010;

Shen et al., 2015) and for plant Cs+ accumulation (Nieves-Cordones

et al., 2017; Rai et al., 2017). Thus, this type of transporters is interest-

ing targets for crop biotechnology.

As more information is obtained, it is becoming clear that impor-

tant differences in the functionality and regulation of HAK5-like trans-

porters exist among species. As an example, it has been observed that

AtHAK5 contribution to K+ uptake is decisive at external concentra-

tions ≤20 μM K+ in Arabidopsis (Rubio et al., 2008) whereas the rice

homolog OsHAK1 operates in a much wider range of K+ concentra-

tions (0.001–1 mM K+) (Chen et al., 2015; Nieves-Cordones

et al., 2017). In addition, K+ transport systems may have additional

functions in crops that are absent in Arabidopsis. This is the case of

OsHAK1 that contributes to pollen viability, fertility and plant yield

(Chen et al., 2018) whereas a similar role for AtHAK5 has not been

reported. In conclusion, the Arabidopsis model cannot be literally

extended to other plant species. Thus, although research in Ara-

bidopsis is still fundamental to identify the main actors and regulatory

mechanisms for root K+ uptake, studies in crops are necessary to

weight the relative contribution of the different systems and to dis-

cover new roles of these actors.

Here we present a study on tomato plants which demonstrates

the important role of the high-affinity K+ transporter SlHAK5 in root

K+ uptake. By using CRISPR-Cas genome edition, KO slhak5 mutant

lines are obtained and characterized. The results show the crucial role

of SlHAK5 for root high-affinity K+ uptake, for maintaining K+ nutri-

tion and growth under K+-limiting conditions and especially if they

occur under salinity as well as for the accumulation of Cs+ in the plant,

especially in the fruit. In addition, the results show a novel function

for a HAK5-type transporter in a dicotyledonous plant with fleshy

fruits because SlHAK5 is required for accumulation of K+ in pollen

grains, germination and tube elongation, constituting an important

determinant of seed and fruit production.

2 | RESULTS

2.1 | Generation of slhak5 KO mutants by CRISPR-
Cas edition

Previous results by our group pointed to SlHAK5 as a candidate trans-

port system involved in K+ and Cs+ accumulation from diluted solu-

tions in tomato plants (Nieves-Cordones, Martinez-Cordero,

Martinez, & Rubio, 2007; Nieves-Cordones, Miller, Alemán, Martí-

nez, & Rubio, 2008; Rodenas, Nieves-Cordones, Rivero, Martinez, &

Rubio, 2018). In order to demonstrate the role of SlHAK5 in high-

affinity K+ and Cs+ uptake in tomato roots, the SlHAK5 locus was

edited with the CRISPR-Cas system to produce knock-out mutants.

Two single-guide RNA (sgRNAs) were designed to target two genomic
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DNA regions corresponding to exon 1 and exon 2 (Figure 1) at posi-

tions +147, in the non-coding strand and +1203, in the coding strand,

from the ATG, respectively. The coding sequence of the two spacer

regions of these sgRNAs was cloned into the same entry vector A59

(multiplex edition). Both sgRNA expression cassettes were subse-

quently transferred to the A60 plant expression vector and trans-

formed into Agrobacterium tumefaciens GV3101 strain (both plasmids

A59 and A60 are property of Abiopep Plant Health S.A.). Then, cotyle-

dons of Micro-Tom Wild-type (WT) plants were infected with

A. tumefaciens and independent plant lines resistant to kanamycin (the

antibiotic resistance marker in the transfer DNA) were obtained.

After several transformation attempts, only eight plants were

regenerated. After genotyping these plants, four of these lines con-

tained WT alleles in the SlHAK5 locus. The other four were edited and

contained indels that resulted in SlHAK5 open reading frame trunca-

tion and generation of KO mutants (Table 1, Figure S1). Importantly,

two of these lines produced no seeds and could not be propagated.

The last two lines L1 (slhak5-1) and L2 (slhak5-2) produced very few

seeds and were used for further experiments. It is important to take

into account that only the regenerated lines that were not edited

(WT allele in the SlHAK5 locus) produced tomato fruits and seeds to

the same levels of a WT plant. By contrast, lines containing KO alleles

of SlHAK5 either produced no or very few seeds (Table 1). This

suggested that the low seed production of slhak5 lines was specific to

the edition of the SlHAK5 gene.

2.2 | slhak5 plants are affected in root high-affinity
K+ uptake

In a first series of experiments we studied the effect of the KO slhak5

mutation on root K+ uptake (Figure S2). Rb+ was used as a tracer for

K+ in uptake experiments at two external concentrations, 1 and

0.02 mM Rb+ in K+-sufficient and -starved plants. After growing

slhak5-1 plants under control Hoagland solution containing

0.3 mM K+ for 14 days, a set of plants were subjected to K+ starvation

by growing them for 7 days in the absence of K+. Another set

remained in the complete solution with 0.3 mM K+. Then, plants were

incubated for 6 hr in nutrient solution with no K+, supplemented with

1 or 0.02 mM Rb+. No differences in the dry weights of the different

organs were observed between WT and slhak5-1 plants (Figure 2a).

As expected, the content of the K+-sufficient organs was higher than

those of the K+-starved ones (Figure 2b). The 7-day K+-starvation

treatment reduced organ K+ content around 50% and no differences

were observed in K+ content between WT and slhak5-1 organs

(Figure 2b). Rb+ uptake rates were calculated from the Rb+ accumula-

tion within the plant. It could be observed that WT and slhak5-1

plants showed similar rates of Rb+ uptake in K+-sufficient plants

assayed in the presence of 1 mM Rb+ (Figure 2c). When these K+-

sufficient plants were assayed at 0.02 mM Rb+, lower rates of Rb+

uptake than when assayed at 1 mM Rb+ were observed in both lines.

Importantly, the uptake rates of the slhak5-1 line were of a lower

magnitude than those of the WT plants (Figure 2c). K+ starvation

increased the rates of Rb+ uptake in WT plants from an external con-

centration of 1 mM Rb+ and specially from 0.02 mM external Rb+

(Figure 2d). These results indicated that K+ starvation induced the high-

affinity component of K+ uptake, in agreement with previous results on

both root K+ uptake and SlHAK5 expression (Bacha et al., 2015;

Nieves-Cordones et al., 2007, 2008; Rodenas et al., 2018). In the

F IGURE 1 Generation of slhak5 KO mutants with the CRISPR-
Cas system. Overview of the SlHAK5 locus and target sites for the
sgRNA-Cas9 complex. Rectangles and lines depict exons and introns
in SlHAK5 gene, respectively. Two spacer sequences were designed in
silico to target the sgRNA-Cas9 complex to their corresponding
targets sites (sequence provided in bold letters) in exons 1 and
2, respectively. protospacer adjacent motif (PAM) sequences are
underlined

TABLE 1 Allelic sequences of the SlHAK5 locus at the sgRNAs target sites and number of seeds of T0 tomato plants

Line Name

sgRNA1 target (exon 1) sgRNA2 allele (exon 2)

Number of seeds per plantAllele 1 Allele 2 Allele 1 Allele 2

L1 slhak5-1 +1 +1 −2 -3 10

L2 slhak5-2 +1 +1 -2 −4 6

L3 — +1 +1 −2 −4 0

L4 — +1 +1 −2 −3 0

L5 — WT WT 152

L6 — WT WT 66

L7 — WT WT 281

L8 — WT WT 214

Note: Positive values and negative values depict the number of bp inserted or deleted, respectively, in the SlHAK5 locus.

