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well supplied, or deprived of, K. Complementary studies 
indicated that influx and root-to-shoot transport of Rubid-
ium, a K-analogue, were reduced in those plants. Further-
more, evidence obtained supports the view that the effect of 
altered DELLAs derives, at least partially, from controlling 
the accumulation of transcripts coding for the AtHAK5 
transporter. These results, together with the observation 
that K-deprivation promotes the accumulation of a DELLA 
protein (RGA) fused to GFP in root cells, suggest a pivotal 
role of DELLAs in key plant responses to K-deprivation.

Keywords DELLA · Ionome · Potassium · Uptake · 
Utilization · Arabidopsis thaliana

Introduction

Potassium, a major nutrient for plants, plays important 
roles both at cellular and whole plant levels. Deprivation 
of this nutrient severely impairs plant growth by interfer-
ing with critical physiological processes (White and Karley 
2010; Anschütz and others 2014). Low K availability is a 
common limiting factor for crop productivity in soils with 
high-rate of K-leaching, which need the extensive use of 
potassium-rich fertilizers (Römheld and Kirkby 2010). To 
improve plant productivity in these soils, genetic improve-
ment of K-acquisition, internal K-utilization, as well as tol-
erance to low K-supply are considered central components 
of the research agenda (Rengel and Damon 2008). Work 
performed over the last 25  years led to increased knowl-
edge on the structural and regulatory components that con-
tribute to K-acquisition. In this regard, the early isolation 
and further characterization of the AKT1 channel and the 
HAK1 transporter (named as HAK5 in Arabidopsis thali-
ana) allowed the identification of the entities responsible 

Abstract DELLAs proteins play a major role in the 
modulation of plant responses to fluctuations in envi-
ronmental conditions. In this work, we examined to what 
extent Arabidopsis thaliana plants lacking DELLAs activ-
ity (5xdella mutant) or carrying an altered function allele 
of one of the DELLAs coding genes (gai-1 mutant) display 
differential responses, in terms of growth and shoot ele-
mental composition, relative to WT plants when deprived 
of potassium (K). Studies with plants grown in hydroponic 
media unveiled that the shoot mineral composition of gai-1 
constitutively differs from that of WT and 5xdella plants. 
Tolerance to K-deprivation, as estimated by the relative 
decline of biomass accumulation, followed the order gai-
1 > WT > 5xdella. In turn, the degree of responsiveness of 
the shoot composition to the stress condition followed the 
order 5xdella > WT > gai-1, suggesting a correspondence 
between the degree of injury and changes in the elemen-
tal composition. Internal efficiency of K-utilization was 
maximized in WT relative to 5xdella plants. Interestingly, 
the acquisition of K was severely impaired in gai-1 plants 
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for the inward flux of K to roots from diluted K-solutions 
(Sentenac and others 1992; Santa-María and others 1997; 
Hirsch and others 1998; Gierth and others 2005). Follow-
ing research leads to the identification of some mechanisms 
and processes that contribute to modulate their activities 
(Xu and others 2006; Li and others 2006; Fulgenzi and 
others 2008; Nieves-Cordones and others 2008; Hong and 
others 2013; Ragel and others 2016). Important advances 
have been also attained regarding the mechanisms that par-
ticipate in controlling root architecture under conditions 
of variable K-supply (Shin and Schachtman 2004; Keller-
meier and others 2013; Chen and others 2015, Song and 
others 2015). Although relevant efforts have been made in 
phenotyping for increased K-utilization efficiency (Damon 
and others 2007; White and others 2010; Yang and oth-
ers 2003), the precise mechanisms that contribute to set it 
are only partially understood (White 2013), being almost 
unknown their underlying molecular components. On the 
other hand, work done by researchers allowed the identi-
fication of several hormones like ethylene (Jung and oth-
ers 2009), cytokinins (Nam and others 2012), methyl jas-
monate (Armengaud and others 2004, 2010), and auxins 
(Vicente-Agullo and others 2004; Song and others 2015) 
as key signaling components in plant responses to low 
K-supply. Although most of the works above mentioned 
used Arabidopsis as model plant, labor recently done with 
dwarf wheat mutants showed that Rht-1 genes contribute to 
modulate senescence under conditions of limiting K-sup-
ply (Moriconi and others 2012). Interestingly, Rht-1 genes 
encode DELLAs proteins, which participate in the Gibber-
ellins (GAs)-Gibberellin Receptor-DELLAS (GAs-GID-
DELLAs) module, a major point of integration of signals 
involved in setting plant responses to several stresses (Har-
berd and others 2009).

DELLAs proteins are members of a subgroup of the 
GRAS family of transcriptional regulators that pose a 
DELLA/TVHYNP motif in the N terminus. Research done 
over the last 15 years disclosed that DELLAs act as repres-
sors of GAs signaling, contributing to modulate growth 
and development (Harberd and others 2009; Hauvermale 
and others 2012). GAs have the capacity to bind to GA-
receptors, named GID, which once bounded to GAs are 
able to recruit DELLAs. This favors targeting of DELLAs 
for degradation at the proteasome, thus alleviating growth 
restriction (Harberd and others 2009). Plants lacking DEL-
LAs display a slender phenotype, while plants carrying 
altered function alleles that lead to defective recruitment 
by GID display a dwarf phenotype. The activity of DEL-
LAs on plant growth can also be modified in other alter-
native ways, indicating that they participate in both GAs-
dependent and GAs-independent pathways (Harberd and 
others 2009; Hauvermale and others 2012). In addition to 
their important role in growth and development, as well 

as in plant responses to different stresses (that is, Achard 
and others 2006, 2008; Jiang and others 2007), it has been 
shown that in Arabidopsis, these proteins have the capacity 
to modulate the antioxidant response during plant acclima-
tion to salinity and necrotrophic pathogen attack (Achard 
and others 2008). In wheat, Rht-1 altered function mutants 
showed that DELLAs contribute to differentially modulate 
the antioxidant response of plants grown under conditions 
of low K-supply (Moriconi and others 2012). Interestingly, 
during that study, evidence was obtained showing that the 
concentration of calcium and sodium could be differentially 
modulated in those plants, leading to ask to what extent 
DELLAs could globally influence the mineral composition 
of plants. Despite the critical role played by the GA-GID-
DELLAs module in setting plant growth, the effects of loss 
of DELLAs function as well as altered function alleles on 
the global plant elemental composition have not been previ-
ously examined. In the same way, to which extent DELLA 
participates in the modulation of K-utilization efficiency 
and K-capture remains unexplored.

Arabidopsis possesses five DELLAs, namely RGA, GAI, 
RGL1, RGL2, and RGL3. It is thought that the first two, 
and to a lesser extent RGL1, contribute to a different extent 
to vegetative growth and development (Gallego-Bartolomé 
and others 2010). In this study, we examined the possibility 
that DELLAs could contribute to set the shoot elemental 
composition, as well as the tolerance to, and the utiliza-
tion and acquisition of K, during K-deprivation. For these 
studies, a quintuple DELLA mutant and an altered function 
mutant of the GAI gene have been used. Our results indi-
cate a prominent role of DELLAs in plant responses to low 
K-supply.

Materials and Methods

Plant Material and Growth Conditions

Seeds of A. thaliana plants WT ecotype Landsberg erecta 
(Ler), the GA-insensitive gain of function (gai-1), and the 
gai-t6 rga-t2 rgl1-1 rgl3-1 rgl2-1 quintuple della (5xdella) 
mutants made in the same background were surface sterilized 
in a 70% ethanol–water solution (v/v), followed by a 15-min 
wash out with 5% (v/v) bleach. Seeds were then washed with 
sterilized water four times and suspended in sterile water at 
4 °C for 72 h. Seeds were next placed in plastic tubes filled 
with rock wool, which were positioned in plastic boxes 
(Supplemental Fig. 1) containing the culture solution below 
described following the procedure depicted by Rubio and 
others (2008), which does not include the use of additional 
substrates. The boxes were placed in a controlled growth 
chamber (8 h/16 h day/night cycle with a photon flux density 
of 150 μmol m−2  s−1 of photosynthetically active radiation, 
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being the temperature 22 °C day/night). The 8 h photoperiod 
was chosen to maintain plants in vegetative stage as long 
as possible, which helped to maximize vegetative biomass 
accumulation. The composition of the culture solution corre-
sponded to a modified one-fifth-strength complete Hoagland 
solution containing the following macronutrients (mM): 1.4 
KCl, 1.4 Ca(NO3)2, 0.35  MgSO4, and 0.1 Ca(H2PO4)2, and 
the following micronutrients (μM): 50  CaCl2, 12.5  H3BO3, 1 
 MnSO4, 1  ZnSO4, 0.5  CuSO4, 0.1  H2MoO4, 0.1  NiSO4, and 
10 Fe-EDDHA. The pH was brought to 5.6 ± 0.1 by the addi-
tion of Ca(OH)2. Solutions were renewed once a week. In the 
experiments specifically designed to explore the elemental 
composition, during the fifth week, K-starvation was imposed 
to half of the plants by transferring them to a solution with 
no KCl added for a week. Each experiment typically included 
4–6 replicates per harvest. Each replicate corresponds to 3–4 
individual plants grown in an individual container. To study 
the long-term effect of K-deprivation on plant growth, plants 
of the three genotypes were grown in the complete solution 
described above for 21  days. Half of the plants were then 
exposed to K-deprivation for 9 or 13 days being the other half 
maintained in a complete solution.

