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In 2014 the Journal of Plant Physiology published the special issue
“Potassium Effect in Plants” (Dreyer, 2014). Ten articles, meanwhile
cited more than 1300 times (source Scopus, April 2021), provided
contemporary views on the role of K in plants from different perspec-
tives (Ahmad and Maathuis, 2014; Anschiitz et al., 2014; Benito et al.,
2014; Demidchik, 2014; Hamamoto and Uozumi, 2014; Nie-
ves-Cordones et al., 2014; Pottosin and Dobrovinskaya, 2014; Véry
et al., 2014; Zorb et al., 2014). Now, about seven and a half years later,
Dev T. Britto, Devrim Coskun, and Herbert J. Kronzucker revisited this
theme and provide in their Humboldt review “Potassium physiology
from Archean to Holocene: A higher-plant perspective” an unprece-
dentedly wholistic view on potassium in the biosphere (Britto et al.,
2021). Even if the title suggests otherwise, the authors do not limit
themselves to plants, but very clearly and memorably compare the role
of potassium in plants with that in animal organisms. Of course, as the
authors note, full coverage of this topic would require many volumes
forcing them to make a selection. The result is a well-done up-to-date
outline of the fascinating and utilitarian subject of K* transport physi-
ology in plants, showing that K™ in plants is not old hat but still a hot
topic.

Britto et al. (2021) pick up on new developments in the field and thus
provide important stimuli for new thinking. For example, they devote an
entire subchapter to the affinity concept, which has been the fixed point
for K research in plants for more than 50 years and has become
generally established in the studies of nutrient transport. However,
recent approaches point to inconsistencies in this concept and question
its validity (Dreyer and Michard, 2020). The affinity concept dates back
to the ground-breaking studies of Emanuel Epstein and co-workers
(Epstein et al., 1963; Epstein and Hagen, 1952) who could distinguish
between two different types of K" transport systems in plants using an
empiric data analysis approach. The measured transport rates could be
described mathematically very well by a special type of hyperbolic
functions, also called Michaelis-Menten functions that have their theo-
retical basis in enzyme kinetics. Such a mathematical description is not
yet to be criticized. It was quite suitable, in times without molecular
knowledge, to pinpoint mechanistic differences between one transporter
type that apparently saturated at low concentrations (= “high affinity”)
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and another that did so only at higher concentrations (= “low affinity™).
Only more than 30 years later at the dawn of the genomic era it could be
clarified that K* channels contribute predominantly to the originally
described “low affinity” component while proton-coupled K" trans-
porters could be assigned to the “high affinity” component. Therefore,
Britto et al. (2021) are correct that it would be premature to throw out,
with the proverbial bathwater, the entire legacy of Michaelis-Menten
modeling. However, latest theoretical insight into membrane transport
in plants clearly demonstrate that the interpretation from these models
that “high affinity” transporters are active at low concentrations, while
“low affinity” transporters take over at higher concentrations, has
largely misled our thinking in the last decades. The core of truth of
Epstein’s concept got buried in unjustified misinterpretations.

To better explain this heretical statement, it may be useful to think
outside the box. Besides membrane transport, many processes in nature
can be described by hyperbolic functions. One of the most prominent
might be the dependence of the growth rate of bacterial cultures on the
nutrient concentration in the medium (Monod, 1949). Although the
same mathematics as that of Michaelis Menten modeling serves very
well to describe the experimental data, bacterial growth has nothing to
do with this type of kinetics, but can be derived from a different theo-
retical approach (Scott et al., 2010). Thus, the simple mathematical
coincidence that transport data might apparently be described by hy-
perbolic functions is no proof of the correctness of the underlying
theoretical concept of Michaelis-Menten kinetics. Britto et al. (2021)
present the inconsistencies that may occur when taking the
Michaelis-Menten approach for granted and conclude that new concepts
need to emerge that help to quantify and to categorize the experimental
data of nutrient transport in plants. This conclusion could be taken even
further: There is an urgent need for a solid theoretical foundation that
not only describes the observed phenomena, but can also clearly explain
them based on first principles.

