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Abstract
The potassium ion (K+) is vital for plant growth and development, and K+-deprivation leads to reduced crop yields.
Here we describe phenotypic, transcriptomic, and mutant analyses to investigate the signaling mechanisms mediating root
architectural changes in Arabidopsis (Arabidopsis thaliana) Columbia. We showed effects on root architecture are mediated
through a reduction in cell division in the lateral root (LR) meristems, the rate of LR initiation is reduced but LR density
is unaffected, and primary root growth is reduced only slightly. This was primarily regulated through gibberellic acid (GA)
signaling, which leads to the accumulation of growth-inhibitory DELLA proteins. The short LR phenotype was rescued
by exogenous application of GA but not of auxin or by the inhibition of ethylene signaling. RNA-seq analysis showed
upregulation by K+-deprivation of the transcription factors JUNGBRUNNEN1 (JUB1) and the C-repeat-binding factor
(CBF)/dehydration-responsive element-binding factor 1 regulon, which are known to regulate GA signaling and levels
that regulate DELLAs. Transgenic overexpression of JUB1 and CBF1 enhanced responses to K+ stress. Attenuation of the
reduced LR growth response occurred in mutants of the CBF1 target gene SFR6, implicating a role for JUB1, CBF1, and
SFR6 in the regulation of LR growth in response to K+-deprivation via DELLAs. We propose this represents a mechanism to
limit horizontal root growth in conditions where K+ is available deeper in the soil.

Introduction
Potassium (K+) is one of the most important nutrients that
plants need to survive. It is the most abundant cation in land
plants, making up 2%–10% of the dry weight of a plant (Leigh
and Jones, 1984). It is essential for many functions in the plant,
including enzyme activation, stomatal activity, photosynthesis,
protein synthesis, and the transport of sugars, water, and
nutrients (Prajapati and Modi, 2012). A key role for sufficient K+

nutrition has also been identified in plant resistance to various
abiotic and biotic stresses (Wang et al., 2013). Despite being
one of the most abundant elements on Earth, its availability to
plants is often limited. Typically, the concentration of K+ in soil
is between 0.1 and 6 mM (Adams, 1971) although acidic soils
and intensive farming can lead to its depletion. To alleviate this

problem, it is necessary to apply large amounts of K+ fertilizer
to soils. K+-deprivation is a problem particularly in developing
countries, as the addition of K+ fertilizers is often neglected or
not possible for economic reasons.

K+-deprivation has an adverse impact on plant growth, both
of the above-ground organs as well as the roots (Chérel et al.,
2014). Work over many years in Arabidopsis (Arabidopsis thali-
ana) shows a range of nutrient deficiencies (Gruber et al., 2013),
including K+-deprivation, leads to inhibition of lateral root (LR)
initiation and development (Armengaud et al., 2004; Shin and
Schachtman, 2004), an increase in root hair elongation
(Desbrosses et al., 2003; López-Bucio et al., 2003; Jung et al.,
2009), inhibition of growth of the primary root (PR; Jung
et al., 2009; Kim et al., 2010), and a mild agravitropic
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response (Vicente-Agullo et al., 2004). Kellermeier et al.
(2013) reported a phenotypic gradient of growth responses
to K+-deprivation in different accessions of Arabidopsis,
explaining conflicting results published previously. This phe-
notypic gradient has two extremes based on the trade-off
between the growth of the PR and LRs. These authors de-
fined two strategies: the first strategy results in the mainte-
nance of the growth of the PR as K+ decreases but restricts
the growth of the LRs, whereas the second strategy restricts
the growth of the PR in favor of elongation of LRs
(Kellermeier et al., 2013). Genetic variation in CLASSY1
(CLSY1), a component of the RNA-directed DNA methyla-
tion mechanism, in part accounts for phenotypic response
changes via effects on the expression of IAA27, a negative
regulator of LR development (Shahzad et al., 2020). This
suggests a role for auxin in LR development in response to
low K+, but auxin acts in a network with other signaling
pathways (Moore et al. 2015), and understanding this rela-
tionship requires elucidation.

Much of the work surrounding K+-deprivation has focused
on the changes in K+ transporter levels and uptake kinetics and
the hormonal signaling pathways involved in their regulation
(Jung et al., 2009; Nam et al., 2012). However, much less is
known about the hormonal control of the root architectural
changes displayed in response to K+-deprivation. Ethylene and
reactive oxygen species (ROS) have been linked to increased
elongation of root hairs (Pitts et al., 1998; Jung et al., 2009) and
to reduction in PR growth (Jung et al., 2009) in response to K+-
deprivation, and there is mounting evidence to suggest that
auxin also plays a key role in the response to K+-deprivation
(Armengaud et al., 2004; Vicente-Agullo et al., 2004; Shin et al.,
2007; Rigas et al., 2013; Shahzad et al., 2020). Analysis of cytoki-
nin synthesis mutants has also indicated a role for cytokinin in
the response to K+-deprivation, as the mutants display an
enhanced K+-deprivation response (Nam et al., 2012). A revers-
ible increase in jasmonic acid levels in response to K+-depriva-
tion (Armengaud et al., 2004; Cao et al., 2006) as well as an
overlap in transcript profiles between K+ starvation and the re-
sponse to pathogen/herbivory have also been used to suggest
that defense pathways are upregulated during K+ limiting condi-
tions (Armengaud et al., 2010).

The objective of the work described here was to investi-
gate the mechanistic basis of root architectural responses
to K+-deprivation in the Arabidopsis accession Columbia
(Col-0). We describe the root architectural and global gene
expression responses of Col-0 to K+-deprivation. This analy-
sis led us to investigate the roles of the hormones auxin,
ethylene, and gibberellin (GA) and transcription factor (TF)
function in this response. We propose a role for GA regula-
tion of root development under K+-deprivation.

Results

LR primordia initiate but do not elongate in
response to K+-deprived conditions

In response to 8-d growth on K+-deprived media, Col-0
seedlings showed a small reduction in the length of the PR

(Figure 1A), but a large significant reduction in the number
of emerged LRs (Figure 1B) and in the length of the LRs
(Figure 1C; Supplemental Figure S1). Light microscopy was
used to characterize LR development before emergence
from the PR. Auxin accumulation occurs at the sites of new
LRs (Benková et al., 2003), and by using the auxin-responsive
DR5::GUS reporter, visualization of the early stages of LR de-
velopment is facilitated (Stages 0–5, defined by Malamy and
Benfey, 1997). Stages 1–4 occur before LR primordia (LRP)
transverse the endodermis and Stages 5–8 take place after
the endodermis has been crossed. Stage 8 marks the emer-
gence from the PR and has been characterized here within
the 0–100mm category. Early-stage LRs can be seen as foci
of blue staining along the PR (Figure 1G). There was a re-
duction in the number of initiating LRs under K+-depriva-
tion compared with K+-sufficient conditions (Figure 1D),
consistent with other observations (Shahzad et al., 2020);
however, the reduction in the total number of LRs initiated
was less than the reduction in LRs that show emergence
(Figure 1B). Density of LRs was calculated by dividing the LR
number by the PR length, and no difference between the
two K+ conditions was observed (Figure 1E), suggesting that
the difference in LR number is linked to the reduced PR
length. These data show that K+-deprivation causes an at-
tenuation of LR growth at an early stage of development,
rather than LR initiation, under the conditions used.