Studies on solid medium were also performed with 
Arabidopsis Ler plants RGAp::GFP-RGA to analyze the 
effect of K-deprivation on the accumulation of the GFP-
RGA protein. In these experiments, made under otherwise 
identical conditions to those formerly described, sterilized 
seeds were sown onto vertical plates containing a solid 
medium with the same composition that above described 
for hydroponic studies, but with the addition of noble agar 
(Difco) 1% (W/V). During the third day, after sowing, 
seedlings were transferred either to plates with complete 
medium (+K), plates with no KCl added (−K), and plates 
with complete medium with 1  µM paclobutrazol (PAC) 
for a week. Two independent experiments on agar plates 
were made. Roots of six plants were photographed for each 
growing condition.

Biomass, Relative Growth Rate (RGR), 
and Chlorophyll Measurements

Two harvests were typically made, one just before the treat-
ment application and other at the end of the experimental 
period. Plants were harvested and the fresh weight was 
determined. Then, the plant material was dried at 65 °C for 
4 days and dry weights recorded. The relative growth rate 
(RGR) for each genotype and treatment was calculated as:

where W corresponds to whole plant dry biomass; t, time. 
The subscripts i and f denote the initial and final harvests, 
respectively.

RGR =
(

ln
(

Wf

)

− ln
(

Wi

))

∕
(

tf − ti
)

,

For determination of chlorophyll in the aerial tissue, 
plant material was immediately frozen and later powdered 
in liquid nitrogen. Following extraction with acetone 80%, 
the amount of chlorophyll was determined as described by 
Inskeep and Bloom (1985).

Mineral Composition Determination

For elemental composition analysis, dried material was 
digested with  HNO3:HClO4 (2:1 v:v) and the concentra-
tions of multiple elements determined in the digests by 
ICP spectrometry using an Iris Intrepid II ICP spectrometer 
(Thermo Electron Corporation, Franklin, USA). Among 
all elements measured, only K, Ca, Mg, P, S, Fe, Zn, Cu, 
Mn, Mo, Sr, and Al were quantitatively determined. Three 
independent experiments were performed with 4–6 rep-
licates, at the final and initial harvests, respectively, for 
each genotype. C and N concentrations were determined in 
two additional independent experiments. For these analy-
ses, dry material was explored with an elemental analyzer 
ELEMENTAL LECO TruSpec CN. The error obtained in 
root samples for several elements was considerably higher 
than that obtained for shoots, thus precluding the possibil-
ity to solve unequivocally the elemental composition of the 
below ground part of plants as well as to perform compara-
tive analyses between both organs.

When the effect of 13  days, K-deprivation period was 
studied, dried material was digested with HCl 1N to allow 
the release of free cations, and, after a week, the concentra-
tion of K in the extracts was estimated by Atomic Absorp-
tion Spectrometry, emission mode, through the use of a 
Perkin Elmer AAnalyst 100 spectrometer.

Potassium Utilization Efficiency (EKU) Estimation

Potassium Utilization Efficiency (EKU), which attempts to 
inform on the amount of biomass produced by each unit of 
K present in plant tissues, was estimated using the follow-
ing indicators (Santa María and others 2015):

where QK is the amount of K in the whole plant, whereas 
W and t as well as the subscripts f and i are as above 
described.

EKUo = WQK−1,

EKUu = W2QK−1,

EKUi =
(

Wf −Wi

)

∕
[(

tf − ti
)

QK
]

,

EKUe =
[
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Specific Absorption Rate (SAR) and Specific 
Translocation Rate (STR) Estimates

The K-specific absorption rate (SARK) was calculated 
according to the formula:

In this case, Wroot corresponds to the root dry weight. 
To calculate the K-specific translocation rate (STRK), the 
formula above was modified by including the amount in 
shoots instead of that whole plant amount of K.

Rubidium‑Depletion Assays

The potential capacity of roots of K-deprived plants to 
acquire K was estimated through the depletion technique. 
For this purpose, 36-day-old plants grown over the last 
7  days in a solution without K-addition were placed in 
small volume recipients containing the solution above 
described, without K, containing 50  µM of Rb, a known 
analogue for K (Santa-María and others 1997; Rubio and 
others 2000), provided as RbCl. From the start, at fixed 
intervals, the culture solution was sampled and Rb deter-
mined in the samples with an AAnalyst 100 spectrometer. 
Curves of Rb-content-decay in the solution with time were 
next used to estimate the initial rate of Rb-uptake.

Rubidium‑Uptake Studies

Experimental procedures were also performed to estimate 
the influx and root-to-shoot transport of Rb in plants grown 
under the conditions above mentioned. The experimen-
tal procedure started 4  h after the beginning of the light 
period. Roots of intact plants of the three genotypes were 
carefully rinsed for 30 s with a complete nutrient solution 
to which no K was added. After that procedure, plants were 
transferred to the same solution, which contained either 0.1 
or 1.4-mM RbCl, depending on the specific purpose of the 
experiment. The loading period extended for 15 and 30 min 
and was followed for a 3-min washout period with a solu-
tion without Rb. Shoot and root fractions were subjected to 
acid extraction, as above described, and Rb determined.

Gene Expression Analysis

Samples of roots were collected, ground in liquid nitro-
gen, and the RNA extracted using the RNeasy Plant mini 
kit (Qiagen Science, Maryland, USA). The RNA was 
next treated with TURBO DNA-Free Kit (Ambion, Life 
technologies) and its integrity and purity evaluated. Total 
RNA was subsequently used as a template for the syn-
thesis of cDNA, which was carried out using Superscript 

SARK =
(

QKf − QKi

)

∕
[(

tf − ti
)

×
(

Wrootf +Wrooti
)

∕2
]

II Reverse Transcriptase (Invitrogen) according to the 
manufacturer’s instructions. Amplification of AtHAK5, 
AKT1, GORK, SKOR, and either alpha-elongation fac-
tor or actin fragments was performed using the primers 
detailed in the Supplementary Table 1. Amplification was 
performed using a StepOnePlus Real-Time PCR system 
(Life Technologies). Ct values for each gene in each bio-
logical sample were estimated with three technical repli-
cations for each one of them. Fold change values reported 
correspond to  2−ΔΔCt.

Statistical Methods

Data obtained for the plants contained in a single growth 
recipient, for a given harvest, were considered as a repli-
cate. A factorial analysis of variance was applied to com-
paring variables among DELLAs mutants grown with 
and without K-addition, considering each experiment as 
a block. Data were tested for homogeneity of variance 
using the Levene test and for normality of distribution 
using the Shapiro–Wilk test. When necessary data were 
ln transformed. Post hoc comparisons were made through 
the Tukey test. In elemental composition studies, the 
alpha level was set at 0.01 to consider the error derived 
from multiple comparisons. A principal component anal-
ysis of 12 elements, plus water, was performed for shoot. 
Data were previously standardized to unit variance. All 
the analyses were performed with InfoStat version 2014 
(FCA, Universidad Nacional de Córdoba, Argentina; 
http://www.infostat.com.ar).