Actually, we are not too far away from this vision. The physico-
chemical fundamentals of transport processes are well understood. One
obstacle that remains to be overcome is the complexity of the biological
systems under study. Britto et al. (2021) mention in their review
“innovative computational cell biology” approaches that allow to
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Fig. 1. K* homeostasis at the plasma membrane. Due to thermodynamic con-
straints, homeostatic conditions at the plasma membrane are inextricably
linked to K™ and H™ cycles. Only then can Ex be adjusted by regulating the
various transporter activities (Dreyer, 2021). Control of K homeostasis in-
volves, besides the H"-ATPase, three K* transporter types (i) K* channels, (ii)
H"-coupled K" symporters (K/Hs) and (iii) H*-coupled K" antiporters (K/Ha).
(A) When [K']ex is very low, the K/H-symporter takes up K" that is released
either by K* channels, which are active at the resting membrane voltage Vyes;,
or by K/H-antiporters. (B) When [K' ey is higher (i.e., Viest < Ex), K* channels
and K/H-symporters reabsorb K' that is released by K/H-antiporters. In both
cases, the proton-fluxes via the K/H symporters and antiporters are compen-
sated by protons pumped out of the cell with ATP consumption.

simulate idealized situations, which then can be compared with the
complex real world. Such an approach is not uncommon and very suc-
cessful in physics and chemistry and could also add important per-
spectives to our view in plant sciences. Just recently, the long-standing
dogma of “low and high affinity” transporters was further challenged in
another computational cell biology approach (Dreyer, 2021). Surpris-
ingly, the computational simulations could provide mechanistic expla-
nations for several enigmatic observations outlined by Britto et al.
(2021). Most strikingly is the long-term-steady-state K" efflux from root
cells to the external medium that was detected in compartmental anal-
ysis by tracer efflux (CATE) studies. Britto et al. state that “this baseline
flux occurs simultaneously with the opposing [...] unidirectional influx
of K. This efflux could be quite pronounced even when [K ]y is very
low, ie., also at near-starvation conditions, raising the question why
such a shunt pathway has not yet been evolutionarily eradicated.
Computational cell biology experiments unmasked these apparently
futile K™ cycles (Britto and Kronzucker, 2006) as an essential mechanism
to adjust cellular K" homeostasis (Dreyer, 2021). Universal thermody-
namic laws require that a cell adapt Ex (=RT/F-In{[K"]ext/[K*Tcye})
flexibly to maintain a constant [K*]Cyt under variable [K']ey. This can
only be achieved by an interplay of different transporters (Fig. 1). Thus,
channels (= “low affinity”’) and proton-coupled K™ transporters (= “high
affinity” in the old dogma) operate always jointly in the same
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concentration range. Together, they accomplish a task that they cannot
do on their own. Important for this successful interaction is the different
energization of the K transporters. While at very low [K']ey; only the
K/H symport has sufficient energy for Kt uptake (Fig. 1A), at higher
[K*]ex: also channels can contribute (Fig. 1B). The new vision on K*
homeostasis thus reconciles Epstein’s finding of at least two different K™
transporter systems with the observation of significant K* efflux to the
external medium even in steady state conditions. Remarkably, the “en-
ergetics concept” is properly based on accepted thermodynamic rules,
while the “affinity” of a K™ transporter towards the transported ion plays
no role in this concept. Such new insights provoked Britto et al. (2021) to
state that the term “affinity” well may fall into disuse when describing
transporter systems.

The Humboldt review of Britto et al. (2021) impressively illustrates
that research on K* transport in plants has been a steady driving force in
the past, influencing research on nutrient transport in general. Recent
new developments have also predominantly been established initially
for K* transport processes, which shows that potassium in plants is not
old hat but still a hot topic.

Declaration of Competing Interest
The author reports no declaration of interest.
Acknowledgement

This research was partially funded by a Fondecyt-Enlace project of
the Universidad de Talca.

References

Ahmad, I., Maathuis, F.J.M., 2014. Cellular and tissue distribution of potassium:
physiological relevance, mechanisms and regulation. J. Plant Physiol. 171, 708-714.
https://doi.org/10.1016/j.jplph.2013.10.016.

Anschiitz, U., Becker, D., Shabala, S., 2014. Going beyond nutrition: regulation of
potassium homoeostasis as a common denominator of plant adaptive responses to
environment. J. Plant Physiol. 171, 670-687. https://doi.org/10.1016/j.
jplph.2014.01.009.

Benito, B., Haro, R., Amtmann, A., Cuin, T.A., Dreyer, L., 2014. The twins K+ and Na+ in
plants. J. Plant Physiol. 171, 723-731.

Britto, D.T., Kronzucker, H.J., 2006. Futile cycling at the plasma membrane: a hallmark
of low-affinity nutrient transport. Trends Plant Sci. 11, 529-534. https://doi.org/
10.1016/j.tplants.2006.09.011.

Britto, D.T., Coskun, D., Kronzucker, H.J., 2021. Potassium physiology from Archean to
Holocene: a higher-plant perspective. J. Plant Physiol. https://doi.org/10.1016/j.
jplph.2021.153432.

Demidchik, V., 2014. Mechanisms and physiological roles of K™ efflux from root cells.
J. Plant Physiol. 171, 696-707. https://doi.org/10.1016/].jplph.2014.01.015.