The transition from LRP to LR occurs after the formation
of the functional LR meristem, at which point the LR grows
via cell divisions at the LR root apex as opposed to division
of the basal cells as occurs at earlier stages, corresponding to
an LR length of �100–200mm (Malamy and Benfey, 1997).
To characterize the stage at which development was inhib-
ited by K+-deprivation, the number of LRs and LRP were
counted at each stage of development along each PR after
8-d growth on 2or 0.005 mM K+. The average number of
LRs at each stage of development remained approximately
the same between the two conditions until after emergence
from the PR (Figure 1F). Following emergence, the number
of LRs longer than 1 mm was significantly greater in the K+-
sufficient treatment than in the K+-deprived treatment, with
a larger number of the LRs under K+-deprivation in the
200mm to 1 mm categories (Figure 1F). These results suggest
that inhibition by K+-deprivation takes place after the devel-
opment of the LR meristem. The elongation of the LRs
appears to be adversely affected by K+-deprivation as there
was a higher number of LRs in categories 5 1 mm, whereas
under K+-sufficient conditions, most LRs elongate 41 mm
(Figure 1F).

LR meristem size is reduced under K+-deprivation
Growth of the PR and LRs is maintained by controlling the
rates of cell division, elongation, and differentiation. A reduc-
tion in LR growth in response to K+-deprivation could there-
fore be regulated by modulation of meristem activity.
Confocal imaging was used to investigate meristem size in
LRs grown in sufficient- or deprived-K+ conditions. The mer-
istem size was calculated as the region of isodiametric cells
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extending from the quiescent center (QC) to the cell that
was twice the length of the immediately preceding cell
(González-Garcı́a et al., 2011). The boundary of the transi-
tion zone is different in each cell type, and therefore in all
analyses undertaken here, the cortex cell file was used to

define the boundary. The length of the meristematic zone in
the LRs was reduced after 8 d K+-deprivation (Figure 2, A
and B).

The frequency of cells entering mitosis in LRs was investi-
gated under sufficient and deprived K+ conditions using the

Figure 1 Effect of K+-deprivation on root development of Arabidopsis. WT accession Col-0 seedlings were grown for 4 d on half MS10 agar plates
followed by 8 d on vertical agar plates supplemented with either 2 mM or 0.005 mM K+. A, Average PR length. B, Average emerged LR number. C,
Average LR length. D, Average number of LRP and LRs per seedling. E, Average LR density (total LRs/PR length) per seedling. F, Average number of
LRs in each stage of development on each PR. Dotted line indicates point of emergence from the PR. G, DR5::GUS staining pattern of LR develop-
ment. Stages shown are (left-right) 1–4, 5, 6, and 7 as defined by Malamy and Benfey (1997), 0–100 mm, 300 mm to 1 mm, and 41 mm. Scale
bars = 100 mm. Values represent means ± SE, n5 10. Letters indicate significance with independent samples t test (P 5 0.05) (a) P = 0.009, (b)
P = 0.000, (c) P = 0.000, (d) P = 0.013, (e) P = 0.167. (f) Categories and associated P-values; 1–4 (P = 0.361), 5 (P = 0.049), 6 (P =0.806), 7
(P = 0.584), 1–100 mm (P = 0.340), 100–200mm (P = 0.246), 200–300mm (P = 0.045), 300mm to 1 mm (P = 0.000), and 41 mm (P = 0.000).
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CYCB1;2::GUS marker, expressed during the G2 to M transi-
tion of the cell cycle and an established proxy for determin-
ing cell division (Schnittger et al., 2002). GUS-positive cells in
the LR meristems were counted as a measure of the number
of cells entering mitosis. A reduced number of GUS-positive
cells in response to K+-deprivation were observed in LRs be-
tween 300mm to 1 mm and also 41 mm in length
(Figure 2, C and D). This suggests that the reduced meri-
stem size and growth of the LRs is, at least in part, due to a
reduced cell division activity.

After undergoing division in the meristematic zone of the
root, cells enter the transition/elongation zone where they
begin to elongate. The lengths of the first seven cells of the
elongation zone were measured to determine the elongation
rate in response to K+-deprivation. No significant difference
was seen in the length of the first seven cells between the
sufficient and deprived K+ conditions after 8-d growth
(Figure 2E), suggesting that the elongation rate is not
affected by K+-deprivation.

Identity of the QC is maintained in LRs under
K+-deprivation
The reduced meristematic cell division activity could be as-
sociated with a loss of QC identity or function causing the
surrounding stem cells to differentiate, resulting in growth
arrest of the LR. To investigate whether the activity of the
LR stem cell niche is still maintained under 8 d K+-depriva-
tion, the promoter activity of the QC-specific markers
proWOX5::GFP and QC25::GUS were investigated using fluo-
rescence microscopy and histochemical staining, respectively
(Sabatini et al., 2003; Sarkar et al., 2007). WOX5 promoter ac-
tivity was detected in all LRs 4200mm, in all seedlings
(n = 9), under both sufficient and deprived K+ conditions.
Confocal microscopy showed no difference in proWOX5::GFP
expression pattern between the different K+ conditions
(Supplemental Figure S2B). Histochemical staining of
QC25::GUS showed no difference between treatments in LRs
41 mm (n4 10; Supplemental Figure S2C). WOX5 acts to
initiate and maintain identity of the QC (Forzani et al.,
2014), and so its continued expression, and that of QC25,
suggests that the identity of the QC is maintained under
K+-deprivation.