Results

Potassium Deprivation Promotes the Accumulation 
of GFP‑RGA Protein

The possible effect of K-deprivation on the accumula-
tion of DELLAs proteins was evaluated using A. thaliana 
RGAp::GFP-RGA Landsberg erecta (Ler) plants grown 
on agar plates with (1.4 mM) or without the addition of 
KCl to the growth media. Observation of plants with a 
confocal microscope unveiled that while fluorescence 
associated with RGA in root cells was low when grown 
with adequate K-supply, it increased after a week of cul-
ture without K addition. The same effect was observed in 
the presence of PAC, which is an inhibitor of GAs accu-
mulation and thus favors DELLAs stabilization (Fig. 1). 
These data indicate that an increase of GFP-RGA accu-
mulation takes place in the root zone studied during 
K-deprivation.

http://www.infostat.com.ar
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Loss of Function and Altered Function DELLAs 
Mutants Differentially Contribute to Set Biomass 
Accumulation in Plants Deprived of K

To assess the relevance of DELLAs on plant performance 
under conditions of K-scarcity, the biomass of wild type 
(WT), quintuple DELLA loss of function mutant (5xdella), 
and the gain of function gai-1 mutant were analyzed for 

plants grown in a hydroponic medium (Supplementary 
Fig. 1) to which 1.4-mM K or no K was added, being it pre-
sent just as a contaminant. It was observed that, at the end 
of the vegetative growing periods here analyzed, total bio-
mass of 5xdella plants was similar to (Fig. 2a), or slightly 
lower (Fig. 2b) than for, WT plants cultured in a medium 
containing 1.4-mM K, while it was always significantly 
lower for gai-1 plants (Fig. 2a, b). Experiments, in which 

Fig. 1  Representative confocal microscope images of primary roots 
of WT Landsberg erecta plants expressing RGAp::GFP-RGA. Plants 
were grown on agar plates either with a sufficient K-level (1.4-mM 
KCl, left panel), deprived of K for a week (center panel) or at 1.4-
mM KCl in the presence of 1-µM paclobutrazol (PAC) for a week 

(right panel). Images were obtained with a Leica SP5 laser scanning 
confocal microscope; using an X63 objective at an excitation wave-
lenght of 488  nM. All images were captured and processed in the 
same manner. The scale bars correspond to 50 µm

Fig. 2  Biomass accumulation 
in WT, gai-1 and 5xdella plants 
exposed to adequate K-supply 
or exposed to K-deprivation 
for 7 days (a) or 13 days (b). 
The relative performances 
of K-deprived plants relative 
to plants grown at adequate 
K-supply either after 7 days 
(c) or 13 days of K-deprivation 
(d) are also shown. White 
columns correspond to plants 
grown at 1.4-mM KCl, whereas 
black columns correspond to 
K-deprived plants, respectively. 
Results shown correspond to 
the mean value (±SE) of 12 
replicates (a, c) or 4 replicates 
(b, d). Values labeled with the 
same letter are not significantly 
different (alpha = 0.05) accord-
ing to the Tukey test
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shoot and root biomass were determined, showed that a 
similar statement holds true for both organs (Supplemen-
tary Fig. 2A, B). Interestingly, after a 7-day period (plants 
6-week old at harvest) of K-deprivation, 5xdella plants dis-
played a significant decrease of total biomass when com-
pared to plants non-deprived of K (Fig. 2a). No significant 
reduction of total biomass was detected for WT neither 
for gai-1 plants over that period, suggesting that lack of 
DELLAs activity affects the early acclimation of plants to 
conditions of K-scarcity. Lack of response of WT and gai-
1 plants to no K-addition may result from a short period 
of K-deprivation. Consistently, an additional experiment 
revealed that after a 13-day period of K-deprivation (plants 
5-week old at harvest), the three genotypes experienced 
a significant reduction of total biomass relative to K-well 
supplied plants (Fig. 2b). In turn, no effect of K-deprivation 
on chlorophyll content was observed for any of the geno-
types after 9 days of K-deprivation when biomass accumu-
lation decayed for both WT and 5xdella plants but not for 
gai-1 plants (Supplementary Fig. 3). To examine to which 
extent the differences in biomass among genotypes were 
companied by growth differences over the precise period 
since the beginning of K-deprivation, relative growth rates 
(RGR) were calculated. Results obtained indicate that both 
over 7 and 13 days, there were no significant differences in 
the RGR between 5xdella and WT plants grown at 1.4 mM 
K (Supplementary Fig. 4A, B), whereas it was significantly 
lower for gai-1 plants than for WT plants. In turn, the effect 
exerted by K-deprivation on RGR for each genotype resem-
bled that above reported for total biomass (Supplementary 
Fig. 4A, B).

Given that plants of the genotypes under study may dif-
fer in biomass and RGR when grown with an adequate 
provision of K, comparisons of absolute values could be 
misleading to estimate plant performance under condi-
tions of K-scarcity. Therefore, to attain a more accurate 
comparison, the quotients between the total biomass deter-
mined for plants deprived of K (Wd) and that determined 
for plants grown in the presence of 1.4  mM KCl (Wc) 
were calculated. It was observed that after a 7-day period 
of K-deprivation, the Wd/Wc quotient was not signifi-
cantly different between gai-1 and WT, being significantly 
lower for 5xdella plants (Fig. 2c). After a 13-day period of 
K-deprivation, when growth of all genotypes was signifi-
cantly impaired, that quotient became higher for gai-1 than 
for WT, and higher for WT than for 5xdella plants (Fig. 2d). 
These results indicated that while loss of DELLAs activ-
ity led to lack of tolerance to K-scarcity, the presence of 
a DELLA stabilized version (gai-1) helped to diminish 
(in relative terms) the growth restriction that took place 
in plants suffering K-scarcity. Examination of the quotient 
RGRd/RGRc provided further supports to this conclusion 
(Supplementary Figs. 4C, D).

Principal Components Analysis Unveils an Important 
Effect of Gain of DELLAs Function on the Shoot 
Elemental Composition

As above stated, an additional objective of this work 
was to explore the potential role of DELLAs in setting 
the mineral composition of plants grown either at suffi-
cient levels or insufficient levels of K-supply. Therefore, 
the elemental composition of shoots of WT, 5xdella and 
gai-1, was examined over a K-deprivation period dur-
ing which growth was not severely impaired (7 days). To 
obtain a comprehensive picture, we performed a princi-
pal component analysis (PCA) that included all elements 
measured, except C and N, which were determined in 
separate experiments. This analysis unveiled (Fig. 3) that 
when two components were considered, they represented 
65.2% of the variation in the elemental composition 
among genotypes and levels of K-supply, component I 
being responsible for 45.0% and component II for 20.2%. 
The first component (Supplementary Table 2) negatively 
correlated with K and  H2O concentration and positively 
with other elements, namely Ca, Mg, Mn, Mo, S, and 
Cu, being also present a contribution of Sr and Zn. The 
second component, in turn, was mainly related with Al, 

Fig. 3  Principal components analysis of the shoot ionome of WT, 
gai-1, and 5xdella plants grown either in the presence of 1.4 mM KCl 
or without K-addition for 7  days. Data correspond to three experi-
ments. Symbols are as follows: squares correspond to WT, triangles 
to gai-1, and circles to 5xdella plants, respectively. White symbols 
correspond to plants grown in the presence of 1.4 mM KCl, whereas 
black symbols correspond to plants grown without KCl addition. Grey 
symbols correspond to the centroid for each genotype at each growing 
condition as indicated in the figure



J Plant Growth Regul 

1 3

Fe, P, and marginally with Sr (Supplementary Table  2). 
Two interesting findings emerged from the analysis per-
formed: first, that the elemental composition of gai-1 
plants was sharply separated from that of WT and 5xdella 
plants grown in the presence of K; second, that while 
K-starvation exerted a major effect on the elemental com-
position of 5xdella and to a lesser extent of WT shoots 
involving mainly the component I, the response of the 
gai-1 elemental composition to this stress condition was 
considerably reduced in comparison to WT and 5xdella. 
These data indicated that the constitutive elemental com-
position of gai-1 plants was different from that of WT and 
5xdella plants, being it less responsive to K-deprivation 
than the last two genotypes.