ROLE FOR SLHAK5 IN K+ UPTAKE AND TOMATO FERTILITY 1709
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presence of 1 mM Rb+, K+-starved slhak5-1 plants showed a value of

Rb+ uptake rate close to that of WT plants (Figure 2d). However, at

0.02 mM external Rb+, the slhak5-1 line did not show the observed

increase of Rb+ uptake displayed by K+-starved WT plants. Indeed,

under these conditions, the slhak5-1 line showed a 22-fold lower rate

of Rb+ uptake than WT plants (Figure 2d). These results showed that

SlHAK5 was required by tomato plants for K+ uptake in the high-

affinity range of concentrations. Rb+ uptake in the high-affinity range

of concentrations was also studied in K+-starved plants of the slhak5-2

line, which produced similar results to slhak5-1 plants (Figure S3).

slhak5-edited plants produced a very low number of seeds (seeds

per plant, Table 1). This precluded a comprehensive kinetic characteri-

zation of the effect of the mutation on high-affinity K+ uptake either

in short-term Rb+ uptake or in long-term K+ accumulation experi-

ments. Therefore, the root cell plasma membrane depolarization pro-

duced by increasing external K+ concentration was used as an

alternative approach. As described previously, membrane depolariza-

tion induced by increasing external K+ concentration can be used as a

measurement of the K+ uptake capacity of root cells (Spalding

et al., 1999). WT and slhak5-1 epidermal and cortical root cells of K+-

starved plants were impaled with electrodes and the membrane

potential response to changes in external K+ determined. It was

observed that increasing external K+ produced much higher mem-

brane potential depolarizations in WT roots than in slhak5-1 roots,

except at 0.5 mM K+, concentration at which similar depolarizations

were observed in both lines (Figure 3, Figure S2). The depolarizations

F IGURE 2 Organ dry weight, K+ content and high-affinity K+ uptake in K+-starved WT and slahk5-1 plants. Plants of the WT and slhak5-1
lines were grown for 14 days in complete Hoagland solution containing 0.3 mM K+. Then, a set of plants were grown for 7 days in solution with
no K+ and another set remained in the complete solution. After this growth period, plants were transferred to solution with no added K+ and
0.02 mM or 1 mM RbCl (as indicated) for 6 hr and then separated in roots, stems and leaves, dried. Four days later their dry weight was
determined. After acid digestion, the internal K+ and Rb+ content in tissues were determined. (a) Dry weight of leaves, stems and roots. (b) K+

content of leaves, stems and roots. (c, d) Rb+ uptake rates of in K+-sufficient (c) and K+-starved (d) plants at 1 and 0.02 mM Rb+. Data are mean
values (n = 5) ± SE, and bars with different letters are significantly different at p < .05 according to Tukey's test. ns denotes not significant. * and

*** indicate p < .05 and p < .001 in Student's t test, respectively

1710 NIEVES-CORDONES ET AL.

 13653040, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.13769 by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [11/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



were plotted versus the external K+ concentrations and the data

fitted to Michaelis–Menten equations due to the enzyme kinetics-

like behaviour of these measurements (Nieves-Cordones

et al., 2017). Kinetic parameters were determined and they showed

that in WT plants the depolarizations supported the existence of a

K+ uptake component with an apparent Km of 26.4 ± 5.2 μM K+

whereas in the slhak5-1 line that component showed a Km of 775

± 15.9 μM. The higher Km values in slhak5-1 roots indicate a lower

capacity to take up K+ at low external K+ concentrations in compari-

son to WT roots.

2.3 | SlHAK5 is required for K+ uptake to sustain
plant growth under K+-limiting conditions in the
absence and in the presence of salinity

A long-term growth experiment at limiting external K+ was performed

(Figure S2). Plants of the WT and the slhak5-1 lines were grown for

7 days in a complete solution with 1.4 mM K+. Then they were trans-

ferred for 14 days to a solution containing 0.01 mM K+, a concentra-

tion where SlHAK5 is expected to have a prominent role in K+ uptake

according to Rb+ uptake experiments (Figures 2 and 3). In parallel, a

set of plants were grown with 50 mM NaCl in the nutrient solution to

impair K+ uptake (external ratio Na+:K+ 5,000:1) (Nieves-Cordones

et al., 2010).

slhak5-1 plants grown with 0.01 mM K+ were much smaller than

WT plants both in the absence and presence of 50 mM Na+

(Figure 4a). Importantly, shoots of slhak5-1 showed chlorosis symp-

toms characteristic of K+ deficiency. Root and leaf dry weight of

slhak5-1 plants grown under 0.01 mM K+ were about one-third the

weights of those organs of WT plants, whereas stems dry weight

were similar in both plant lines (Figure 4b). It is worth to highlight that

the presence of 50 mM Na+ in WT plants grown under 0.01 mM K+

increased tissue dry weight. However, this beneficial effect of Na+

was barely observed in slhak5-1 plants. Thus, while the presence of

Na+ increased the dry weight of WT plants a 53%, it only increased a

9% that of slhak5-1 plants. This indicated that SlHAK5 K+ uptake

activity was required to benefit from the additional Na+ supply.

K+ content in roots, stems and leaves of these plants were deter-

mined. In general, the K+ contents of slhak5-1 organs were about 50%

lower than those of WT ones (Figure 4c). The presence of 50 mM Na+

reduced internal K+ content and this effect was of a similar magnitude

in both plant lines. It could be observed that, with the exception of a

lower Na+ content in slhak5-1 stems of plants exposed to 50 mM Na+,

both plant lines showed similar Na+ content in their organs

(Figure S4a). Thus, the K+/Na+ ratios of plants grown in the presence

of 50 mM Na+ were higher in leaves and roots of WT plants than in

those of slhak5-1 plants (Figure S4b).

The plants subjected to the described treatments were assayed

for Rb+ uptake from a 0.02 mM solution. WT plants grown in the

absence of Na+ showed a 23.2 ± 1.5 μmol Rb+ g−1rootDW hr−1 Rb+

uptake rate, while Rb+ uptake in slhak5-1 plants was almost negligible,

showing a rate of 0.68 ± 0.07 μmol Rb+ g−1rootDW hr−1 (Figure 4d).

These uptake rates of plants grown continuously with 0.01 mM K+

were in agreement with those shown by K+ starved plants (Figure 2d).

The presence of 50 mM Na+ reduced about 50% the rate of Rb+

uptake in WT plants whereas had no effect on slhak5-1 plants

(Figure 4d). This is in conformity with the reported SlHAK5 expression

pattern, induced by K+ starvation and repressed by the presence of

NaCl (Nieves-Cordones et al., 2007, 2008; Rodenas et al., 2018). All

together, these results demonstrated the important role of SlHAK5

for K+ uptake from diluted solutions (Figure 4d) to sustain plant

growth (Figure 4a,b). Importantly, the results show that, although the

presence of 50 mM NaCl reduced K+ uptake, SlHAK5 constitutes the

only system mediating K+ uptake at an external concentration of

0.01 mM (Figure 4d).

2.4 | slhak5 plants show reduced Cs+ uptake and
accumulation

Cs+ accumulation in plants has been related to the activity of

HAK5-like transporters in roots and in a previous report SlHAK5 has

been proposed to be the major contributor for Cs+ accumulation within

the plant (Rodenas et al., 2018). In order to clarify the contribution of

F IGURE 3 Root cell plasma membrane depolarizations induced
by K+ in WT and slhak5-1 plants. Epidermal and cortical root cells of
WT and slhak5-1 seedlings germinated in water for 10 days were
impaled with microelectrodes and their membrane potential
registered with an electrometer. Roots were perfused with a solution
containing 0.5 mM CaCl2 buffered to pH 6 (10 mM MES/Bis-Tris) and
different amounts of KCl to reach the indicated concentrations.
Plasma membrane depolarizations induced by external K+ were
plotted versus the external K+ concentration. Data were fitted to
Michaelis–Menten kinetics (R2 were .96 and .99 for WT and slhak5-1
data, respectively). Data are mean values of at least three repetitions
and error bars denote SE

ROLE FOR SLHAK5 IN K+ UPTAKE AND TOMATO FERTILITY 1711

 13653040, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.13769 by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [11/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SlHAK5 in this process, K+-starved plants were assayed for Cs+ uptake

from a 0.02 mM solution (Figure S2). The results obtained clearly

showed that Cs+ uptake rates were lower in slhak5-1 plants in compari-

son to those of WT plants (1.29 ± 0.72 μmol Cs+ g−1rootDW hr−1

vs. 7.52 ± 0.72 μmol Cs+ g−1rootDW hr−1, respectively; Figure 5).

Another experiment was designed to study Cs+ accumulation in

different plant organs and importantly in fruits. The latter aspect is of

crucial importance in Cs+-contaminated agricultural lands where fruit

commercialization may not be allowed due to a high Cs+ content.

Plants were grown in a solution containing 0.3 mM K+ and 0.02 mM

Cs+ for 90 days (Figure S2). It was observed that slhak5-1 plants accu-

mulated much less Cs+ in their organs than WT plants (Figure 6a). The

Cs+ content was 61-, 52-, 18-, 7- and 22-fold higher in WT roots,

stems, young leaves, mature leaves and fruits, respectively, than in

slhak5-1 ones (Figure 6a). The K+ content of plant organs did not

show differences between the two lines, except in fruits (Figure 6b).