Gene expression profiling to identify potential
regulatory hormonal signaling pathways
Root architectural changes are mediated by the combined
actions of different hormones (Bellini et al., 2014; Moore
et al., 2015). Therefore to identify hormonal signaling path-
ways that might play a role in the reduced LR growth re-
sponse, RNA-Seq was used to identify changes in gene
expression following K+-deprivation. Samples were taken at
3 and 30 h after transfer of seedlings to either sufficient or
deprived K+ media (2 or 0.005 mM K+), and a P 40.05, a
log2 fold change (log2fc) 40.5 or 4–0.5 and an false dis-
covery rate (FDR) 5 0.05 were selected to identify differen-
tially expressed genes (DEGs) between sufficient and

deprived K+ conditions (Figure 3, A and B; Supplemental
Table S1). In total, 416 genes were upregulated and 195
downregulated after 30 h K+-deprivation (Figure 3C). These

Figure 2 Effect of K+-deprivation on LR meristem activity. A, LR meris-
tems of Col-0 seedlings grown for 4 d on half MS10 then 8 d on 2 mM
[K+] (left) or 0.005 mM (right) [K+]. Arrows denote meristem size.
Scale bar = 50 mm. B, Length of meristems in LRs of between 300 mm
and 1 mm in length. The meristem border is defined as the region of
isodiametric cells from the QC up to the cell that was twice the length
of the immediately preceding cell (calculated from the cortex cell
layer). Values represent means± SE, n5 18 taken from at least 15 indi-
vidual seedlings. Letters indicate significance with independent sam-
ples t test (P 5 0.05) (P = 0.000). C, CYCB1;2:GUS expression in
seedlings grown for 4 d on half MS10 followed by 8 d K+ treatment (2
or 0.005 mM); the GUS staining reveals a reduced area of cell division
in 0.005 mM [K+]; scale bars = 50 mm. D, Mean number of dividing
cells recorded as cells stained blue in the CYCB1;2:GUS line. Values are
means ± SE, n 5 32, from at least 10 individual seedlings. Letters indi-
cate significance with a Tukey pairwise comparison P5 0.05. E,
Lengths of the first seven cells of the elongation zone of LRs grown for
4 d half on MS10 followed by 8 d on 2 or 0.005 mM [K+].
Measurements taken from at least six different seedlings, n 5 11 for
all apart from 7, where n = 6. Values are means ± SE. Independent sam-
ple t tests found no significance between [K+] for any of the cells
(P5 0.05). 1 (P = 0.597), 2 (P = 0.1), 3 (P = 0.121), 4 (P = 0.306), 5
(P = 0.268), 6 (P = 0.695), 7 (P = 0.953).
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low numbers of DEGs and relatively small fold changes are
consistent with previously published microarray data show-
ing that, unlike nitrate or phosphate deficiency, K+-depriva-
tion does not lead to major alterations in transcript
abundance (Maathuis et al., 2003; Gierth et al., 2005; Ma
et al., 2012). To verify the data produced by the RNA-Seq
experiment, RT-qPCR was conducted on three DEGs identi-
fied from the RNA-Seq data (Supplemental Table S1),
namely HAK5 (upregulated at 3 h, log2fc 0.92; P = 0.026;
upregulated at 30 h, log2fc 2.60; P = 2.35E-31), ETHYLENE
RESPONSIVE ELEMENT BINDING FACTOR 6 (ERF6; upregu-
lated at 3 h, log2fc 0.93; P = 1.49E-07; upregulated at 30 h,
log2fc 0.84; P = 0.0001) and STZ (upregulated at 3 h, log2fc
0.83; P = 0.003; upregulated at 30 h, log2fc 0.79; P = 0.012).
RT-qPCR analysis of these genes corresponded with the
RNA-Seq data, with all genes showing significant upregula-
tion in response to K+-deprivation (Figure 3, D–F).

We carried out gene ontology (GO) analysis of the RNA-
seq data (Supplemental Figures S3–S6). The treemaps show
a strong upregulation of genes involved in the response to
stress and pathogens following transfer to low K+, as seen by
“response to chitin” being the largest supercluster in each of
the upregulated treemaps (Supplemental Figures S3 and S5).
Both upregulated DEG treemaps (3 h up and 30 h) also hold
superclusters designated “immune system process,” “response
to stimulus” and “multi organism process,” and revealed en-
richment in the biosynthesis of the hormone ethylene
(Supplemental Figures S3 and S5). Auxin biosynthesis showed
downregulation at 3 h (Supplemental Figure S4), and a large
cluster of genes associated with transcription and photosyn-
thesis and other aspects of metabolism were downregulated
at 30 h (Supplemental Figure S6). As hormones are the key
in the orchestration of many developmental processes and
responses to biotic and abiotic stresses, the overrepresenta-
tion of these GO terms suggests that hormonal pathways
and ROS are altered in response to K+ starvation.

Auxin plays a necessary but insufficient role in the
LR growth response to K+-deprivation
Auxin plays an essential role in the control of meristem size
and growth of the root, and it promotes cell division and
cell elongation and inhibits differentiation (Dello Ioio et al.,
2007, 2008; Moubayidin et al., 2010; Perrot-Rechenmann,
2010), whilst at high concentrations it inhibits root elonga-
tion (Eliasson et al., 1989). Auxin also controls the develop-
ment of LRs through multiple auxin-signaling modules
(Lavenus et al., 2013). A reduction in both the concentration
of free indole-3 acetic acid (IAA) and in basipetal auxin
transport has been found in the PRs of seedlings subjected
to K+-deprived conditions (Shin et al. 2007). Recently,
Shahzad et al. (2020) found that genetic variation in the
chromatin remodeling factor CLSY1 is associated with re-
duced LR development in response to low K+ via effects on
the expression of IAA27, encoding a negative regulator of
auxin responses and LR development.

GO analysis of the RNA-seq data revealed no clear pattern
of transcriptional change in auxin biosynthesis, degradation,
or signaling genes at either 3 or 30 h after treatment
(Supplemental Figures S3–S6). For example, downregulation
of the auxin biosynthesis gene YUC8 (Hentrich et al., 2013)
occurred after 3 h K+ starvation (log2fc –0.59; P = 0.002).
Two cytochrome P450-encoding genes (CYP79B3 and
CYP79B2) involved in the conversion of tryptophan to
indole-3 acetaldoxime (IAOx; Zhao et al., 2002) were downre-
gulated after 3 h (CYP79B3: log2fc –0.69; P = 0.049; CYP79B2:
log2fc –0.76; P = 0.026). The IAA-METHYLTRANSFERASE-1

Figure 3 DEGs in seedlings grown on 0.005 mM (K+-deprived) or
2 mM (K+-sufficient) for 3 or 30 h, identified through RNA-Seq. A,
Data represent the outputs from three independent biological repli-
cates per sample; P 40.05 and a log2 fold change (log2fc) 50.5 and
FDR5 0.05. Red dots are significant DEGs, black dots are nonsignifi-
cant; counts per million after 3 h (A) or 30 h (B) K+-deprivation. C,
Histogram of significant DEGs separated into up- and downregulated
genes. D–F, Relative normalized levels of transcripts of HAK5 (D), ERF6
(E), and STZ (F) after 30 h K+ treatment (2 mM or 0.005 mM [K+]), de-
termined by RT-qPCR. Expression levels were normalized against
AT1G13320; values are means ± SE for three biological repeats with
three technical repeats. Letters indicate significance between 2 and
0.005 mM with independent samples t test, P5 0.05.
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gene, which plays a role in auxin homeostasis in converting
IAA into the nonpolar inactive form methyl-IAA (Qin et al.,
2005; Li et al., 2008), was also downregulated (at 3 h, log2fc–
0.55; P = 0.004). However, the most highly upregulated
gene after the 30 h treatment (CYP71A12; log2fc 2.68;
P = 8.43E-30) was identified as acting in the conversion of
IAOx to indole-3-acetonitrile (IAN). There was also downre-
gulation of a number of auxin-responsive genes after 3 h
(SAUR20 [log2fc –1.02; P = 7.55E-05], SAUR24 [log2fc–0.77;
P = 0.009], SAUR22 [log2fc–0.82; P = 0.008], and IAA29
[log2fc–0.59; P = 0.016]); however, this downregulation was
not seen after 30 h.