Effect of Altered and Loss of Function Mutations 
on Individual Elements

The results above described suggested that DELLAs activ-
ity globally affected the elemental composition of plants. 
It was next analyzed the presence of differences in individ-
ual elements for each growth condition among genotypes. 
Under conditions of adequate K-supply, it was observed 
that the presence of the gai-1 altered function allele led to 
significant differences relative to WT plants in the shoot 
concentration of four of the elements analyzed; namely 
K, Zn, Cu, and Mn in addition to water according to post 
hoc comparisons performed with the Tukey test at p < 0.01 
(Fig. 4; Table 1). For plants carrying a disruption in the five 
DELLAs encoding genes, only one element, P, was differ-
entially accumulated relative to WT plants. A comparison 
of plants carrying stabilized DELLA (gai-1) with those 
lacking DELLAs activity (5xdella) showed significant dif-
ferences in the accumulation of 7 elements: K, Ca, P, Zn, 
Cu, Mn, and Sr, in addition to water, indicating a higher 
degree of variation between them than between each one 
of them and WT plants. With the important exception of 
K, quantitative differences in the concentration of those 
elements between gai-1 and 5xdella plants tended to be 
higher for trace than for macro elements. The observation 
that, among the macronutrients, a major constitutive dif-
ference was found for K between gai-1 and 5xdella plants, 
points out a major role of DELLAs in the control of K 
accumulation.

In shoots of plants exposed to K-deprivation, it was 
observed that gai-1 plants differed from WT plants in four 
elements, namely K, Cu, Zn, and Mn; whereas 5xdella 
plants differed from WT for K, P, and S (Fig.  4). A clear 
difference in the degree of responsiveness to K-depriva-
tion was observed among the genotypes studied. While 
for gai-1 plants, the concentration of only two elements (K 
and Mg) was significantly different between + K and –K 
growth conditions, differences involved 5 elements for WT 

(K, Mg, Ca, P and S) and 8 elements for 5xdella plants (K, 
Mg, Ca, P, S, N, Mn, and Mo) in addition to water for the 
last two genotypes (Fig. 4; Table 1). These differences sug-
gest the view that there is a DELLAs-dependent sequence 
in the changes in the individual components during the 
response to K-deprivation, being K and Mg the elements 
always affected, followed by Ca, P, and S, and then, the 
remaining elements above mentioned. On the other hand, 
no major differences among genotypes were detected for C 
and N concentrations in the experiments designed to meas-
ure these elements within each growth condition, while as 
above-mentioned K-deprivation led to a significant reduc-
tion of N concentration in 5xdella plants (Table 1). Because 
C and N play major structural roles in plants, we attempted 
to obtain an assessment on the way that genotypes here 
studied handle the relationship between them in shoots. In 
this regard, it was found that while the C/N quotient was 
not significantly affected by K-deprivation in gai-1 plants, 
it significantly increased in WT (6.7%) and 5xdella (9.9%) 
plants following K-deprivation. On the other hand, in these 
experiments, it was observed that during the transition from 
high to low K-supply, the quotient between C and  H2O 
remained unaltered for gai-1 plants (3.52% increase rela-
tive to +K plants), while it sharply increased for both WT 
(22.03%) and 5xdella (23.61%) plants, suggesting a differ-
ential compromise of water relationships between gai-1 and 
the pair WT/5xdella.

DELLAs Mutations Affect the Efficiency 
of K‑Utilization and K‑Acquisition

Whereas the quotients Wd/Wc and RGRd/RGRc provide 
a way to estimate the tolerance to low K-supply, they do 
not inform on potential differences among genotypes in the 
internal efficiency of potassium utilization (EKU), that is, 
the capacity of plants to generate biomass per unit of potas-
sium. Calculations of four EKU indicators were made both 
in experiments with plants deprived of K for 7  days and 
for 13 days, when growth was restricted for the three geno-
types. In both experiments, it seemed clear that using any of 
the four EKU indicators, 5xdella plants were less efficient 
than WT plants (Table 2; Supplementary Table 2). Interest-
ingly, the static indicators EKUo and EKUu did not yield 
a similar pattern when gai-1 and WT, or gai-1 and 5xdella, 
plants were compared within each experiment (Table  2; 
Supplementary Table  3), providing additional support for 
the need of using a dynamic approach as recently pro-
posed (Santa-María and others 2015). Analysis of the data 
obtained in the experiments here shown does not allow to 
reach an unequivocal conclusion regarding the existence of 
differences in EKU between WT and gai-1 plants.

Comparisons of internal nutrient utilization effi-
ciency among genotypes could be potentially affected by 
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differences in element capture (Rose and Wissuwa 2012; 
Santa-María and others 2015). Although the K-depriva-
tion procedure here used could theoretically lead to a nul 
K-capture in all genotypes (Moriconi and Santa-María 

2013), in practice, the amount of K per plant increased for 
all genotypes at the end of 7- or 13-day K-deprivation peri-
ods, and it was significantly lower for gai-1 than for WT, 
being similar for the WT and 5xdella genotypes (Table 2; 

Fig. 4  Concentration of individual elements in shoots of WT, gai-
1, and 5xdella plants grown either in the presence of 1.4  mM KCl 
or deprived of K during 7 days. White columns correspond to plants 
grown at 1.4 mM KCl, whereas black columns correspond to plants 

K-deprived, respectively. Results are the mean (±SE) values obtained 
in three experiments. Results labeled with the same letter are not sig-
nificantly different (alpha = 0.01)
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Supplementary Table  3). Therefore, differences in EKU 
between WT and 5xdella plants above shown do not involve 
differences in K-capture. On the other hand, the observa-
tion that K-capture per plant differed between gai-1 and 
WT plants suggested the possibility that the presence of a 
DELLA stabilized version could affect the acquisition of K. 
For plants grown at 1.4 mM K, the mean net uptake rate 
per unit of root weight (SARK), as estimated by successive 
harvests, was significantly lower for gai-1 than for WT and 
5xdella plants, being similar between the last two (Table 3). 
Furthermore, an examination of the pattern of the specific 
translocation of K to shoot (STRK) per unit of root weight 
unveiled that it was significantly lower in gai-1 than in WT 
and 5xdella plants.

Although estimates of K-uptake through successive 
harvests could yield accurate values for plants grown at 

adequate K-supply levels, that kind of measurements cannot 
be properly used to estimate the potential capacity of roots 
to absorb K under conditions of K-deprivation. A comple-
mentary study showed that Rb-depletion from 50  µM Rb 
was significantly lower for gai-1 than for WT K-deprived 
plants (Supplemental Fig. 5), providing support to the idea 
that gai-1 plants had a reduced capacity to deplete K from 
diluted K-solutions.

Unidirectional Rb‑Fluxes are Differentially Affected 
in gai‑1 Plants

To further advance in the identification of the unidirectional 
K-fluxes differentially affected in the lines under examina-
tion, studies above were accompanied with estimates of the 
inward flux and the translocation of the K-analogue, Rb, 
on plants grown at 1.4 mM KCl and subsequently exposed 
to RbCl 1.4  mM. Under those conditions, Rb-uptake 
increased with the Rb-loading time for the three genotypes 
(Fig. 5a). The initial slope (0–15 min), which estimates Rb-
influx, was approximately a 30% lower for gai-1 than for 
WT (10.1 and 14.5 µmol g−1 RFW  h−1, respectively), being 

Table 1  Concentration of 
carbon (C), nitrogen (N), and 
water in shoots of gai-1, WT, 
and 5xdella plants grown either 
in the presence of 1.4 mM KCl 
or deprived of K during 7 days

Data for water concentration correspond to five experiments (4 replicates each one), while data for the 
remaining parameters were obtained in two experiments (4 replicates each one). The quotients C/N and C/
H2O derived from these two experiments are also shown. Bars correspond to SE. Results labelled with the 
same letter are not significantly different (alpha = 0.01). Values for C and N concentration as well as the 
ratio C/H2O are expressed as percentage. Units for water concentration and C/N ratio are g(H2O)  g−1(DW) 
and g(C)  g−1(N), respectively

+K −K

gai-1 WT 5X gai-1 WT 5X

C 35.03 ± 0.25a 34.07 ± 0.21a 34.00 ± 0.17a 35.16 ± 0.15a 34.88 ± 0.34a 34.33 ± 0.25a
N 7.41 ± 0.07c 7.08 ± 0.08abc 7.22 ± 0.12bc 7.19 ± 0.09abc 6.79 ± 0.11ab 6.68 ± 0.12a
H2O 11.19 ± 0.10a 12.79 ± 0.20b 12.33 ± 0.16bc 10.78 ± 0.12a 10.72 ± 0.25a 10.41 ± 0.29a
C/N 4.73 ± 0.04a 4.82 ± 0.08a 4.69 ± 0.09a 4.83 ± 0.04a 5.14 ± 0.08b 5.16 ± 0.12b
C/H2O 3.09 ± 0.04b 2.77 ± 0.05a 2.81 ± 0.07a 3.21 ± 0.03bc 3.38 ± 0.05 cd 3.48 ± 0.07d