Therefore, the K+/Cs+ ratios were much higher in slhak5-1 than in WT

plants, indicating a higher discrimination between K+ over Cs+ in

plants lacking SlHAK5 (Figure 6c). The Cs+ transfer factors (TFfruit)

from the external solution to the fruit were calculated and important

differences between WT and mutant plants were observed. While

F IGURE 5 Cs+ uptake rates from 0.02 mM external Cs+ solution
in K+-starved plants. Plants of the WT and slhak5-1 lines were grown
and starved of K+ as indicated in Figure 2. Then, plants were
transferred to a solution with no added K+ in the presence of
0.02 mM CsCl for 6 hr. After this, plant material was harvested and
processed to determine the rates of Cs+ uptake. Data are mean values
± SE and ** indicates p < .01 in Student's t test

F IGURE 4 Pictures, organ dry weight, K+ content and high-affinity Rb+ uptake of WT and slahk5-1 plants grown with 0.01 mM K+ in the
absence and the presence of 50 mM NaCl. Plants of the WT and slhak5-1 line were grown for 7 days in nutrient solution containing 1.4 mM K+

and then transferred to solution containing 0.01 mM K+ in the absence or the presence of 50 mM NaCl during 14 days. (a) Pictures of plants at
the end of the experiment, (b) organ dry weight, (c) internal K+ content and (d) Rb+ uptake rates when incubated 6 hr in the presence of 20 μM
RbCl. Data are mean values (n = 4–6) ± SE, and bars with different letters are significantly different at p < .05 according to Tukey's test. ns

denotes not significant
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WT plants showed a TFfruit of 151.6 ± 28, slhak5-1 plants showed a

TFfruit of 8.5 ± 0.7. It is worth to mention that the lower TFfruit of

slhak5-1 plants was achieved without affecting plant K+ content.

2.5 | slhak5 plants showed reduced fruit and seed
production

As indicated above, the CRISPR-Cas edited KO slhak5 plants pro-

duced tomato fruits with very few seeds in comparison to WT plants

(Table 1). This effect suggests that SlHAK5 may play a role on fruit

physiology, which was further studied. Plants were grown in K+ suffi-

cient (1.4 mM K+) nutrient solution until fructification (Figure S2).

Tomato fruits were harvested at different time points as they ripen

(five harvests in total). Fruit production was delayed in slhak5-1 in

relation to WT plants (Figure 7a). At the date of the first fruit harvest

in WT plants, no tomato fruits could be collected in the slhak5-1 line.

In addition, the average weight of slhak5-1 tomatoes was lower than

that of WT plants (Figure 7b). As a consequence, the total fruit yield

was lower in the slhak5-1 line than in the WT (22.6 ± 3.0 g of toma-

toes per plant for slhak5-1 vs. 51.6 ± 9.7 g for WT). Moreover, the

number of seeds per tomato fruit was much smaller in slhak5-1 plants,

with 1.5 ± 1.5 seeds per tomato in comparison with the 15.6 ± 4.8

seeds per tomato in WT plants (Figure 7c,d).

2.6 | SlHAK5 is expressed in stamens and pistils

The reduced fruit and seed production of the slhak5 lines (Table 1,

Figure 7) suggested that SlHAK5 may play a role in a process directly

related to ovule fertilization. Therefore, the expression of SlHAK5 in

different plant and flower organs was determined by real-time quanti-

tative polymerase chain reaction (qPCR). Plants were grown under K+

sufficient supply (1.4 mM K+) until flowering and samples of roots,

stems, leaves, sepals, petals, stamens and pistils were collected to

determine SlHAK5 mRNA levels (Figure S2). qPCR results showed that

SlHAK5 was preferentially expressed in roots followed by stamens

and pistils, and that its expression was the lowest in leaves and stems

(Figure 8).

2.7 | Pollen germination and pollen tube growth
were importantly impaired in slhak5 plants

Ovule fertilization and seed development directly depend on the ger-

mination and tube growth of pollen grains (Wilhelmi & Preuss, 1999).

Because the slhak5 lines were affected in seed production (Table 1)

and SlHAK5 was expressed in stamens (Figure 8), the effect of the

slhak5-1 mutation on pollen physiology was studied (Figure S2). Ger-

mination of pollen grains from WT and slhak5-1 plants was deter-

mined on a microscope slide covered with minimal media that

contained no added K+ ([K+]ext ≈ 100 μM), or that was supplemented

with 1 or 5 mM K+. Pollen grains were sprinkled on that media and

incubated for 4 hr. At first sight, it could be observed that few

slhak5-1 pollen grains germinated and many looked flaccid and wrin-

kled while most of WT ones had germinated and were rounded and

turgid (Figure 9a,b). It could be observed that around 50% of WT pol-

len grains germinated and that increasing K+ slightly increased the

F IGURE 6 Cs+ and K+ content and K+/Cs+ ratios in organs of plants
grown in the presence of 0.3 mM K+ and 0.02 mM Cs+. Plants of the
WT and slhak5-1 lines were grown for 90 days in a solution containing
0.3 mM K+ and 0.02 mM CsCl to allow fructification and fruit harvests.
After this, organs were harvested and processed to determine their
internal (a) Cs+ and (b) K+ content. (c) The internal K+/Cs+ ratios were
calculated. Data are mean values (n = 3) ± SE. ** and *** indicate p < .01
and p < .001, respectively, in Student's t test. ns denotes not significant
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germination rate, although this K+ effect was not significant

(Figure 9c). By contrast, less than a 10% of the slhak5-1 pollen grains

germinated and increasing the K+ concentration of the germination

media did not increase their germination rate but rather it decreased

it (Figure 9c). Then, length of pollen tubes 4 hr after germination was

determined. In the absence of added K+, the tube length of WT

grains was larger than that of slhak5-1 grains (Figure 9d). Increasing

external K+ importantly increased the tube length of WT pollen

grains. By contrast, K+ addition had no effect on tube length of

slhak5-1 grains. Germination rates and pollen tube lengths were also

determined in pollen grains from the slhak5-2 line. In addition, pollen

from a descendant of the slhak5-1 line, which lacked the T-DNA cas-

sette, was also characterized (Figure S5). The germination rates and

pollen tube lengths of these two lines were comparable to those

shown in Figure 9c,d for slhak5-1 pollen, and gave further support to

the idea that the mutation in SlHAK5 gene was related to poor pollen

performance of slhak5 plants.

The observed phenotypes of pollen could be due to different con-

centrations of K+ within pollen grains during germination and tube

elongation. Thus, the relative K+ concentration of pollen was esti-

mated by using the K+-sensitive fluorescent dye Ion Potassium Green

4 (IPG-4). Pollen grains were germinated in the absence of added K+

and in the presence of 1 mM K+ with IPG-4. It was observed that in

the absence of added K+, the fluorescence of WT pollen grains was

higher than that of slhak5-1 ones. When the K+ of the germination

medium was increased to 1 mM, the internal fluorescence of WT pol-

len grains increased about 1.7-fold whereas that of slhak5-1 grains

was not affected. These results showed that WT pollen grains con-

tained higher K+ concentrations than slhak5-1 pollen grains and that

the WT pollen grains were able to take up K+ from the external

medium whereas slhak5-1 ones did not. Similarly, IPG-4 fluorescence

F IGURE 8 Relative expression levels of SlHAK5 in different
organs of WT plants. Plants of the WT line were grown in the
presence of 1.4 mM K+ until fructification. Plants were separated in
the indicated plants organs, their RNA isolated and reverse
transcribed. Real-time PCR was used to determine relative expression
levels of SlHAK5 with respect to the endogenous gene (SlEF1α).
Relative expression levels are given as 40 − ΔCt (ΔCt = CtSlHAK5 −
CtSlEF1α). Data are means of three biological replicates and error bars
denote SE