Some genes associated with auxin signaling were upregu-
lated in response to K+ starvation. These included PINOID-
BINDING PROTEIN 1, a calcium-binding protein that
interacts with PINOID (a key component of auxin signaling)
and upregulated by auxin (Benjamins et al., 2003), which
was upregulated after 3 h (log2fc 0.87, P = 6.6E-05) and also,
but to a lesser extent (log2fc 0.64, P = 0.002), after 30 h.
The genes encoding the Broad-Complex, Tramtrack and Bric
a brac (BTB) and Transcription Adaptor putative Zinc finger
(TAZ) domain proteins 2 and 5 (BT2 and BT5) were, respec-
tively, upregulated after 3 h (BT2: log2fc 0.91, P = 9.71E-10)
and 30 h (BT5: log2fc 1.01, P = 2.26E-16) but have also been
linked to other hormonal and abiotic signals as well as auxin
(Hammer et al., 2009; Mandadi et al., 2009; Canales et al.,
2014), making it difficult to link them directly to auxin.

A potential role for auxin in the reduced LR growth re-
sponse was investigated further. Expression of the auxin re-
porter DR5rev::3XVENUS-N7 (Heisler et al., 2005) in LRs of
seedlings grown on sufficient or deprived K+ conditions was
used as a proxy for monitoring potential changes in auxin
distribution. No detectable differences were observed in ei-
ther the pattern or level of expression of the reporter in LRs
of 51 mm when seedlings were grown under the different
K+ conditions (Figure 4, A and B). Analysis of the expression
of the auxin-responsive gene IAA2 by RT-qPCR in seedlings
grown for 72 h on sufficient or deprived K+ conditions simi-
larly showed no significant difference (Figure 4C).

To determine whether exogenous auxin treatment could
rescue the short LR phenotype of K+-deprived seedlings, the
growth medium was supplemented with 1 or 5 nM IAA for
a period of 3 d (Figure 4D), or 10 nM IAA or 10 lM NPA for
a period of 10 d (Figure 4E). Addition of IAA did not alter
LR development under K+--deprived conditions when com-
pared with the nonsupplemented media (Figure 4, D and E).
LR growth was also not restored in either the presence of
NPA, an inhibitor of polar auxin transport (Figure 4E) or in
the auxin transport-defective aux1-7 mutant (Figure 4F),
suggesting that enhanced auxin transport does not play a
determinative role in the reduced LR growth response to
K+-deprivation. Furthermore, analysis of expression of the
CYCB1;2:GUS reporter showed that addition of 1 or 200 nM
IAA made no difference to the length of the LR meristems
when compared with controls (Supplemental Figure S7).
These results suggest that the reduction in cell division and

Figure 4 The role of auxin in the reduced LR growth response to K+-
deprivation. A, Representative fluorescence in LRs 51 mm in length
of pDR5rev::3xVENUS-N7 seedlings after 4 d growth on half MS10 fol-
lowed by 8 d grown on 2 mM (left) or 0.005 mM (right) [K+]. Scale
bar = 50 lm. White is PI stain, green is VENUS. B, Relative mean fluo-
rescence of LRs of each treatment measured using ImageJ. Images
taken from at least 8 different seedlings per treatment, n 5 14 LRs.
Values are means ± SE. Letters indicate significance as calculated with
an independent sample t test, P = 0.159. C, Normalized relative level
of IAA2 transcripts after 72 h K+ treatment (2 or 0.005 mM) deter-
mined by RT-qPCR. Samples taken from seedlings 14 DAG, normalized
against AT1G13320. Values are means ± SE. Three biological repeats
and three technical repeats were used. Independent samples t test de-
termined there was no significant difference between treatments, as
denoted by letters (P 50.05). D, Mean LR growth over 3 d following
[K+] treatment (2 or 0.005 mM in the presence of 0, 1, or 5 nM IAA),
12 DAG. E, Mean LR length after 10 d treatment with 0 and 10 nM
IAA or 10 lM NPA, 19 DAG. Values are means of at least eight individ-
ual seedlings per sample, ±SE for (D, E). Letters indicate significance
with a Tukey pairwise comparison, P5 0.05. F, Mean LR growth after
8 d K+ treatment (2 or 0.005 mM), 12 DAG seedlings of Col-0 and
aux1-7. Values are means of at least 25 individual seedlings ±SE,
n5 25. Letters indicate significance with a Tukey pairwise compari-
son, P5 0.05.
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meristem size in response to K+-deprivation is not associ-
ated with reduced auxin content in the meristem.

Ethylene does not have an essential role in the LR
growth response to K+-deprivation
The hormone ethylene has been identified as a key hormone
in the K+-deprivation pathway, with evidence to suggest
upregulation in response to K+-deprivation (Jung et al.,
2009) and downstream regulation of K+ transporters and
ROS (Jung et al., 2009; Nam et al., 2012). Ethylene is known
to inhibit LR growth (e.g. Lewis et al. 2011), but its role in
the reduced LR phenotype in response to K+-deprivation
has not been investigated.

GO analysis of the RNA-seq data showed enrichment, in
the upregulated data, of a number of ethylene-related terms
from the RNA-Seq data, including ethylene biosynthesis
(3 and 30 h), ethylene-activated signaling pathway (3 h), re-
sponse to ethylene (3 and 30 h) and cellular response to ethyl-
ene (30 h; Supplemental Figures S3 and S4). Therefore, the
transcriptional regulation of the ethylene biosynthesis pathway
was investigated. A gene encoding a key enzyme in the ethyl-
ene biosynthetic pathway (1-AMINOCYCLOPROPANE-1-
CARBOXYLIC ACID SYNTHASE 6 [ACS6]) was upregulated by
log2fc 0.71 (P = 0.002) after 3 h low K+ treatment (Figure 5A),
but was not significantly different from the control conditions
after 30 h, suggesting that the upregulation of ethylene is a
rapid and transient reaction to low K+ treatment.