Table 2  Internal efficiency of potassium utilization (EKU) of gai-1, 
WT, and 5xdella plants exposed to 13 days of K-deprivation starting 
on day 21 from sowing, as calculated by four different estimators

EKUo corresponded to the quotient between W and QK, EKUu to 
the quotient between W2 and QK, EKUi was calculated as (Wf − Wi)/
[(tf − ti) QK], and EKUe as [ln(Wf) − ln(Wi)]/[(tf − ti) QK W−1]. W, cor-
responds to the whole plant dry weight, QK to the amount of K in 
the whole plant, and t to the time elapsed between the initial (i) and 
final (f) harvests, respectively. In turn, K-capture corresponds to the 
amount of K (QKf − QKi) accumulated by each plant over the 13-day 
period of K-deprivation. Results correspond to the mean (±SE) value 
of 4 replicates. Results labelled with the same letter are not signifi-
cantly different (alpha = 0.05). Units for EKUo are mg(DW)  mg−1(K); 
for EKUu are  mg2  10−3(DW)  mg−1(K), for EKUi are mg(DW) 
 mg−1(K)  d−1, for EKUe are mg(DW)  mg−1(K)  d−1, and for K-capture 
are mg (K)

gai-1 WT 5X P values

EKUo 56.88 ± 2.03b 61.37 ± 1.97b 43.80 ± 1.25a 0.0002
EKUu 0.42 ± 0.02a 1.01 ± 0.04b 0.49 ± 0.03a <0.0001
EKUi 3.51 ± 0.13b 4.03 ± 0.10c 2.74 ± 0.09a 0.0001
EKUe 7.07 ± 0.29b 9.08 ± 0.21c 5.68 ± 0.28a <0.0001
K-capture 0.05 ± 0.01a 0.13 ± 0.02b 0.11 ± 0.02ab 0.0244

Table 3  Specific absorption rate (SARK) and specific translocation 
rate (STRK) of K in gai-1, WT, and 5xdella plants grown in the pres-
ence of 1.4-mM KCl from germination

SARK: (QKf − QKi)/[(tf − ti) × (Wrootf + Wrooti)/2], QK corresponds to 
the amount of K in the whole plant, and t to the time elapsed between 
the initial (i) and final (f) harvests and Wroot to the root dry weight. 
For calculation of STRK, amount of K in shoot was used instead of 
that of the whole plant. Time elapsed between harvests was 7 days. 
Results correspond to the mean (±SE) value of 12 replicates obtained 
in three experiments. Results labelled with the same letter are not 
significantly different (alpha = 0.05). Units are mg(K)  g−1 RDW  d−1, 
where RDW corresponds to root dry weight

gai-1 WT 5X P values

SARK 26.03 ± 1.70a 46.52 ± 2.20b 50.94 ± 3.18b <0.0001
STRK 20.62 ± 0.89a 38.33 ± 2.04b 43.72 ± 2.45b <0.0001
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similar for WT and 5xdella plants (15.4 µmol g−1 RFW  h−1 
for the later). In turn, long-distance transport of Rb from 
roots to shoots (Fig.  5b) experienced a similar reduction 
to that observed for Rb-uptake in gai-1 relative to WT and 
5xdella. The pattern of uptake and long-distance transport 
of Rb observed in 7-day K-deprived plants exposed to a 
0.1-mM Rb solution resembled that observed for K-well-
supplied plants (Fig. 5c, d). In this case, gai-1 plants dis-
played approximately a 50% lower potential influx of 
Rb (10.5  µmol  g−1 RFW  h−1) than that observed in WT 
(20.1  µmol  g−1 RFW  h−1) and 5xdella (23.6  µmol  g−1 
RFW  h−1) plants. These results indicated that differences 
in K-capture (Table  2) and Rb-depletion (Supplemental 
Fig. 5) from diluted solutions in K-deprived plants can also 
be explained, at least partially, by differences in influx. 
Again, the pattern of long-distance Rb-transport resembled 
that observed for Rb-uptake (Fig. 5d).

Expression of Genes Coding for Root K‑Transporters

The above-described results indicated that the inward 
flux is a critical point for the differences observed among 
lines. Because DELLAs play a key role in the regulation of 

transcription factors, we next explored to what extent the 
accumulation of transcripts coding for transport proteins 
involved in the influx (AKT1 and AtHAK5), as well as in 
the outward flux from the root epidermis (GORK), could be 
differentially affected among WT, gai-1 and 5xdella plants. 
It was found that accumulation of transcripts coding for 
the inward rectifier K-channel AKT1 was within the same 
range for all genotypes when grown at adequate K-supply 
as well as when deprived of K (Fig. 6). In turn, expression 
of AtHAK5 tended to increase under conditions of K-defi-
ciency, but the accumulation of transcripts was much lower 
in gai-1 than in WT and 5xdella K-deprived plants (Fig. 6). 
On the other hand, accumulation of transcripts coding for 
the outward rectifier K-channel GORK was within the same 
range at high K-supply. It tended to slightly increase under 
conditions of K-deficiency for WT and 5dellas plants but 
not for gai-1 plants (Fig. 6). Although differences in trans-
location appear to be, at least partially, a consequence of 
differences in Rb-uptake, the possibility that the lines here 
studied may also differ in the pattern of expression of the 
stelar outward rectifier K-channel SKOR, which contributes 
to long-distance transport of K from roots to shoots, was 
analyzed in a complementary experiment (Supplementary 

Fig. 5  Time course for the 
uptake and translocation of 
the K-analogue, Rubidium, in 
WT, gai-1 and 5xdella plants. 
a, b Results corresponding to 
plants grown in 1.4 mM K and 
then transferred to a complete 
solution without K-addition but 
containing 1.4 mM RbCl are 
shown. Symbols are as follows: 
squares correspond to WT, 
triangles to gai-1, and circles 
to 5xdella plants, respectively. 
c, d Results obtained for plants 
starved of K for a week and 
then transferred to a complete 
solution without K-addition but 
containing 0.1 mM RbCl are 
shown. Panels A and C cor-
respond to Rb-uptake, whereas 
panels B and D correspond 
to Rb-translocation. Results 
correspond to the mean value 
of 4 replicates, error bars cor-
respond to standard error
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Fig. 6). No differences were detected in the accumulation 
of SKOR transcripts either at high or at low K-supplies.

Discussion

The modification of DELLAs activity has been of para-
mount importance for the increase of plant yield that took 
place during the green revolution (Hedden 2003). The 
further identification and characterization of these pro-
teins, apart to establish their pivotal role in plant growth 
restriction (Harberd and others 2009; Hauvermale and 
others 2012), helped to disclose that they influence plant 
responses to multiple environmental stresses, including 
salinity (Achard and others 2006), low phosphorus sup-
ply (Jiang and others 2007), and pathogen attack (Achard 
and others 2008), being also necessary in symbiotic plant/
fungal interactions (Floss and others 2013). The possibility 
that DELLAs are involved in plant responses to low potas-
sium supply was first advanced by studies comparing wheat 
near isogenic lines carrying either “wild-type” or altered 
function alleles of the Rht-1B/Rht-1D genes (Moriconi and 
others 2012). That study showed that wheat dwarf lines, 
with reduced sensitivity to GAs, exhibit reduced senes-
cence symptoms and could contribute to enhance the tol-
erance to K-deprivation. The present work illustrates that 
potassium deprivation in Arabidopsis promotes DELLAs 
accumulation in root cells close to the root tip and that rela-
tive plant performance under this stress condition increases 
in the GAs-insensitive mutant gai-1. In addition, the results 
also show that lack of DELLAs leads to decreased toler-
ance to K-deprivation; thus, providing conclusive evi-
dence for a major role of DELLAs in plant acclimation 
to low K-supply. Furthermore, a role of DELLAs in plant 
responses to this adverse condition is also inferred from 

the observation that variations in the relative performance 
among gai-1, WT, and 5Xdellas plants were companied by 
important differences in the elemental composition and that 
internal efficiency of K-utilization or K-capture was also 
differentially affected in those lines.