F IGURE 7 Number of tomato fruits harvested, plant yield and
seeds per tomato of WT and slhak5 plants. Plants of the WT and
slhak5-1 lines were grown in the presence of 1.4 mM K+ until
fructification. Tomato fruits were harvested at different time points.
(a) Number of tomato fruits per harvest (1, 2, 3, 4 and 5 denote
90, 97, 106, 118 and 129 days after germination) of three plants for
each line. (b) Average fruit fresh weight of WT and slhak5-1 plants.
(c) Average number of seeds per tomato in WT and slhak5-1 plants.
Data are mean values ± SE and * and ** indicate p < .05 and p < .01,
respectively, in Student's t test. ns denotes not significant. n = 3 for

plant tissues and n = 15 for fruits. (d) Photographs of WT and slhak5-1
tomatoes. Scale bar = 1 cm [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 9 Pictures of pollen and germination rates, tube length and relative K+ concentrations of pollen grains from the WT and slhak5-1 lines.
Pollen of the (a) WT and (b) slhak5-1 lines were sprinkled on germination media with no K+ added ([K+]ext ≈ 100 μM) or with 1 or 5 mM KCl added and
observed 4 hr later under microscope to determine different parameters. (a) and (b) pictures of WT and slhak5-1 pollen, respectively. (c) Germination
rate of pollen grains. (d) Pollen tube length. (e–h) Pictures of (e–f) WT and (g–h) slhak5-1 pollen germinated on media with (e and g) no K+ added or
(f and h) 1 mM K+ added, containing the K+-sensitive fluorescence dye Ion K+ green 4 (IPG-4) observed under an epifluorescence microscope.
(i) Relative IPG-4 fluorescence of WT and slhak5-1 pollen grains at two levels of external K+. Data are average ± SE of at least 200 pollen grains per
each line. * and *** indicate p < .05 and p < .001, respectively, in Student's t test [Colour figure can be viewed at wileyonlinelibrary.com]
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was lower in slhak5-2 and slhak5-1 (no T-DNA) pollen grains in com-

parison to the WT ones indicating a lower K+ concentration in these

mutant lines (Figure S5c).

3 | DISCUSSION

Root K+ uptake in tomato plants has been studied so far by indirect

approaches (i.e., pharmacology of K+ uptake properties) (Bacha

et al., 2015; Nieves-Cordones et al., 2007, 2008; Rodenas et al., 2018)

and a genetic proof of the individual contribution of candidate K+

transport systems was pending. Here we showed by using slhak5 KO

mutant lines obtained with CRISPR-Cas that SlHAK5 is the major con-

tributor to root K+ uptake from diluted solutions. This information

was obtained from the phenotypes of slhak5 plants with three differ-

ent approaches: Rb+ uptake assays (Figure 2 and Figure S3),

K+-induced depolarizations of root cell plasma membrane (Figure 3)

and plant growth and plant K+ concentrations at a fixed external K+

concentration (Figure 4). These approaches have also allowed the

establishment of a range of external K+ concentrations and plant

growth conditions where SlHAK5 is the major K+ uptake system at

the root. In K+ starved plants, SlHAK5 is responsible for most of K+

uptake observed at external concentrations below 300 μM

(Figures 2-4 and Figure S3). In relation to this, it is worth to highlight

the negative impact that the slhak5 mutation had on long-term plant

growth at 0.01 mM K+ (Figure 4a–c). Interestingly, if slhak5-1 plants

were grown under K+-sufficient conditions and then starved of K+ for

7 days, the K+-deficiency phenotype was not observed (Figure 1a,b),

probably due to the K+ reserves that plants had at the end of the K+

sufficiency period. Thus, the contribution of SlHAK5 to K+ nutrition in

K+-deficient plants depends on the duration of the low-K+ period and

on plant age, being seedlings more vulnerable to low K+ stress than

adult plants.

When comparing our results with slhak5 plants with those

obtained in Arabidopsis and rice with athak5 and oshak1 plants, it was

evident that remarkable differences in the contribution of HAK5-like

transporters to K+ uptake exist among these species. Here we show

(Figures 2d and 3) that the upper limit for the contribution of SlHAK5

to K+ uptake in tomato plants seems to be located between those for

AtHAK5 (<100–200 μM K+) and OsHAK1 (>1 mM K+) in Arabidopsis

and rice, respectively (Chen et al., 2015; Nieves-Cordones

et al., 2017; Rubio et al., 2010, 2020). Because HAK5-type trans-

porters are considered K+–H+ symporters (Rodríguez-Navarro, 2000),

a more general conclusion is that K+ uptake energization probably dif-

fers among land plants. Thus, while some species rely to a higher

extent on H+-coupled K+ uptake (such as rice and tomato), others

preferentially use channel-mediated K+ uptake (such as Arabidopsis).

Thus, it remains to be assessed the relevance of these two types of K+

transport systems in a given species in relation to energy require-

ments, plant acclimation to changing environments and, in general, for

different crops and agriculture.

It is well known that, to some extent, Na+ may complement K+

when plants face K+ deprivation (i.e., as osmoticum in the vacuole)

improving plant growth (Horie et al., 2007; Maathuis &

Sanders, 1993; Wakeel, Farooq, Qadir, & Schubert, 2011). WT plants

grown with 50 mM Na+ + 0.01 mM K+ were larger than plants grown

without Na+ (Figure 4a,b) despite those plants had lower tissue

K+ content than WT plants grown without Na+ (Figure 4c). Interest-

ingly, SlHAK5 activity was required to benefit from this positive effect

of Na+ because growth of slhak5-1 plants was similar in the absence

and in the presence of Na+ (Figure 4b). The relevance of high K+/Na+

ratios for plant salt tolerance has been widely reported (Niu, Bressan,

Hasegawa, & Pardo, 1995; Wu, Zhang, Giraldo, & Shabala, 2018).

Importantly, although the presence of Na+ reduced high-affinity K+

uptake (Figure 4c) the results show that SlHAK5-mediated K+ uptake

was required to maintain plant growth (Figure 4b) and internal K+ con-

tent (Figure 4c). Thus, SlHAK5 is not only crucial for K+ nutrition at

low K+ but also to benefit from the physiological substitution of K+ by

Na+. In other words, plant growth requires a minimum K+ content in

plant tissues and, under low K+ supply, this minimum value is ensured

by SlHAK5 function. Our results point to a similar role of SlHAK5 in

tomato to that of AtHAK5 in Arabidopsis, species in which the trans-

porter was also required to support plant growth under low K+ plus

salinity conditions (Nieves-Cordones et al., 2010).

Production of low-Cs+ crops in lands affected by nuclear acci-

dents has become a challenge for farmers. It is not a matter of toxicity

for crops since radiocaesium concentrations in these scenarios is in

the low micromolar range or below (Burger & Lichtscheidl, 2018). On

the contrary, it is a problem for people and cattle that eat the radioac-

tive plant material. Radiocaesium can reach crop roots when depos-

ited in the soil or when moved to continental water and thus present

in the irrigation water or in hydroponics systems (Nagao et al., 2013;

Yasutaka, Miyoshi, & Ito, 2014). At these low concentrations, radio-

caesium is rapidly absorbed by plant roots and may be accumulated in

edible organs, so Cs+ uptake is a critical process to reduce its accumu-

lation in the plant. Engineering plants with a low-Cs+ uptake capacity

is a promising approach since the alternative solutions, which are the

increase of K+ fertilizer inputs or removal of Cs+-containing soil layers,

have been shown to be hazardous and expensive (Fujimura

et al., 2016; Lepage et al., 2015; Ohmori et al., 2014; Sakai, Gomi,

Nunokawa, Wakahara, & Onda, 2014; Wakabayashi et al., 2016).

HAK5-like transporters such as AtHAK5 and OsHAK1 have been

shown to constitute important pathways for Cs+ accumulation in Ara-

bidopsis and rice, especially in K+-deprived plants (Genies et al., 2017;

Nieves-Cordones et al., 2017; Qi et al., 2008; Rai et al., 2017). A

recent pharmacological study suggested that the same might be true

for SlHAK5 and tomato plants (Rodenas et al., 2018). Importantly, this

low accumulation of Cs+ also occurred in slhak5-1 fruits, which are

the edible and commercially-relevant part of the plant, that showed a

very low Cs+ transfer factor (TFfruit = 8.5 ± 0.7) in comparison to WT

fruits (TFfruit = 151.6 ± 28). It is worth to highlight that the growth

conditions used (300 μM K+ + 0.02 mM Cs+) gave rise to much lower

Cs+ contents in slhak5-1 plants (Figure 6a) without remarkable effects

in the tissue K+ content (Figure 6b). Nevertheless, slhak5-1 plants

were prone to have smaller fruits than WT plants (Figure 7b), so it

would be desirable to separate the contribution of SlHAK5 to root
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Cs+ uptake from its contribution to fruit development. One approach

would be to replace native SlHAK5 with allelic variants with improved

K+/Cs+ selectivity which would maintain the K+ transport function,

especially in reproductive organs, while reducing root Cs+ uptake. For

example, the F130S mutant of AtHAK5 exhibits a higher K+/Cs+

selectivity than the native transporter without penalizing its K+ trans-

port activity (Aleman et al., 2014).