Dreyer, 1., 2014. Potassium (K+) in plants. J. Plant Physiol. 171, 655. https://doi.org/
10.1016/j.jplph.2014.03.001.

Dreyer, 1., 2021. Nutrient cycling is an important mechanism for homeostasis in plant
cells. Plant Physiol. https://doi.org/10.1093/plphys/kiab217 in press.

Dreyer, 1., Michard, E., 2020. High- and low-affinity transport in plants from a
thermodynamic point of view. Front. Plant Sci. 10, 1797. https://doi.org/10.3389/
fpls.2019.01797.

Epstein, E., Hagen, C.E., 1952. A kinetic study of the absorption of alkali cations by
barley roots. Plant Physiol. 27, 457-474. https://doi.org/10.1104/pp.27.3.457.
Epstein, E., Rains, D.W., Elzam, O.E., 1963. Resolution of dual mechanisms of potassium
absorption by barley roots. Proc. Natl. Acad. Sci. U. S. A. 49, 684-692. https://doi.

org/10.1073/pnas.49.5.684.

Hamamoto, S., Uozumi, N., 2014. Organelle-localized potassium transport systems in
plants. J. Plant Physiol. 171, 743-747. https://doi.org/10.1016/].
jplph.2013.09.022.

Monod, J., 1949. The growth of bacterial cultures. Annu. Rev. Microbiol. 3, 371-394.
https://doi.org/10.1146/annurev.mi.03.100149.002103.

Nieves-Cordones, M., Aleman, F., Martinez, V., Rubio, F., 2014. K" uptake in plant roots.
The systems involved, their regulation and parallels in other organisms. J. Plant
Physiol. 171, 688-695. https://doi.org/10.1016/j.jplph.2013.09.021.

Pottosin, 1., Dobrovinskaya, O., 2014. Non-selective cation channels in plasma and
vacuolar membranes and their contribution to K* transport. J. Plant Physiol. 171,
732-742. https://doi.org/10.1016/j.jplph.2013.11.013.


https://doi.org/10.1016/j.jplph.2013.10.016
https://doi.org/10.1016/j.jplph.2014.01.009
https://doi.org/10.1016/j.jplph.2014.01.009
http://refhub.elsevier.com/S0176-1617(21)00074-2/sbref0015
http://refhub.elsevier.com/S0176-1617(21)00074-2/sbref0015
https://doi.org/10.1016/j.tplants.2006.09.011
https://doi.org/10.1016/j.tplants.2006.09.011
https://doi.org/10.1016/j.jplph.2021.153432
https://doi.org/10.1016/j.jplph.2021.153432
https://doi.org/10.1016/j.jplph.2014.01.015
https://doi.org/10.1016/j.jplph.2014.03.001
https://doi.org/10.1016/j.jplph.2014.03.001
https://doi.org/10.1093/plphys/kiab217
https://doi.org/10.3389/fpls.2019.01797
https://doi.org/10.3389/fpls.2019.01797
https://doi.org/10.1104/pp.27.3.457
https://doi.org/10.1073/pnas.49.5.684
https://doi.org/10.1073/pnas.49.5.684
https://doi.org/10.1016/j.jplph.2013.09.022
https://doi.org/10.1016/j.jplph.2013.09.022
https://doi.org/10.1146/annurev.mi.03.100149.002103
https://doi.org/10.1016/j.jplph.2013.09.021
https://doi.org/10.1016/j.jplph.2013.11.013

L Dreyer

Scott, M., Gunderson, C.W., Mateescu, E.M., Zhang, Z., Hwa, T., 2010. Interdependence
of cell growth and gene expression: origins and consequences. Science (80-.) 330,
1099-1102. https://doi.org/10.1126/science.1192588.

Véry, A.-A., Nieves-Cordones, M., Daly, M., Khan, L., Fizames, C., Sentenac, H., 2014.
Molecular biology of K™ transport across the plant cell membrane: what do we learn

Journal of Plant Physiology 261 (2021) 153435

from comparison between plant species? J. Plant Physiol. 171, 748-769. https://doi.
org/10.1016/J.JPLPH.2014.01.011.

Zorb, C., Senbayram, M., Peiter, E., 2014. Potassium in agriculture — status and
perspectives. J. Plant Physiol. 171, 656-669. https://doi.org/10.1016/j.
jplph.2013.08.008.


https://doi.org/10.1126/science.1192588
https://doi.org/10.1016/J.JPLPH.2014.01.011
https://doi.org/10.1016/J.JPLPH.2014.01.011
https://doi.org/10.1016/j.jplph.2013.08.008
https://doi.org/10.1016/j.jplph.2013.08.008

	Potassium in plants – Still a hot topic
	Declaration of Competing Interest
	Acknowledgement
	References