Several works have shown that disruption of specific 
genes could lead to significant changes in plant elemental 
composition (that is, Lahner and others 2003; Baxter and 
others 2009; Chao and others 2011; McDowell and oth-
ers 2013), whereas the modifications derived from gain of 
function mutations on elemental composition have been 
less frequently pursued (Punshon and others 2012). In 
spite of the central role of DELLAs in the integration of 
signals (Achard and others 2006), no previous studies have 
examined the possible role of loss and gain of function 
mutations of DELLAs in controlling plant mineral com-
position. Here, both PCA as well as analysis of individual 
elements performed on shoots unveiled that disruption of 
the five DELLAs coding genes exerted a minor effect on 
the shoot elemental composition when compared with the 
strong effect exerted by the gai-1 mutation relative to the 
constitutive elemental composition of WT plants. Consid-
ering that 5xdella plants lack DELLAs activity, whereas 
in gai-1 plants, GAI-1 is stabilized relative to GAI in WT, 
the observation of a more pronounced difference between 
5xdella and gai-1 plants than between each one of them and 
WT plants, as revealed by analysis of individual elements, 
suggest a progressive effect of DELLAs activity on shoot 
elemental composition. In addition, when just the individ-
ual elements constitutively modified in the 5xdella mutant 
are considered, a major effect on shoot P-concentration 
became evident. This observation differed from that made 
by Jiang and others (2007), who did not find changes in 
the concentration of this element when a quadruple DEL-
LAs mutant was used. This discrepancy can be explained 

Fig. 6  Accumulation of transcripts coding for root expressed 
K-transporters in WT, gai-1 and 5xdella plants grown under condi-
tions of adequate K-supply (1.4  mM) or starved of K for 7  days. 
White columns correspond to plants grown at 1.4-mM KCl, whereas 

black columns correspond to plants K-deprived, respectively. Results 
shown correspond to the fold change relative to WT plants grown 
in the presence of K and are the mean of 3 replicates. Bars indicate 
standard error
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in several ways as the quadruple DELLA mutation used in 
those studies was built-up in a ga1-3 background and plants 
were grown on a medium supplemented with sucrose. 
Overall, the existence of constitutive differences between 
the ionomes of gai-1 and WT plants discloses a new and 
interesting role of GAI-1 stabilization.

The idea that changes in the elemental composition 
reflect the adaptation of plants to their environments (Bax-
ter and Dilkes 2012) has been advanced, because, under 
conditions of low Fe or P supply, those changes can be 
used to predict plant physiological status (Baxter and oth-
ers 2008), with this concept potentially applied to other 
nutrients, including K (Prinzenberg and others 2010). 
Results here obtained with PCA as well as those obtained 
by considering the number and identity of the elements that 
significantly changed their concentration during the tran-
sition from adequate to low K-supply, for each genotype, 
indicate that the degree of responsiveness of the elemen-
tal composition to K-deprivation was negatively modu-
lated by DELLAs. In turn, reduced effects on the elemental 
composition (gai-1 < WT < 5xdellas) seem to be inversely 
connected with the order observed for the relative effect 
exerted by K-deprivation on relative plant performance 
(5xdella > WT > gai-1). This suggested that changes in the 
elemental composition inversely associated with DELLAs 
are an important component of the injury exerted by K-defi-
ciency. It should be mentioned that because of the pivotal 
effect of DELLAs on plant elongation, a major question in 
studies on their role in acclimation responses to stress con-
ditions is whether acclimation differences are just a con-
sequence of intrinsic differences in growth rate. Certainly, 
an effect of intrinsic growth differences on the above-men-
tioned pattern should not be excluded, particularly when 
comparing gai-1 and WT plants. However, ordering geno-
types by relative performance as well as by the degree of 
response of the elemental composition to K-deprivation, 
as above done, did not show a simple association with the 
sequence followed by constitutive differences in biomass 
accumulation or RGR (gai < 5xdella ≤ WT). This sug-
gested that differences in acclimation to low K-supply in 
Arabidopsis should not be only attributed to differences 
in growth habit. Therefore, the data here introduced sug-
gest that DELLAs are important components in setting the 
changes suffered by the shoot mineral composition as well 
as the tolerance during plant acclimation to K-scarcity.

It has recently been argued that tolerance could not be 
necessarily coupled to enhance efficiency of nutrient uti-
lization (Santa-María and others 2015). The necessity of 
adequate measurements of EKU is particularly relevant to 
consider the potential involvement of specific genes in set-
ting the balance between these two key nutritional traits. In 
this context, it should be noted that the use of static indi-
cators of internal nutrient utilization efficiency has recently 

been criticized, as they do not necessarily reflect actual 
phenotypic differences in this parameter (Moriconi and 
Santa-María 2013; Santa-María and others 2015). Differ-
ences here found between EKUo and EKUu when used to 
compare EKU between gai-1 and WT (or 5xdella) plants 
are consistent with the previous reports indicating that 
those indicators do not always show coincident patterns 
(Siddiqi and Glass 1981; Gurley and others 1994). Using 
the most reliable dynamic estimators EKUi and EKUe, it 
was observed that ENU, considering it as the amount of 
biomass generated by unit of potassium accumulated in tis-
sues, was maximized in WT, relative to 5xdella plants. This 
result indicates that the lack of DELLAs (5xdella plants) 
leads to both decreased tolerance and decreased internal 
utilization efficiency of K at sub-optimum levels of K-sup-
ply, which suggests that DELLAs activity is required to 
hold both traits.

The observation that gai-1 plants consistently display 
a lower specific absorption rate of K under conditions of 
adequate K-supply as well as a lower capacity to deplete 
Rb when deprived of K, combined with reduced root size 
of these plants relative to WT and 5xdella plants, points 
out that the altered function version of DELLAs nega-
tively contributes to regulate K-acquisition, at least under 
the hydroponic conditions assayed in this work. Although 
the ways by which DELLAs can influence Arabidopsis 
root growth have been the subject of some studies (Fu and 
Harberd 2003; Wild and others 2016), no previous infor-
mation has linked DELLAs with K-uptake. Our results 
uncover that influx of the K-analogue, Rb, is negatively 
modulated in gai-1 relative to WT plants under conditions 
of both adequate and insufficient K-supply. K-influx in 
Arabidopsis over a wide range of external K concentra-
tions is driven by the inward rectifier AKT1 channel being 
the role of the HAK5 transporter increased as the exter-
nal concentration of K during growth decreases (Nieves-
Cordones and others 2014). The regulation of AKT1 and 
HAK5 involves several mechanisms, with HAK5 sub-
jected to strong transcriptional control (Nieves-Cordones 
and others 2014). A remarkable finding obtained in this 
work was that the induction of AtHAK5 expression under 
conditions of K-deprivation was sharply reduced in gai-
1 relative to WT plants, uncovering a critical role of the 
altered DELLA in this process. The mode by which the 
altered DELLA influences AtHAK5 expression could be 
related to the interaction of GAI with transcription fac-
tors that modulate AtHAK5. In this regard, at least one 
transcription factor, ALCATRAZ (ALC), which likely 
interacts with DELLAs (Arnaud and others 2010), has 
been reported to be potentially involved in the control 
of AtHAK5 expression (Hong and others 2013). Other 
transcription factors, such as DDF2, are also promising 
candidates (Hong and others 2013). In this context, it is 
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interesting to mention the model recently proposed for 
the action of DELLAs in plants suffering iron deficiency 
(Wild and others 2016). According to it, under iron defi-
ciency conditions, DELLAs accumulate in the root mer-
istem, while their accumulation at the root epidermis is 
gradually prevented, leading to relief of inhibition on 
the FIT transcription factor and thus accumulation of 
the iron transporter IRT1 as Fe-deficiency advances. The 
possibility that a similar model could help to explain the 
effect of gai-1 on AtHAK5 expression under conditions of 
K-deprivation should be taken into consideration. On the 
other hand, it is necessary to consider that influx in plants 
grown at external concentrations as high as 1.4-mM KCl, 
in which K-uptake is essentially mediated by AKT1, was 
also lower in gai-1 than in WT plants. Because the lev-
els of AKT1 transcripts did not differ between these two 
genotypes, differences in Rb-influx observed under those 
conditions could be likely related with a modulation of 
AKT1 activity that does not involve transcriptional con-
trol of the coding gene.