A number of ETHYLENE RESPONSIVE ELEMENT BINDING
FACTOR (ERF) genes induced by ethylene treatment were
also upregulated in response to K+ starvation; ERF5 at 3 h
(log2fc 0.52; P = 0.016), ERF1 (log2fc 0.66; P = 8.53E-07), and
ERF2 (log2fc 0.98; P = 3.75E-07) at 30 h (Figure 5A). Analysis
of the expression of ERF1 by RT-qPCR in seedlings grown for
72 h on either low or standard K+ conditions also showed
significantly higher expression of ERF1 under low K+ condi-
tions (Figure 5B). Other upregulated genes identified by the
GO analysis as relating to ethylene signaling were several
WRKY and NAM, ATAF1/2 and CUC2 (NAC) TF genes
(Supplemental Figure S2 and Supplemental Table S2).

To investigate whether increased ethylene signaling and
biosynthesis might affect LR growth in response to K+-
deprivation, LRs and LRP numbers at each stage of devel-
opment were determined under sufficient and deprived
K+ conditions when ethylene responses were inhibited by
the presence of 1 lM Ag2+ (Figure 5C). Analysis was carried
out after 8-d growth on sufficient and deprived K+ treat-
ment, and ethylene inhibition had no significant effect on
the root growth pattern when compared to wild-type
(WT), that is, displaying a larger number of LRs elongating
past 1 mm in the sufficient compared with the deprived K+

conditions (Figure 5C). LR length was measured in the
mutants ethylene insensitive2 (ein2) and ethylene resistant1-
1 (etr1-1) after 8 d K+-deprivation, and no rescue of LR
growth was observed in the length of K+-deprived LRs in
the mutants compared with WT (Figure 5D). This suggests

that ethylene does not play a major role in reducing LR
growth in response to K+-deprivation.

The GA pathway is implicated in the response to
K+-deprivation
The gibberellic acid (GA) pathway was identified from the
RNA-Seq data as potentially regulated during the early
stages of the K+-deprivation response. GA homeostasis is
controlled through its biosynthesis and deactivation, with
three families of dioxygenases, namely the GIBBERELLIN-3-
OXIDASES (GA3oxs), GA20oxs, and the GA2oxs playing a
key role in the regulation of this pathway in response to
many developmental and environmental cues (Colebrook
et al., 2014). The GA biosynthesis gene GA3ox2 was downre-
gulated after 30 h K+-deprivation (log2fc –0.51; P = 0.001),
and two TFs with known roles in repressing the GA signal-
ing pathway were identified from the upregulated data
[JUNGBRUNNEN1 fJUB1g and ERF6] (Supplemental Figure
S8A). ERF6, which was transcriptionally upregulated (log2fc
0.84; P = 0.001) in response to K+-deprivation (Supplemental
Figure S8A), has been suggested to activate GIBBERELLIN-2-
OXIDASE 6 (GA2ox6), a GA deactivation gene (Dubois et al.,
2015); and JUB1 (upregulated by log2fc 1.33; P = 2.78E-10;
Supplemental Figure S8A) interacts with a number of GA -
related genes (Supplemental Figure S8B). For example, JUB1
represses GIBBERELLIN 3 BETA-HYDROXYLASE 1 (GA3ox1;
Supplemental Figure S8B), a gene involved in the later steps
of the GA biosynthetic pathway, and also activates the nega-
tive regulators of GA responses REPRESSOR OF GIBBERELLIC
ACID1-LIKE1 (RGL1) and GIBBERELLIN INSENSITIVE (GAI)
(Supplemental Figure S8B; Shahnejat-Bushehri et al., 2016,
2017), both encoding members of the DELLA family of pro-
teins that restrain cell proliferation and expansion (Achard
and Genschik, 2009). One other negative regulator of GA
responses, GASA5 (Zhang et al., 2009), was the second most
upregulated gene at 3 h in the RNA-seq data set (log2fc 1.56;
P = 2.46E-05), but was not significantly differentially
expressed at 30 h (Supplemental Table S1).

To investigate further if K+-deprivation causes transcrip-
tional changes that could affect GA responses, the expres-
sion levels of the GA biosynthesis gene GA3ox1, and the GA
deactivation gene GA2ox6 were quantified using RT-qPCR
after 30, 54, and 72 h of K+-deprivation (samples taken from
seedlings at 12, 13, and 14 DAG, respectively). The
expression of the GA deactivation gene, GA2ox6, was upre-
gulated after 54 and 72 h of K+-deprivation (Figure 6A), con-
sistent with an increase in the deactivation of bioactive GAs
in response to K+-deprivation. Similarly, the GA3ox1 biosyn-
thesis gene was upregulated after 54 and 72 h K+-
deprivation (Figure 6B). These data suggest that after 30 h,
there is transcriptional response to K+-deprivation that may
lead to reduced GA signaling.

A decrease in GA signaling leads to the stabilization of
growth inhibitory DELLA proteins (Sun and Gubler, 2004),
and so we investigated expression of the DELLA gene fu-
sion proRGA::GFP:RGA (Silverstone et al., 2001) in LRs in
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response to K+-deprivation. Seedlings were grown for 9 d
on half-strength Murashige and Skoog ( half MS10)
growth medium containing sufficient K+, followed by 2, 3,
4, and 8 d on either K+-deprived or K+-sufficient media
before imaging. Average relative fluorescence levels of
proRGA::GFP:RGA were significantly higher in LRs of seed-
lings that had been exposed to K+-deprived conditions
for 2 and 3 d compared to the seedlings grown on K+-suf-
ficient medium (Figure 6, C and D), showing that there is
a stabilization of DELLA proteins in LRs in response to
K+-deprivation. Interestingly the increase in DELLA levels

was not seen after 4 or 8 d K+-deprivation (Figure 6, C
and D), suggesting that the DELLA stabilization is tran-
sient. Although most DELLA genes are not upregulated at
the transcriptional level in response to stress (Colebrook
et al., 2014), we used RT-qPCR to determine whether any
upregulation of the genes encoding GAI, RGA, RGL1,
RGL2, and RGL3 could be detected (Supplemental Figure
S9). Although there was a trend in upregulation of RGA,
RGL1, and RGL2 at 30 h on low K+ medium, the differen-
ces were not statistically significant, in agreement with
the RNA-seq data.