As stated above, the slhak5 mutation had deleterious effects on

fruit and seed production. These effects were not related to a deficient

K+ nutrition of the plant, because under K+ sufficient conditions, WT

and slhak5-1 plants showed similar K+ content (Figure 2b) but a reduced

number of fruits and seeds (Figure 7b,c). The reason behind the reduced

number of tomato fruits and seeds in the slhak5 lines (Table 1) may be a

defective ovule fertilization. It has been shown that factors that improve

pollination increase tomato fruit production and quality (Franceschinelli

et al., 2013) and the reduced germination rate (Figure 9c) and tube

growth (Figure 9d) of slhak5-1 pollen grains would result in a reduction

of ovule fertilization. Taking into account that the gene encoding

SlHAK5 was expressed in reproductive organs, in particular in stamens

(Figure 8), it is very likely that SlHAK5 plays a direct role in pollen physi-

ology. Maintaining K+ homeostasis is crucial for pollen viability and pol-

len tube elongation (Fan, Wang, Wang, & Wu, 2001; Mähs et al., 2013).

K+ accumulation in pollen grains is necessary for building up enough tur-

gor pressure which allows the pollen tube to elongate (Weisenseel &

Jaffe, 1976). Thus, the lower germination rate (Figure 9c), lower internal

K+ concentrations in pollen grains (Figure 9e–i) and shorter pollen tubes

(Figure 9d) in the slhak5-1 mutant could be due to the absence of

SlHAK5-mediated K+ uptake and, in turn, reduced lower turgor pressure

in pollen grains. This is in agreement with the appearance of slhak5-1

pollen grains and tubes which looked flaccid (Figure 9a). It is worth not-

ing that OsHAK1 has been also related to rice fertility and pollen viabil-

ity (Chen, Zhang, et al., 2018) and the interaction of this transporter

with the receptor-like kinase RUPO may play an important role in this

contribution (Liu et al., 2016).

High-affinity HAK K+ transporters have been suggested to medi-

ate K+ influx into the cell in co-transport with H+ (Rodríguez-Navarro,-

2000). The question rises why such a mechanism may be required in

pollen physiology. Polarized pollen tube growth requires the function

of specific transport systems at specific regions of the pollen tube

(Michard, Simon, Tavares, Wudick, & Feijó, 2017). It is possible that,

at some local points or moments during tube growth, the electro-

chemical gradient for K+ makes coupling to H+ a requirement for K+

accumulation. In addition, H+ gradients within the pollen tube have

been related to its polarized growth (Weisenseel & Jaffe, 1976), with

an acidic tip and an alkaline subapical region, and H+ may also act in

signalling cascades (Michard et al., 2017). Therefore, a K+/H+ symport

may serve as a mechanism for K+ accumulation as well as for the

movement of H+ to generate pH gradients.

Importantly, despite the low viability of slhak5 pollen grains,

slhak5 plants still produce tomato fruits. This is very likely due to the

ability of unfertilized tomato flowers to develop fruits (Srivastava &

Handa, 2005). The slhak5-1 fruits were smaller than the WT ones

(Figure 7b), probably because the former ones produce less seeds

(Figure 7C) and the number of developing seeds influences the final

size and weight of a fruit (Varoquaux, Blanvillain, Delseny, &

Gallois, 2000). The described observations regarding the production

of almost seedless tomato fruits in slhak5 plants are of great interest

for tomato industry (~100 related patents are in the Google patent

database) and they may have a future biotechnological application. In

particular, this is important for tomato sauce fabrication, since seeds

hinder the process of tomato juice extraction (Varoquaux et al., 2000).

Moreover, seedless tomatoes are tastier and have longer shelf-life

than seeded tomatoes (Varoquaux et al., 2000). There are several nat-

ural parthenocarpic tomato cultivars but have disadvantages due to

the pleiotropic effects of the genes involved (Varoquaux et al., 2000).

In the case of slhak5 plants, low seed number in tomatoes has no

other remarkable defects on plant appearance unless the external K+

concentration drops below 300 μM for a long time. Thus, the afore-

mentioned features make SlHAK5 an interesting target for breeding

tomatoes with few or no seeds.

4 | CONCLUSIONS

Our work provides a molecular mechanism, based on SlHAK5 func-

tion, which could help to improve K+ nutrition and salt tolerance in

tomato plants. Plants lacking SlHAK5 may indeed be of interest to

produce low-Cs+ tomatoes in radiocaesium-contaminated environ-

ments. However, work is still required to separate the beneficial effect

of the slhak5 mutation at the root, that reduces Cs+ uptake in the

plant, from its detrimental effect at the shoot, which affects pollen

viability and reduces fruit yield. Several strategies, from grafting to a

root-specific slhak5 knock-out could be used to circumvent the low-

yield phenotype of slhak5 plants. In contrast, slhak5 plants can be

used to produce tomato fruits with few or no seeds. In addition, the

role of SlHAK5 in tomato plants can be regarded as a valuable model

for other crops that produce fleshy fruits and to open new avenues

for crop biotechnology in the forthcoming years.

5 | MATERIALS AND METHODS

5.1 | Plant material and growth conditions

Tomato plants (Solanum lycopersicum L. var Micro-Tom) were used

throughout the work. Plants were grown as described previously

(Nieves-Cordones et al., 2007). Seeds were germinated in a 0.5 mM

aerated CaSO4 solution for 72 hr and then transferred to vermiculite.

After 7 days, seedlings were transferred to 8 L containers with aer-

ated nutrient solution that consisted of macronutrients (mM): 1.4

Ca(NO3)2, 0.2 MgSO4 and 0.1 Ca(H2PO4)2 and micronutrients (μM):

50 CaCl2, 12.5 H3BO3, 1 MnSO4, 1 ZnSO4, 0.5 CuSO4, 0.1 H2MoO4,

0.1 NiSO4 and 10 Fe-EDDHA. KCl, NaCl or CsCl were added as indi-

cated in each experiment. Plants were grown in that solution for the

indicated time period as indicated in each experiment in a controlled-

environment growth chamber with 16/8 hr light/night photoperiod,
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at 25�C (day) 20�C (night) temperature, 65% relative humidity and

360 μmol m−2 s−1 flux density. pH of the nutrient solutions was

adjusted daily to 5.5. Fresh solution was supplied once a week.

5.2 | Production of SlHAK5 KO plants with
CRISPR-Cas

To produce KO mutants of SlHAK5, two sgRNA sequences (sgRNA1

and sgRNA2), which targeted exons 1 and 2, respectively, of the

SlHAK5 locus (Solyc12g005670) (Figure 1) were designed with the

web tool Breaking Cas (Oliveros et al., 2016). Target sequences were

selected for their high specificity (cut probability in off-target sites

<0.4%, Figure S6). Complementary spacer sequences of the sgRNAs

were cloned into plasmid A59 and moved to plasmid A60 (property of

Abiopep Plant Health S.A.) and the resulting construct transformed

into A. tumefaciens strain GV3101. The A59 plasmid is an entry vector

to clone a sgRNA spacer sequence in frame with a sgRNA scaffold

and downstream of an adequate promoter. This vector contains two

sgRNAs expression cassettes of this type. Both sgRNA expression

cassettes can be transferred into A60 (plant expression vector). The

A60 contains the Cas9 expression cassette, a plant marker gene and

sgRNAs expression cassettes, all these features located in a T-DNA

region (to allow expression of these components in the plant). The

presence of two sgRNAs in A60 allows edition of SlHAK5 at two dif-

ferent sites. Transgenic tomato lines were produced by incubating

cotyledons of WT Micro-Tom with suspensions of transformed

Agrobacterium and subsequent regeneration of whole plants

(T0 generation) by in vitro culture (Van Eck, Keen, & Tjahjadi, 2019).