Taken together, the results obtained along this work indi-
cate that DELLAs contribute to set several plant responses 
to K-deprivation. In this regard, plants with reduced degra-
dation of one of the DELLAs proteins (gai-1 plants) display 
increased tolerance and low ionome responsiveness. On 
the other hand, lack of DELLAs activity (5xdella plants) 
leads to both low tolerance, high ionome responsiveness, 
and low EKU. For gai-1 plants, those traits are companied 
by reduced root size and diminished capacity for K-uptake 
coupled to diminished influx, which under conditions of 
K-deprivation can be related, at least partially, to modula-
tion of the expression of AtHAK5. In summary, the results 
here introduced unveil that DELLAs are major players in 
determining tolerance to low K-supply, K-utilization effi-
ciency, and K-acquisition, as well as the elemental compo-
sition of Arabidopsis plants.

Acknowledgements GES-M acknowledges financial support by the 
ANPCYT (Argentina) through PICT-2012-0429 and PICT-2014-1887 
as well as to CONICET, and FR by grant AGL2012-33504 from the 
Ministerio de Economía y Competitividad, Spain. The authors express 
gratitude to Prof. Carlos Ballaré (IFEVA, Facultad de Agronomía, 
Universidad de Buenos Aires, Argentina) and Professor Sebastian 
Asurmendi (Instituto Nacional de Tecnología Agropecuaria, Argen-
tina) for providing the seed material used in the experiments. Thanks 
are also given to Patricia Uchiya (IIB-INTECH, CIC, Buenos Aires, 
Argentina) and Diana Lauff (INFIVE, CONICET, Buenos Aires, 
Argentina) for valuable technical assistance. GES-M is researcher 
at the Consejo Nacional de Investigaciones Científicas y Técnicas 
(CONICET, Argentina) and Professor at the Universidad Nacional 
de San Martín (UNSAM, Argentina). FR and VM are researchers at 
the Consejo Superior de Investigaciones Científicas (CSIC, España). 
AP is Professor at the Universidad Nacional de San Martín (UNSAM, 
Argentina). SO acknowledges CONICET for a doctoral fellowship, 
while RR is recipient of an FPU fellowship from Ministerio de Educa-
tion y Ciencia, Spain.

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no conflict 
of interest.

References

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz 
T, van derstraeten D, Peng J, Harberd NP (2006) Integration of 
plants responses to environmentally activated phytohormonal 
signals. Science 331:91–94

Achard P, Renou J-P, Berthomé R, Harberd NP, Genschik P (2008) 
Plant DELLAs restrain growth and promote survival of adver-
sity by reducing the levels of reactive oxygen species. Curr Biol 
18:656–660

Anschütz U, Becker D, Shabala S (2014) Going beyond nutrition: 
regulation of potassium homeostasis as a common denomina-
tor of plant adaptive responses to environment. J Plant Physiol 
9:670–687

Armengaud P, Breitling R, Amtmann A (2004) The potassium-
dependent transcriptome of Arabidopsis reveals a promi-
nent role of jasmonic acid in nutrient signalling. Plant Physiol 
136:2556–2576

Armengaud P, Breitling R, Amtmann A (2010) Coronatine-insensi-
tive 1 (COI1) mediates transcriptional responses of Arabidopsis 
thaliana to external potassium supply. Mol Plant 3: 390–405

Arnaud N, Girin T, Sorefan K, Fuentes S, Wood TA, Lawrenson T, 
Sablowski R, Ǿstergaard L (2010) Gibberellins control fruit pat-
terning in Arabidopsis thaliana. Genes Dev 24:2127–2132

Baxter I, Dilkes BP (2012) Elemental profiles reflect plant adaptations 
to the environment. Science 336:1661–1663

Baxter IR, Vitek O, Lahner B, Muthukumar B, Borghi M, Morrisey J, 
Guerinot ML, Salt DE (2008) The leaf ionome as a multivariable 
system to detect a plant’s physiological status. Proc Natl Acad 
Sci USA 105:12081–12086

Baxter I, Hosmani PS, Rus A, Lahner B, Borevitz JO, Muthukumar 
B, Mickelbart MV, Schreiber L, Franke RB, Salt DE (2009) Root 
suberin forms an extracellular barrier that affects water relations 
and mineral nutrition in Arabidopsis. PLos Genet 5:1000492

Chao DY, Gable K, Chen M, Baxter I, Dietrich CR, Cahoon EB, 
Guerinot ML, Lahner B, Lü S, Markham JE, Morrissey J, Han G, 
Gupta SD, Harmon JM, Jaworski JG, Dunn TM, Salt DE (2011) 
Sphingolipids in the root play an important role in regulating the 
leaf ionome in Arabidopsis thaliana. Plant Cell 23:1061–1081

Chen G, Feng H, Hu Q, Qu H, Chen A, Yu L, Xu G (2015) Improv-
ing rice tolerance to potassium deficiency by enhancing 
OsHAK16p:WOX11-controlled root development. Plant Biotech 
J 13:833–848

Damon PM, Osborne LD, Rengel Z (2007) Canola genotypes dif-
fer in potassium efficiency during vegetative growth. Euphytica 
156:387–397

Floss DS, Levy JG, Lévesque-Tremblay V, Pumplin N, Harrison 
MJ (2013) DELLA proteins regulate arbuscule formation in 
arbuscular mycorrhizal symbiosis. Proc Natl Acad Sci USA 
110:5025–5034

Fu X, Harberd NP (2003) Auxin promotes Arabidopsis root growth 
by modulating gibberellin response. Nature 421:740–743

Fulgenzi FR, Peralta ML, Mangano S, Danna CH, Vallejo AJ, Puig-
domenech P, Santa-María GE (2008) The ionic environment 
controls the contribution of the barley HvHAK1 transporter to 
potassium acquisition. Plant Physiol 147:252–262

Gallego-Bartolome J, Minguet EG, Marin JA, Prat S, Blázquez MA, 
Alabadí D (2010) Transcriptional diversification and functional 



 J Plant Growth Regul

1 3

conservation between DELLA proteins in Arabidopsis. Mol Biol 
Evol 27:1247–1256

Gierth M, Maser P, Schroeder JI (2005) The potassium transporter 
AtHAK5 functions in K deprivation-induced high-affinity K 
uptake and AKT1 K channel contribution to K uptake kinetics in 
Arabidopsis roots. Plant Physiol 137:1105–1114

Gurley CJP, Allan DL, Russelle MP (1994) Plant nutrient efficiency: a 
comparison of definitions and suggested improvement. Plant Soil 
158:29–37

Harberd NP, Belfield E, Yasumura Y (2009) The angiosperm gib-
berellin–GID1–DELLA growth regulatory mechanism: how an 
“inhibitor of an inhibitor” enables flexible response to fluctuating 
environments. Plant Cell 21:1328–1339

Hauvermale AL, Ariizumi T, Steber CM (2012) Gibberellin signal-
ing: a theme and variations on DELLA repression. Plant Physiol 
160:83–92

Hedden P (2003) The genes of the green revolution. Trends Genet 
19:5–9

Hirsch RE, Lewis BD, Spalding EP, Sussman MR (1998) A role 
for the AKT1 potassium channel in plant nutrition. Science 
280:918–921

Hong JP, Takeshi Y, Kondou Y, Schachtman DP, Matsui M, Shin 
(2013) Identification and characterization of transcription factors 
regulating Arabidopsis HAK5. Plant Cell Physiol. doi:10.1093/
pcp/pct094

Inskeep WP, Bloom PR (1985) Extinction coefficients of chlorophyll 
a and b in N,N-dimethylformamide and 80% acetone. Plant Phys-
iol 77:483–485

Jiang C, Gao X, Liao L, Harberd NP, Fu X (2007) Phosphate starva-
tion root architecture and anthocyanin accumulation responses 
are modulated by the gibberellin–DELLA signaling pathway in 
Arabidopsis. Plant Physiol 115:1460–1470

Jung J-Y, Shin R, Schachtman DP (2009) Ethylene mediates response 
and tolerance to potassium deprivation in Arabidopsis. Plant Cell 
21:607–621