Figure 5 The role of ethylene in the reduced LR growth response to K+-deprivation. A, Changes in expression of ACS6 and ERF5 after K+ treat-
ments at 3 h and ERF1 and ERF2 after K+ treatments at 30 h. B, Normalized relative level of transcript of ERF1 after 72 h K+ treatment (2 or
0.005 mM [K+]). Samples were taken from seedlings 14 DAG, analyzed by RT-qPCR, and normalized against AT1G13320. Values are means ± SE of
three biological repeats with three technical repeats. Letters indicate significance with independent samples t test, P5 0.05. C, LR progression
analysis. Light microscopy and the auxin-responsive DR5::GUS reporter line allowed all LRP and LRs to be counted along the length of the PR.
Col-0 seedlings were analyzed 12 DAG and after 8 d of K+ treatment (2 or 0.005 mM). Primordial stage from 1 to 7 as defined in Malamy and
Benfey (1997). Stages 1–4 occur before LR founder cells transverse the endodermis and Stages 5–8 take place after the endodermis has been
crossed. Stage 8 marks the emergence from the PR and therefore has been characterized here within the 0–100 mm category. Media were supple-
mented with 1 lM Ag2+. Values are averages taken from at least seven individual seedlings ±SE. Asterisks indicate significance with independent
samples t test, P5 0.05). D, Mean length of LRs after 8 d K+ treatment (2 or 0.005 mM) 12 DAG of seedlings of Col-0 and ethylene mutants ein2
and etr1-1 values are means of at least 10 individual seedlings ±SE. Letters indicate significance with a Tukey pairwise comparison, P5 0.05.
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Exogenous GA restores the length of LR meristems
and growth under K+-deprivation
DELLA proteins are involved in reduction of growth by
restraining cell proliferation and expansion (Peng et al.,
1997, 1999; Fleet and Sun, 2005). We therefore hypothesized
that the reduction in LR growth in response to K+-depriva-
tion could be due to a reduction in GA signaling leading to
a stabilization of DELLAs. This hypothesis was investigated
by measuring meristem size, using CYCB1;2::GUS expression
as a cell division marker (Figure 7A), with and without exog-
enous GA application under K+-deprivation. Seedlings were
grown for 4 d on half MS10 followed by 8 d on K+-deprived
or K+-sufficient medium, in the presence of either GA or
the GA synthesis inhibitor paclobutrazol (PAC). In the LRs
of length 41 mm, the application of 10mM GA restored

the size of the LR meristem under K+-deprivation, and appli-
cation of 0.1mM PAC led to a reduced LR length under the
K+-sufficient conditions (Figure 7A). Similar trends were
seen in shorter LRs (100mm to 1 mm), but the differences
were not statistically significant (Supplemental Figure S10).

Average LR growth was also measured in roots grown in
the presence or absence of either 10mM GA or 0.1mM PAC.
Seedlings were grown on half MS10 for 9 d, then transferred
to K+-deprived or K+-sufficient media for 3 d. These results
mirrored the observations for the effects on meristem size
(Figure 7B), with LR growth restored with the addition of
GA, and LR growth restricted in the K+-sufficient conditions
when PAC was added (Figure 7B). Blocking GA deactivation
in the ga2ox quintuple mutant (Rieu et al., 2008) also

Figure 6 The role of GA in the reduced LR growth response to K+-deprivation. A, B, Effect of K+-deprivation on GA-related gene expression.
Transcription of GA2ox6 (A), GA3ox1 (B) after 30, 54, and 72 h K+ treatment (2 or 0.005 mM), determined by RT-qPCR and normalized against
AT1G13320. Seedlings were grown for 11 d on half MS10 followed by transfer to K+ treatment. Values are means ± SE of three biological repeats
with three technical repeats. Asterisks indicate significance with independent samples t test, P5 0.05. C, proRGA::GFP:RGA protein localization in
LRs grown for 9 d on half MS10 followed by 2 mM (top panels) or 0.005 mM (bottom panels) [K+] for 2, 3, 4, or 8 d; scale bars = 20 lm. D, Relative
mean fluorescence of RGA GFP in LRs after 2, 3, 4, or 8 d K+ treatment (2 or 0.005 mM). LRs 51 mm were analyzed for all treatments apart from
8 d where LRs under and 41 mm were analyzed. Images taken from at least six different seedlings; values represent means± SE. Asterisks indicate
significance from independent samples t test, P5 0.05.
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partially restored LR growth over 3 d of K+-deprivation
(Figure 7C).

LR growth reduction in response to K+-deprivation
is enhanced in JUB1 and CBF1 overexpressers and
attenuated in the sfr6-1 mutant
To elucidate potential upstream regulators of the GA re-
sponse, the roles of a number of TFs in the reduced LR
growth response were investigated. JUB1 (NAC042), ERF6,
and C-repeat-binding factor (CBF1) were studied further

because of their transcriptional upregulation in response to
K+-deprivation (Supplemental Figure S8A) and known roles
in repressing GA signaling pathways (Wu et al., 2012; Dubois
et al., 2013; Shahnejat-Bushehri et al., 2016, 2017;
Thirumalaikumar et al., 2018). It was hypothesized that the
transcriptional increase in one of these TFs could lead to
stabilized DELLAs and therefore reduced LR growth. The
role of ethylene-related ERF6 was investigated by conducting
LR growth analysis of the double mutant erf5 erf6 because
of known redundancies between the ERF5 and ERF6 genes
(Moffat et al., 2012). Under 3 d, K+-deprivation LR growth

Figure 7 Effect of GA on meristem activity under K+-deprivation. A, CYCB1;2:GUS expression (GUS histochemistry) shows a reduced area of
cell division in reduced [K+]; scale bars = 50 mM; length of meristem measured as the length of root with dividing cells. LRs4 1 mm. Media
were supplemented with either 10 mM GA or 0.1 mM PAC for 8 d. Analysis was carried out on seedlings 12 DAG. Values are mean ± SE taken from
at least six individual seedlings per treatment. B, Mean LR growth over 3 d on 2 or 0.005 mM K+ treatment. Seedlings were grown for 9 d on half
MS10 before movement to K+ treatment. Values are means ± SE taken from at least 17 individual seedlings per treatment. C, Mean LR growth of
Col-0 or the ga2ox quintuple mutant (Rieu et al., 2008) grown on 2 or 0.005 mM K+ for 3 d. Seedlings were analyzed 12 DAG. Values are means± SE

of at least 10 individual seedlings per treatment. For all panels, letters indicate significance with a Tukey pairwise comparison, P5 0.05.
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was not restored in the erf5 erf6 mutant (Figure 8A), sug-
gesting that these genes do not play a role in the reduced
LR growth phenotype. The 8-d analysis was disregarded due
to severe stunting of seedlings, suggesting alternative stress
pathways were being stimulated. These results also support
previous work suggesting that ethylene does not play an im-
portant role in the reduced LR growth response to low K+

(Figure 5).
The NAC TF JUB1 (Wu et al., 2012) was also hypothesized

to regulate the response to K+-deprivation due to its strong
upregulation during K+-deprivation (1.33 log2fc at 30 h,
P-value 2.78E-10; Supplemental Table S1). Analysis of the
jub1-1 mutant phenotype found that LR growth was not re-
stored under 8 d K+-deprivation, suggesting loss of function
of JUB1 does not influence response to K+ (Figure 8B).
However, JUB1 transgenic overexpressors showed a signifi-
cant reduction in LR length in response to low K (Figure
8B), implicating a role for JUB1 in restricting LR growth un-
der K+ stress.