Genomic DNA around the target regions of sgRNA was amplified by

PCR (Table S3) and sequenced. Then, allele sequences were first

deduced using CRISP-Id tool (Dehairs, Talebi, Cherifi, &

Swinnen, 2016) and later confirmed by cloning into TOPO PCR2.1

vector and sequencing. Plant lines with interesting alleles were

selected for further characterization. Plant genotypes were also deter-

mined in T1 and T2 slhak5 plants (Table S1) and all experiments were

carried out with T2 slhak5 plants. Identification of off-target sites was

achieved with the Breaking Cas tool (Figure S6). Off-targets in exon

sequences were checked by sequencing in T2 plants and they were

found not to be mutated (Table S2). This indicated that slhak5 plants

contained only mutations in SlHAK5.

5.3 | Short-term Rb+ and Cs+ uptake experiments,
ion content and TFfruit determinations

Plants were grown as described in each experiment. For short-term Rb+

and Cs+ uptake experiments, plants starved of K+ for 7 days were trans-

ferred to K+-free solutions supplemented with 0.02 and 1 mM of RbCl

or CsCl for 6 hr. Rb+ or Cs+ uptake rates were calculated from their

accumulation in the plant per unit of time and unit of root dry weight.

In all experiments, plant organs were harvested, their fresh weight

determined and dried in a 65�C oven for 4 days to determine their

dry weight. Plant material was digested with HNO3:HClO4 (2:1, v:v)

and K+, Na+ and Rb+ concentration was determined by ICP spectrom-

etry analysis (Iris Interpid II, Thermo Electron Corporation, Franklin).

Tissue Cs+ concentration was determined by atomic emission spec-

trometry in an AAnalist Perking-Elmer 400 spectrometer.

TFfruit was calculated as the ratio between fruit Cs+ concentration

(expressed in mM) and the external Cs+ concentration (expressed

in mM).

5.4 | Root cell plasma membrane potentials
determination

Root cell membrane potential was determined as described previously

(Nieves-Cordones et al., 2008). Seeds of tomato plants were germi-

nated and grown for 7 days in 0.5 mM CaSO4 solution. Two

centimetre root tips were excised and mounted on a perfusion cham-

ber. Root epidermal or cortical cells were impaled with a single-

barrelled borosilicate microelectrodes filled with 0.2 M KCl and

connected to a duo 773 WPI high-impedance amplifier. Roots were

perfused (10 ml/min) with a solution containing 0.5 mM CaCl2 buff-

ered to pH 6 (10 mM MES/Bis-Tris) and different amounts of KCl to

reach the indicated concentrations. Membrane depolarizations

induced by the presence of K+ were plotted against the external K+

concentrations and the data fitted to Michaelis–Menten equations to

determine Km and the maximal depolarization values. Experiments

were repeated with different plants and the mean values of at least

three repetitions per value of external K+ used are shown.

5.5 | Real-time qPCR

Expression levels of SlHAK5 in WT plants were determined by real-

time qPCR as described preciously (Rodenas et al., 2018). RNA was

isolated with the NucleoSpin, RNA Plant (Macherey-Nagel) kit from

the different tissues of plants grown with the complete nutrient solu-

tion containing 1.4 mM K+. After cDNA synthesis with the High

capacity cDNA Reverse Transcription Kit (Applied Biosystems), qPCR

was performed on a 7500 Real-Time PCR System (Applied Bio-

systems). Expression levels of SlHAK5 relative to the expression level

of the endogenous gene encoding, the elongation factor SlEF1α are

given as 40 − ΔCt (ΔCt = CtSlHAK5 − CtSlEF1α). The primers used are

given in Table S3.

5.6 | Pollen germination, tube elongation and
estimation of internal K+

Pollen grains from flowers were germinated as described previously

(Maisonneuve & Den Nijs, 1984). Pollen was sprinkled on a micro-

scope slide covered with medium composed of 0.5% agar, 10%

sucrose and 50 ppm H3BO3. The basal K+ concentration of this

medium was ~100 μM. Slides were incubated on a filter paper soaked
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with water inside a petri dish at 25�C for 4 hr. Pollen was observed

under a microscope. Germination percentages and pollen tube length

were determined by using ImageJ software.

To estimate the internal K+ concentration of pollen, Ion-K+ green

4 AM (IPG-4, Iona Biosciences, San Marcos, Texas) dye was added to

the germination medium at 20 μM. Slides were observed under an

epifluorescence microscope (Leica DM6) after 16 hr. IPG-4 fluores-

cence was recovered with a 527/30 nm band pass filter after exciting

at 480/40 nm. IPG-4 fluorescence was determined by using ImageJ

software after subtracting mean fluorescence from pollen grains with-

out dye (pollen autofluorescence).

5.7 | Statistical analysis

Analysis of variance was performed with the Statistix V.8 software for

Windows (Analytical Software, Tallahassee, Florida). The differences

in means were compared either by Student's t test (pair comparisons)

or by using a Tukey's multiple range test (p < .05) after analysis of var-

iance. Sigma Plot 9.0 was used for data fitting.

ACKNOWLEDGMENTS

This work was funded by Grant Number 20806/PI/18 (to F. R.) from

Fundación Séneca of Región de Murcia, Spain and by I-COOP grant

from the CSIC (COOPA20177) and it was also supported by grant

numbers AGL2015-66434-R (to F. R.) and AGL2015-74011-JIN

(to M. N.-C.) from Ministerio de Economía y Competitividad, Spain.

M. N.-C. is recipient of a Ramón y Cajal Fellowship (RyC-2017-21924)

from Ministerio de Economía y Competitividad, Spain. A. L. and J. A.

are recipients of a F. P. U. Fellowship from Ministerio de Educación,

Cultura y Deporte, Spain. We thank Cristina López and Maria del

Carmen García for their skillful technical assistance. This work was

also supported by the Red de Excelencia BIO2016-81957-REDT from

Ministerio de Economía, Industria y Competitividad.

CONFLICT OF INTEREST

The authors have filed a patent application based on the results

reported in this study.

AUTHOR CONTRIBUTIONS

M. N. C. and A. L. contributed equally to the manuscript. M. N.

C. designed the experiments, obtained the edited mutants, performed

experiments, analysed and discussed the results and contributed to writ-

ing the paper. A. L. performed the experiments and analysis. M. S. and

J. A. contributed to sample collection and analysis. P. R.-S. generated the

transgenic lines. R. M. R., V. M. and M. A. B. contributed to design the

experiments and results discussion. F. R. contributed to design and per-

form the experiments, discuss the results and writing the manuscript.

ORCID

Manuel Nieves-Cordones https://orcid.org/0000-0002-4015-0981

Rosa M. Rivero https://orcid.org/0000-0003-3880-0241

Francisco Rubio https://orcid.org/0000-0001-7640-9548

REFERENCES

Aleman, F., Caballero, F., Ródenas, R., Rivero, R. M., Martinez, V., &

Rubio, F. (2014). The F130S point mutation in the Arabidopsis high-

affinity K+ transporter AtHAK5 increases K+ over Na+ and Cs+ selec-

tivity and confers Na+ and Cs+ tolerance to yeast under heterologous

expression. Frontiers in Plant Science, 5.

Aleman, F., Nieves-Cordones, M., Martinez, V., & Rubio, F. (2011). Root K+

acquisition in plants: The Arabidopsis thaliana model. Plant and Cell

Physiology, 52, 1603–1612.
Amtmann, A., & Armengaud, P. (2009). Effects of N, P, K and S on metabo-

lism: New knowledge gained from multi-level analysis. Current Opinion

in Plant Biology, 12, 275–283.
Amtmann, A., Hammond, J. P., Armengaud, P., White, P. J., & Callow, J. A.

(2006). Nutrient sensing and signalling in plants: Potassium and phos-

phorus. In Advances in botanical research (pp. 209–257). London,

England: Academic Press.

Bacha, H., Rodenas, R., Lopez-Gomez, E., Francisco, G.-L. M., Nieves-

Cordones, M., Rivero, R. M., … Rubio, F. (2015). High Ca2+ reverts the

repression of high-affinity K+ uptake produced by Na+ in Solanum

lycopersycum L. (var. microtom) plants. Journal of Plant Physiology, 180,

72–79.
Burger, A., & Lichtscheidl, I. (2018). Stable and radioactive cesium: A

review about distribution in the environment, uptake and translocation

in plants, plant reactions and plants’ potential for bioremediation. Sci-

ence of the Total Environment, 618, 1459–1485.
Chen, G., Hu, Q., Luo, L., Yang, T., Zhang, S., Hu, Y., … Xu, G. (2015). Rice

potassium transporter OsHAK1 is essential for maintaining potassium-

mediated growth and functions in salt tolerance over low and high

potassium concentration ranges. Plant Cell and Environment, 38,

2747–2765.
Chen, G., Liu, C., Gao, Z., Zhang, Y., Zhang, A., Zhu, L., … Qian, Q. (2018).