Kellermeier F, Chardon F, Amtmann A (2013) Natural variation of 
Arabidopsis root architecture reveals complementing adaptive 
strategies to potassium starvation. Plant Physiol 161:1421–1432

Lahner B, Gong J, Mahmoudian M, Smith EL, Abid KB, Rogers EE, 
Guerinot ML, Harper JF, Ward JM, McIntyre L, Schroeder JI, 
Salt DE (2003) Genomic scale profiling of nutrient and trace ele-
ments in Arabidopsis thaliana. Nat Biotech 10:1215–1221

Li L, Kim BG, Cheong YH, Pandey GK, Luan S (2006) 
A  Ca2+-signaling pathway regulates a K-channel for 
low-K response in Arabidopsis. Proc Natl Acad Sci USA 
103:12625–12630

McDowell SC, Akmakjian G, Sladek C, Mendoza-Cozatl D, Mor-
rissey JB, Saini N, Mittler R, Baxter I, Salt DE, Ward JM, 
Schroeder JI, Guerinot ML, Harper JF (2013) Elemental con-
centrations in the seed of mutants and natural variants of Arabi-
dopsis thaliana grown under varying soil conditions. PLos One 
8:e63014

Moriconi JI, Santa-María GE (2013) A theoretical framework to study 
potassium utilization efficiency in response to withdrawal of 
potassium. J Exp Bot 64:4289–4299

Moriconi JI, Buet A, Simontacchi M, Santa-María GE (2012) Near-
isogenic wheat lines carrying altered function alleles of the Rht-
1 genes exhibit differential responses to potassium deprivation. 
Plant Sci 185/186:199–207

Nam YJ, Tran LS, Kojima M, Sakakibara H, Nishiyama R, Shin R 
(2012) Regulatory roles of cytokinins and cytokinin signaling 
in response to potassium deficiency in Arabidopsis. PLoS One 
7:e47797

Nieves-Cordones M, Alemán F, Miller AJ, Martinez V, Rubio F 
(2008) A putative role for the plasma membrane potential in 
the control of the expression of the gene encoding the tomato 

high-affinity potassium transporter HAK5. Plant Mol Biol 
68:521–532

Nieves-Cordones M, Alemán 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

Prinzenberg AE, Barbier H, Salt DE, Stich B, Reymond M (2010) 
Relationships between growth, growth response to nutrient sup-
ply, and ion content using a recombinant inbred line population 
in Arabidopsis. Plant Physiol 154:1361–1371

Punshon T, Hirschi K, Yang J, Lanzirotti A, Lai B, Guerinot ML 
(2012) The role of CAX1 and CAX3 in elemental distribution 
and abundance in Arabidopsis seed. Plant Physiol 158:352–362

Ragel P, Ródenas R, García-Martín E, Andrés Z, Villalta I, Nieves-
Cordones M, Rivero RM, Martínez V, Pardo JM, Quintero FJ, 
Rubio F (2015) CIPK23 regulates HAK5-mediated high-affinity 
K+ uptake in Arabidopsis roots. Plant Physiol. doi:10.1104/
pp.15.01401

Rengel Z, Damon PM (2008) Crops and genotypes differ in efficiency 
of potassium uptake and use. Physiol Plant 133:624–636

Römheld V, Kirkby EA (2010) Research on potassium in agriculture: 
needs and prospects. Plant Soil 335:155–180

Rose TJ, Wissuwa M (2012) Rethinking internal phosphorus utili-
zation efficiency: a new approach is needed to improve PUE in 
grain crops. Adv Agron 116:185–217

Rubio F, Santa-Maria GE, Rodriguez-Navarro A (2000) Cloning of 
Arabidopsis and barley cDNAs encoding HAK potassium trans-
porters in root and shoot cells. Physiol Plant 109:34–43

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. Physiol Plant 134:598–608

Santa-María GE, Rubio F, Dubcovsky J, Rodríguez-Navarro A (1997) 
The HAK1 gene of barley is a member of a large gene family 
and encodes a high-affinity potassium transporter. Plant Cell 
9:2281–2289

Santa-María GE, Moriconi JI, Oliferuk S (2015) Internal efficiency 
of nutrient utilization; what is it and how to measure it during 
vegetative growth. J Exp Bot 66:3011–3018

Sentenac H, Bonneaud N, Minet M, Lacroute F, Salmon J-M, Gay-
mard F, Grignon C (1992) Cloning and expression in yeast of a 
plant potassium ion transport system. Science 256:663–665

Shin R, Schachtman DP (2004) Hydrogen peroxide mediates plant 
root cell response to nutrient deprivation. Proc Natl Acad Sci 
USA 101:8827–8832

Siddiqi MY, Glass ADM (1981) Utilization index: a modified 
approach to the estimation and comparison of nutrient utilization 
efficiency in plants. J Plant Nutr 4:289–302

Song W , Liu S, Men L, Xue R, Wang C, Liu G, Dong C, Wang S, 
Dong J, Zhang Y (2015) Potassium deficiency inhibits lateral 
root development in tobacco seedlings by changing auxin distri-
bution. Plant Soil doi:10.1007/s11104-015-2579-1

Vicente-Agullo F, Rigas S, Desbrosses G, Dolan L, Hatzopoulos P, 
Grabov A (2004) Potassium carrier TRH1 is required for auxin 
transport in Arabidopsis roots. Plant J 40:523–535

White PJ (2013) Improving potassium acquisition and utilisation by 
crop plants. J Plant Nutr Soil Sci 176:305–316

White PJ, Karley AJ (2010) Potassium. In Hell R, Mendel R-R, (eds) 
Plant cell monographs, cell biology of metals and nutrients. 
Springer, Berlin, pp 199–224

White PJ, Hammond JP, King GJ, Bowen HC, Hayden RM, Mea-
cham MC, Spracklen WP, Broadley MR (2010) Genetic analy-
sis of potassium use efficiency in Brassica oleracea. Ann Bot 
105:1199–1210

Wild M, Davière J-M, Regnault T, Sakvarelidze-Achard L, Carrera E, 
Lopez Diaz I, Cayrel A, Dubeaux G, Vert G, Achard P. Tissue-
specific regulation of gibberellin signaling fine-tunes Arabidop-
sis iron-deficiency responses. Dev Cell 37: 190–200

http://dx.doi.org/10.1093/pcp/pct094
http://dx.doi.org/10.1093/pcp/pct094
http://dx.doi.org/10.1104/pp.15.01401
http://dx.doi.org/10.1104/pp.15.01401
http://dx.doi.org/10.1007/s11104-015-2579-1


J Plant Growth Regul 

1 3

Xu J, Li JHD, Chen LQ, Liu LL, He L, Wu WH (2006) A protein 
kinase, interacting with two calcineurin B-like proteins, regu-
lates K transporter AKT1 in Arabidopsis. Cell 125:1347–1360

Yang XE, Liu JX, Wang WM, Li H, Luo AC, Ye ZQ, Yang Y (2003) 
Genotypic differences and some associated plant traits in 

potassium internal use efficiency of lowland rice (Oryza sativa 
L.). Nutr Cycl Agroecosyst 67:273–282


	DELLAs Contribute to Set the Growth and Mineral Composition of Arabidopsis thaliana Plants Grown Under Conditions of Potassium Deprivation
	Abstract 
	Introduction
	Materials and Methods
	Plant Material and Growth Conditions
	Biomass, Relative Growth Rate (RGR), and Chlorophyll Measurements
	Mineral Composition Determination
	Potassium Utilization Efficiency (EKU) Estimation
	Specific Absorption Rate (SAR) and Specific Translocation Rate (STR) Estimates
	Rubidium-Depletion Assays
	Rubidium-Uptake Studies
	Gene Expression Analysis
	Statistical Methods

	Results
	Potassium Deprivation Promotes the Accumulation of GFP-RGA Protein
	Loss of Function and Altered Function DELLAs Mutants Differentially Contribute to Set Biomass Accumulation in Plants Deprived of K
	Principal Components Analysis Unveils an Important Effect of Gain of DELLAs Function on the Shoot Elemental Composition
	Effect of Altered and Loss of Function Mutations on Individual Elements
	DELLAs Mutations Affect the Efficiency of K-Utilization and K-Acquisition
	Unidirectional Rb-Fluxes are Differentially Affected in gai-1 Plants
	Expression of Genes Coding for Root K-Transporters

	Discussion
	Acknowledgements 
	References