The CBF/dehydration-responsive element-binding factor
family is a small family of TFs known to regulate cold stress
acclimation through the activation of CBF regulon targets,
the COLD ON-REGULATED (COR) genes, and are known to
regulate GA signaling and biosynthesis through regulation of
GA dioxygenases and DELLAs (Achard et al., 2008a; Zhou
et al., 2017). RNA-Seq data suggest a potential role for the
CBF regulon in K+-deprivation through the upregulation of
CBF1 gene expression after 3 h K+-deprivation (0.80 log2fc)
and upregulation of two CBF target genes, COR15A and
COR15B, after 30 h K+-deprivation (0.70, 0.71 log2fc, respec-
tively; Supplemental Table S1). COR15A and COR15B are ac-
tivated by the simultaneous expression of both CBF1 and
CBF3 under cold (Seki et al., 2002; Maruyama et al., 2004;
Novillo et al. 2007); therefore, upregulation of both may sug-
gest an overall upregulation of the CBF regulon.

As CBF1 was upregulated in response to K+-deprivation,
and its target GA2ox6 was also upregulated (Figure 6A),
the role of this gene in the reduced LR growth phenotype
was investigated further. Since CBF1 is functionally redun-
dant with related family members (Jia et al., 2016), we
tested the effect of overexpressing CBF1 in transgenic
plants. While PR length of the overexpresser was not sig-
nificantly affected by low K+ supply, the length of LRs was
significantly reduced compared to WT (Figure 8, C and D),
consistent with a role for CBF1 in suppressing LR growth
under K+ stress.

The SENSITIVE TO FREEZING6 (SFR6) protein, otherwise
known as MEDIATOR 16, acts downstream of CBF1 transla-
tion to recruit the core Mediator complex to cold-regulated
genes in the activation of cold-responsive genes (Knight
et al., 2009). We hypothesized that in the sfr6-1 mutant
(Knight et al., 1999), the activation of GA2oxs and DELLAs
by CBF1 may be blocked in response to K+-deprivation.
In support of this hypothesis, the reduction in LR growth in
response to K+-deprivation was attenuated in the sfr6-1 mu-
tant when LR growth was measured 43 and 8 d (Figure 8,
E and F). This attenuation of the reduced LR growth

response in the sfr6-1 mutant demonstrates a role for CBF1
and SFR6 in the regulation of LR growth in response to K+-
deprivation.

Discussion
We show that, in response to K+-deprivation, Arabidopsis
Col-0 shows a small reduction in the growth of the PR,
while the growth of LRs is more reduced (Figure 1).
Specifically, LR initiation, LR primordium development, LR
emergence, and LR meristem establishment are unaffected
by K+-deprivation, but the extension growth of the LRs due
to meristem activity is impaired (Figure 1). Image analysis
and reporter gene studies show that the LR meristem orga-
nization remains intact under K+-deprivation, while cell divi-
sion is reduced, leading to a reduction in meristem size,
associated with the observed reduced growth (Figure 2).

Previous research has suggested a role for auxin and ethyl-
ene in the response to K+-deprivation. While these pathways
are strongly implicated in the interdependent regulation of
LR development in numerous studies (e.g. Lewis et al., 2011;
Lavenus et al., 2013), we found no rescue on the short LR
phenotype by exogenous auxin (Figure 4; Supplemental
Figure S7), and inhibiting ethylene signaling through gene
mutation, or supplementing the medium with silver ions,
was not able to rescue LR growth under K+-deprivation
(Figure 5). This suggests that, under the conditions used for
these experiments, the reduced LR growth in response to
K+-deprivation is coordinated through ethylene- and auxin-
independent mechanism, or regulation of growth by these
pathways is not limiting but over-ridden by limitations in
other pathways, such as the GA pathway. Differences in re-
sponse seen here compared to other studies may be due to
factors such as differences in medium composition, with the
auxin response being contingent, for example, on Fe avail-
ability (Shahzad et al., 2020) or Arabidopsis ecotype
(Kellermeier et al., 2013). It is also possible that a transient
GA downregulation in specific cell types is sufficient to lead
to reduced PIN-FORMED (PIN) protein function, leading to
a reduced auxin maximum in the growing LR (Willige et al.,
2011). We have shown recently, for example, that the epi-
dermis signals to cells containing PIN proteins in a noncell-
autonomous fashion (Short et al., 2018). This illustrates the
complexity of response of plants due to environmental and
genetic interactions that require further study of spatiotem-
poral signaling mechanisms in the future.

Gene expression analysis using RNA-Seq and RT-qPCR
identified an increase in the expression of the GA deactiva-
tion dioxygenase gene, GA2ox6 (Figure 6A), as well as an
early downregulation of the GA biosynthesis gene GA3ox2
(Supplemental Figure S8A), suggesting that there is a reduc-
tion in GA signaling in response to K+-deprivation. Increased
accumulation of the DELLA fusion protein RGA:GFP in the
LRs of seedlings grown under K+-deprived conditions
(Figure 6, C and D) is proposed to mediate the reduced cell
division and LR growth in response to K+-deprivation. Both
restoration by exogenous GA of LR cell division and growth
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under K+-deprivation, and the effects of the GA inhibitor
PAC in phenocopying K+-deprivation, supports the hypothe-
sized link between K+-deprivation, reduced GA signaling,
and reduced LR growth (Supplemental Figure S11).

The data presented here suggest that the reduction in GA
responses may be regulated at a number of levels. The first
is through increased GA deactivation, as shown through in-
creased expression of GA2ox6 after 54 and 72 h K+-depriva-
tion (Figure 6A). The second level is through reduced
biosynthesis of GA; however, the data presented here are
not conclusive on that specific point, and this requires fur-
ther metabolomic work. An early reduction in biosynthesis
is suggested by the RNA-Seq data, with a downregulation of
the GA3ox2 biosynthetic gene after 30 h. However, data on
the expression levels of GA3ox1 showed a small increase in
expression levels after 54 and 72 h K+-deprivation

(Figure 6B). Increased DELLA activity increases expression of
GA20ox1 and GA3ox1 and decreases levels of GA2ox through
a feedback mechanism (Hedden and Kamiya, 1997; Cowling
et al., 1998; Thomas et al., 1999; Xu et al., 1999). GA3ox1 is a
known direct target of DELLA proteins (Zentella et al.,
2007), and so this could explain why GA3ox1 expression
increases in response to K+-deprivation. This suggests that
GA levels could also be controlled through a feedback loop
with DELLA proteins in response to K+-deprivation.