Variation in the abundance of OsHAK1 transcript underlies the differ-

ential salinity tolerance of an indica and a japonica Rice cultivar. Fron-

tiers in Plant Science, 8.

Chen, G., Zhang, Y., Ruan, B., Guo, L., Zeng, D., Gao, Z., … Qian, Q. (2018).

OsHAK1 controls the vegetative growth and panicle fertility of rice by

its effect on potassium-mediated sugar metabolism. Plant Science, 274,

261–270.
Collander, R. (1941). Selective absorption of cations by higher plants. Plant

Physiology, 16, 691–720.
Deeken, R., Geiger, D., Fromm, J., Koroleva, O., Ache, P., Langenfeld-

Heyser, R., … Hedrich, R. (2002). Loss of the AKT2/3 potassium chan-

nel affects sugar loading into the phloem of Arabidopsis. Planta, 216,

334–344.
Dehairs, J., Talebi, A., Cherifi, Y., & Swinnen, J. V. (2016). CRISP-ID:

Decoding CRISPR mediated indels by Sanger sequencing. Scientific

Reports, 6, 28973.

Fan, L. M., Wang, Y. F., Wang, H., & Wu, W. H. (2001). In vitro Arabidopsis

pollen germination and characterization of the inward potassium cur-

rents in Arabidopsis pollen grain protoplasts. Journal of Experimental

Botany, 52, 1603–1614.
Franceschinelli, E. V., Silva Neto, C. M., Lima, F. G., Gonçalves, B. B.,

Bergamini, L. L., Bergamini, B. A. R., & Elias, M. A. (2013). Native bees

pollinate tomato flowers and increase fruit production. Journal of Polli-

nation Ecology, 11, 41–45
Fujimura, S., Yoshioka, K., Ota, T., Ishikawa, T., Sato, M., & Satou, M.

(2016). The inhibitory effects of potassium chloride versus potassium

silicate application on (137)Cs uptake by rice. Journal of Environmental

Radioactivity, 153, 188–194.
Fujiwara, T. (2013). Cesium uptake in rice: Possible transporter, distribu-

tion, and variation. In T. M. Nakanishi & K. Tanoi (Eds.), Agricultural

implications of the Fukushima nuclear accident. Tokyo, Japan: Springer.

Genies, L., Orjollet, D., Carasco, L., Camilleri, V., Frelon, S., Vavasseur, A., …
Henner, P. (2017). Uptake and translocation of cesium by Arabidopsis

thaliana in hydroponics conditions: Links between kinetics and

ROLE FOR SLHAK5 IN K+ UPTAKE AND TOMATO FERTILITY 1719

 13653040, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.13769 by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [11/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4015-0981
https://orcid.org/0000-0002-4015-0981
https://orcid.org/0000-0003-3880-0241
https://orcid.org/0000-0003-3880-0241
https://orcid.org/0000-0001-7640-9548
https://orcid.org/0000-0001-7640-9548


molecular mechanisms. Environmental and Experimental Botany, 138,

164–172.
Hermans, C., Hammond, J. P., White, P. J., & Verbruggen, N. (2006). How

do plants respond to nutrient shortage by biomass allocation? Trends

in Plant Science, 11, 610–617.
Horie, T., Costa, A., Kim, T. H., Han, M. J., Horie, R., Leung, H. Y., …

Schroeder, J. I. (2007). Rice OsHKT2;1 transporter mediates large Na+

influx component into K+-starved roots for growth. EMBO Journal, 26,

3003–3014.
Lepage, H., Evrard, O., Onda, Y., Lefevre, I., Laceby, J. P., & Ayrault, S.

(2015). Depth distribution of cesium-137 in paddy fields across the

Fukushima pollution plume in 2013. Journal of Environmental Radioac-

tivity, 147, 157–164.
Liu, L., Zheng, C., Kuang, B., Wei, L., Yan, L., & Wang, T. (2016). Receptor-

like kinase RUPO interacts with potassium transporters to regulate

pollen tube growth and integrity in rice. PLoS Genetics, 12, e1006085.

Luan, M., Tang, R.-J., Tang, Y., Tian, W., Hou, C., Zhao, F., … Luan, S.

(2017). Transport and homeostasis of potassium and phosphate: Limit-

ing factors for sustainable crop production. Journal of Experimental Bot-

any, 68, 3091–3105.
Maathuis, F. J. M. (2009). Physiological functions of mineral macronutri-

ents. Current Opinion in Plant Biology, 12, 250–258.
Maathuis, F. J. M., & Sanders, D. (1993). Energization of potassium uptake

in Arabidopsis thaliana Planta, 191, 302–307.
Mähs, A., Steinhorst, L., Han, J.-P., Shen, L.-K., Wang, Y., & Kudla, J.

(2013). The Calcineurin B-like Ca2+ sensors CBL1 and CBL9 function

in pollen germination and pollen tube growth in Arabidopsis. Molecular

Plant, 6, 1149–1162.
Maisonneuve, B., & Den Nijs, A. P. M. (1984). In vitro pollen germination

and tube growth of tomato (Lycopersicon esculentum Mill.) and its rela-

tion with plant growth. Euphytica, 33, 833–840.
Marschner, H. (1995). Mineral nutrition of higher plants. New York, NY:

Springer.

Mengel, K., Kirkby, E. A., Kosegarten, H., & Appel, T. (2001). Principles on

plant nutrition. Dordrecht, The Netherlands: Kluwer.

Michard, E., Simon, A. A., Tavares, B., Wudick, M. M., & Feijó, J. A. (2017).

Signaling with ions: The keystone for apical cell growth and morpho-

genesis in pollen tubes. Plant Physiology, 173, 91–111.
Munns, R. (2005). Genes and salt tolerance: Bringing them together. New

Phytologist, 167, 645–663.
Nagao, S., Kanamori, M., Ochiai, S., Tomihara, S., Fukushi, K., &

Yamamoto, M. (2013). Export of 134Cs and 137Cs in the Fukushima

river systems at heavy rains by Typhoon Roke in September 2011. Bio-

geosciences, 10, 6215–6223.
Nieves-Cordones, M., Aleman, F., Martinez, V., & Rubio, F. (2010). The

Arabidopsis thaliana HAK5 K+ transporter is required for plant growth

and K+ acquisition from low K+ solutions under saline conditions.

Molecular Plant, 3, 326–333.
Nieves-Cordones, M., Martinez-Cordero, M. A., Martinez, V., & Rubio, F.

(2007). An NH4
+-sensitive component dominates high-affinity K+

uptake in tomato plants. Plant Science, 172, 273–280.
Nieves-Cordones, M., Miller, A., Alemán, F., Martínez, V., & Rubio, F.

(2008). A putative role for the plasma membrane potential in the con-

trol of the expression of the gene encoding the tomato high-affinity

potassium transporter HAK5. Plant Molecular Biology, 68, 521–532.
Nieves-Cordones, M., Mohamed, S., Tanoi, K., Kobayashi, N. I., Takagi, K.,

Vernet, A., … Very, A. A. (2017). Production of low-Cs(+) rice plants by

inactivation of the K(+) transporter OsHAK1 with the CRISPR-Cas sys-

tem. Plant Journal, 92, 43–56.
Niu, X., Bressan, R. A., Hasegawa, P. M., & Pardo, J. M. (1995). Ion homeo-

stasis in NaCl stress environments. Plant Physiology, 109, 735–742.
Ohmori, Y., Kajikawa, M., Nishida, S., Tanaka, N., Kobayashi, N. I.,

Tanoi, K., … Fujiwara, T. (2014). The effect of fertilization on cesium

concentration of rice grown in a paddy field in Fukushima Prefecture

in 2011 and 2012. Journal of Plant Research, 127, 67–71.

Oliveros, J. C., Franch, M., Tabas-Madrid, D., San-León, D., Montoliu, L.,

Cubas, P., & Pazos, F. (2016). Breaking-Cas—Interactive design of

guide RNAs for CRISPR-Cas experiments for ENSEMBL genomes.

Nucleic Acids Research, 44, W267–W271.

Pyo, Y. J., Gierth, M., Schroeder, J. I., & Cho, M. H. (2010). High-affinity K+

transport in Arabidopsis: AtHAK5 and AKT1 are vital for seedling

establishment and postgermination growth under low-potassium con-

ditions. Plant Physiology, 153, 863–875.
Qi, Z., Hampton, C. R., Shin, R., Barkla, B. J., White, P. J., &

Schachtman, D. P. (2008). The high affinity K+ transporter AtHAK5

plays a physiological role in planta at very low K+ concentrations and

provides a caesium uptake pathway in Arabidopsis. Journal of Experi-

mental Botany, 59, 595–607.
Rai, H., Yokoyama, S., Satoh-Nagasawa, N., Furukawa, J., Nomi, T., Ito, Y.,

… Hattori, H. (2017). Cesium uptake by rice roots largely depends

upon a single gene, HAK1, which encodes a potassium transporter.

Plant and Cell Physiology, 58, 1486–1493.
Rodenas, R., Nieves-Cordones, M., Rivero, R. M., Martinez, V., & Rubio, F.

(2018). Pharmacological and gene regulation properties point to the

SlHAK5 K(+) transporter as a system for high-affinity Cs(+) uptake in

tomato plants. Physiologia Plantarum, 162, 455–466.
Rodríguez-Navarro, A. (2000). Potassium transport in fungi and plants.

Biochimica et Biophysica Acta, 1469, 1–30.
Römheld, V., & Kirkby, E. (2010). Research on potassium in agriculture:

Needs and prospects. Plant and Soil, 335, 155–180.
Rubio, F., Alemán, F., Nieves-Cordones, M., & Martínez, V. (2010). Studies

on Arabidopsis athak5, atakt1 double mutants disclose the range of

concentrations at which AtHAK5, AtAKT1 and unknown systems

mediate K+ uptake. Physiologia Plantarum, 139, 220–228.
Rubio, F., Nieves-Cordones, M., Alemán, F., & Martinez, V. (2008). Relative

contribution of AtHAK5 and AtAKT1 to K+ uptake in the high-affinity

range of concentrations. Physiologia Plantarum, 134, 598–608.
Rubio, F., Nieves-Cordones, M., Horie, T., & Shabala, S. (2020). Doing

‘business as usual’ comes with a cost: Evaluating energy cost of

maintaining plant intracellular K(+) homeostasis under saline condi-

tions. New Phytologist, 225, 1097–1104.
Sakai, M., Gomi, T., Nunokawa, M., Wakahara, T., & Onda, Y. (2014). Soil

removal as a decontamination practice and radiocesium accumulation

in tadpoles in rice paddies at Fukushima. Environmental Pollution, 187,

112–115.
Shabala, S., & Pottosin, I. (2014). Regulation of potassium transport in

plants under hostile conditions: Implications for abiotic and biotic

stress tolerance. Physiologia Plantarum, 151, 257–279.
Shen, Y., Shen, L., Shen, Z., Jing, W., Ge, H., Zhao, J., & Zhang, W. (2015).

The potassium transporter OsHAK21 functions in the maintenance of

ion homeostasis and tolerance to salt stress in rice. Plant Cell and Envi-

ronment, 38, 2766–2779.
Spalding, E. P., Hirsch, R. E., Lewis, D. R., Qi, Z., Sussman, M. R., &

Lewis, B. D. (1999). Potassium uptake supporting plant growth in the

absence of AKT1 channel activity: Inhibition by ammonium and stimu-

lation by sodium. Journal of General Physiology, 113, 909–918.
Srivastava, A., & Handa, A. K. (2005). Hormonal regulation of tomato fruit

development: A molecular perspective. Journal of Plant Growth Regula-

tion, 24, 67–82.
Stewart, W. M., Dibb, D. W., Johnston, A. E., & Smyth, T. J. (2005). The

contribution of commercial fertilizer nutrients to food production.

Agronomy Journal, 97, 1–6.
Van Eck, J., Keen, P., & Tjahjadi, M. (2019). Agrobacterium tumefaciens-

mediated transformation of tomato. Methods in Molecular Biology,

1864, 225–234.
Varoquaux, F., Blanvillain, R., Delseny, M., & Gallois, P. (2000). Less is bet-

ter: New approaches for seedless fruit production. Trends in Biotech-

nology, 18, 233–242.
Wakabayashi, S., Itoh, S., Kihou, N., Matsunami, H., Hachinohe, M.,

Hamamatsu, S., & Takahashi, S. (2016). Influence of water

1720 NIEVES-CORDONES ET AL.

 13653040, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.13769 by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [11/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



management and fertilizer application on (137)Cs and (133)Cs uptake

in paddy rice fields. Journal of Environmental Radioactivity, 157,

102–112.
Wakeel, A., Farooq, M., Qadir, M., & Schubert, S. (2011). Potassium substitu-

tion by sodium in plants. Critical Reviews in Plant Sciences, 30, 401–413.
Weisenseel, M. H., & Jaffe, L. F. (1976). The major growth current through

lily pollen tubes enters as K(+) and leaves as H (+). Planta, 133, 1–7.
White, P. J., & Broadley, M. R. (2000). Mechanisms of caesium uptake by

plants. New Phytologist, 147, 241–256.
White, P. J., & Karley, A. J. (2010). Potassium. In R. M. R. R. Hell (Ed.), Cell

biology of metals and nutrients (pp. 199–224). Heidelberg, Germany:

Springer.

Wilhelmi, L. K., & Preuss, D. (1999). The mating game: Pollination and fer-

tilization in flowering plants. Current Opinion in Plant Biology, 2, 18–22.
Wu, H., Zhang, X., Giraldo, J. P., & Shabala, S. (2018). It is not all about

sodium: Revealing tissue specificity and signalling roles of potassium in

plant responses to salt stress. Plant and Soil, 431, 1–17.
Yasunari, T. J., Stohl, A., Hayano, R. S., Burkhart, J. F., Eckhardt, S., &

Yasunari, T. (2011). Cesium-137 deposition and contamination of Jap-

anese soils due to the Fukushima nuclear accident. Proceedings of the

National Academy of Sciences of the United States of America, 108,

19530–19534.
Yasutaka, T., Miyoshi, H., & Ito, K. (2014). Transfer of radiocesium from

hydroponic medium to potherb mustard and tomato plants. Soil Sci-

ence and Plant Nutrition, 60, 818–823.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Nieves-Cordones M, Lara A, Silva M,

et al. Root high-affinity K+ and Cs+ uptake and plant fertility in

tomato plants are dependent on the activity of the high-

affinity K+ transporter SlHAK5. Plant Cell Environ. 2020;43:

1707–1721. https://doi.org/10.1111/pce.13769

ROLE FOR SLHAK5 IN K+ UPTAKE AND TOMATO FERTILITY 1721

 13653040, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.13769 by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [11/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/pce.13769

	Root high-affinity K+ and Cs+ uptake and plant fertility in tomato plants are dependent on the activity of the high-affinit...
	1  INTRODUCTION
	2  RESULTS
	2.1  Generation of slhak5 KO mutants by CRISPR-Cas edition
	2.2  slhak5 plants are affected in root high-affinity K+ uptake
	2.3  SlHAK5 is required for K+ uptake to sustain plant growth under K+-limiting conditions in the absence and in the presen...
	2.4  slhak5 plants show reduced Cs+ uptake and accumulation
	2.5  slhak5 plants showed reduced fruit and seed production
	2.6  SlHAK5 is expressed in stamens and pistils
	2.7  Pollen germination and pollen tube growth were importantly impaired in slhak5 plants

	3  DISCUSSION
	4  CONCLUSIONS
	5  MATERIALS AND METHODS
	5.1  Plant material and growth conditions
	5.2  Production of SlHAK5 KO plants with CRISPR-Cas
	5.3  Short-term Rb+ and Cs+ uptake experiments, ion content and TFfruit determinations
	5.4  Root cell plasma membrane potentials determination
	5.5  Real-time qPCR
	5.6  Pollen germination, tube elongation and estimation of internal K+
	5.7  Statistical analysis

	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	REFERENCES