Data presented here suggest a potential mechanism for
GA regulation through JUB1 and the CBF regulon. JUB1
restricts root growth in response to drought by activating
growth-inhibitory DELLAs (Thirumalaikumar et al., 2018)
and may play a similar role in the response to K+ stress. CBF
regulon genes regulate GA and DELLAs in response to cold
(Achard et al., 2008a; Zhou et al., 2017)—CBF3 through the

Figure 8 Role of TFs in regulating LR growth under K+-deprivation. A, Average LR growth over 3 d K+-deprivation in WT and erf5 erf6 double mu-
tant seedlings. B, Average LR length of WT, jub1-1 and JUB1 overexpressing seedlings after 8 d K+-deprivation. C, D, Mean length of PRs (C) and
LRs (D) after 4 d of growth on half MS10 and then 8 d of K+ treatment (2 or 0.005 mM) of Col-0 and CBF1-overexpressing seedlings. E, F, Average
LR growth over 3 d (E) and 8 d (F) K+-deprivation in WT and sfr6-1 mutant seedlings. Values are averages taken from nine individual seedlings (A,
B), 17 seedlings (C, D), and 21 seedlings (E, F) ±SE. Letters indicate significance with a Tukey pairwise comparison, P5 0.05.
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upregulation of GA2ox7 and RGL (Zhou et al., 2017) and
CBF1 through increasing the expression of GA2ox3, GA2ox6,
and also through the increase in transcript levels of the
DELLA gene RGL3 (Achard et al., 2008a). This provides a po-
tential mechanism linking K+-deprivation, TF expression,
and GA signaling to LR growth and development.

A reduction in GA levels leading to DELLA accumulation
and inhibition of growth has been identified as a key re-
sponse to salt, cold, osmotic stress, and low phosphate sig-
naling (Achard et al., 2006, 2008a, 2008b; Jiang et al., 2007;
Magome et al., 2008; Dubois et al., 2013; Rowe et al., 2016).
Each pathway involves GA deactivation as a key point of
control, with increased transcriptional regulation of GA2ox
genes in each pathway (Jiang et al., 2007; Achard et al.,
2008a; Magome et al., 2008; Dubois et al., 2013). Work pre-
sented in the current paper has identified K+-deprivation as
another abiotic stress response mediated by increased
DELLA accumulation, leading to a reduction in growth.
However, this work presents a model where growth is re-
stricted specifically in the meristems of LRs in response to
K+-deprivation. We were unable to detect significant levels
of DELLA gene upregulation under K+-deprivation, consis-
tent with previous data that showed most DELLA genes are
not upregulated at the transcriptional level in response to
stress (Colebrook et al., 2014); though perhaps a very tran-
sient change in DELLA gene expression in restricted celltypes
would not be readily detectable, or that DELLA protein sta-
bilization occurs, and this requires further analysis. We sug-
gest that the observed transient stabilization of DELLAs is
sufficient to arrest cell division for growth, and given the
known interaction between auxin and GA signaling (Fu and
Harberd 2003), possibly by limiting the auxin transport to,
or responsiveness of LR meristems (Willige et al., 2011). This
could account for the complex relationship between K avail-
ability, GA, ethylene and auxin signaling, and the link with
LR development.

The ecological significance of the Col-0 root architectural
change in response to K+-deprivation has not been investi-
gated, although it has been suggested that LRs are more im-
portant than the PR for the uptake of immobile nutrients,
such as phosphorus and manganese, from the soil (Liu et al.,
2013), while a deeper root system is more important for tak-
ing up mobile nutrients such as K+ and nitrogen (Maeght
et al., 2013). As K+ is such an essential nutrient for growth
and functioning of a plant, this might explain the trade-off
between PR and LR growth, utilizing resources to grow in a
way more likely to find the mobile nutrient K+, deeper in
the soil. We suggest that such a mechanism is mediated by
the tissue-specific regulation of DELLA protein accumulation
via key stress-related TFs to limit cell division activity in LRs
in response to K+-deprivation.

Methods

Plant material
Arabidopsis (A. thaliana) WT seeds Col-0 were from labora-
tory stocks originally from Lehle Seeds (Round Rock, TX,

USA). All mutants and reporters were in the Col-0 back-
ground, obtained from lab stocks unless otherwise stated.
proRGA::RGA::GFP seed (Silverstone et al., 2001) was courtesy
of Ari Sadanandom (Durham University, UK); QC25::GUS
courtesy of Ben Scheres (Wageningen University, the
Netherlands); WOX5::GFP courtesy of Chunli Chen
(Huazhong Agricultural University, Wuhan, China);
CYCB1;2:GUS was obtained from the Nottingham
Arabidopsis Stock Center; ga2ox quintuple mutant was cour-
tesy of Steve Thomas (Rothamsted Research, Harpenden,
UK; Rieu et al., 2008); jub1-1 and the JUB1 overexpresser
courtesy of Salma Balazadeh (University of Potsdam,
Germany; Wu et al., 2012); sfr6-1, erf5 erf6 and CBF1 overex-
presser courtesy of Marc Knight and Heather Knight
(Durham University, UK; Knight et al., 2009).

Plant growth conditions
Seeds were surface-sterilized for 1 min with 70% (v/v) etha-
nol, 15 min with 20% v/v commercial bleach with a drop of
0.1% v/v Tween-20, then rinsed 4 times with sterile deion-
ized water. Seeds were stratified for 4–7 d in the dark at 4�C
to encourage and synchronize germination. Seedlings were
grown for 4 d on horizontal sterile 10 � 10 cm square Petri
dishes containing 50 mL of solid half MS10 growth medium
(see below for details) containing an adequate supply of K+

so as not to stunt initial development and to allow selection
of seedlings with synchronized germination times. Plates
were sealed around the edges with MicroporeTM tape.
Seedlings were then transferred to vertical 10 � 10 cm
square Petri dishes containing 50 mL of solid K+ media for a
further 8 d, or vertical half MS10 plates for a further 5 d be-
fore being moved to K+ media for time-course experiments.
For RNA-Seq and RT-qPCR, seedlings were grown for 4 d on
horizontal plates then for 7 d on half MS10 vertical plates
before transfer to K+ media. Tissue was collected for RNA
extraction after 3 and 30 h. The vertical 10 � 10 cm Petri
dishes were placed vertically in cardboard racks constructed
to allow light to the shoots but not to the roots. All experi-
ments were conducted in growth rooms or growth cabinets
under long-day conditions (16 h light: 8 h dark) at 22�C.

Culture media
Half-strength Murashige and Skoog medium (half MS10;
Murashige and Skoog, 1962) comprised 2.2 g/L Murashige
and Skoog medium (SIGMA M5519), 10 g/L sucrose, ad-
justed to pH 5.7 with 1 M KOH, and 8 g/L agar (SIGMA
A1296). For the high and low K+ media, a stock of growth
medium was made up lacking K+: the stock consisted of
1.497 mM CaCl2, 0.363 mM Ca(H2PO4)2, 10.3 mM NH4N03,
0.7506 mM MgSO4.7H2O, 29.21 mM sucrose, 50 mL/L half-
strength MS Vitamins 10� and 500mL/L half-strength
Murashige and Skoog basal salt micronutrients from 1,000�
stock. The solution was adjusted to pH 5.7 with 1 M NaOH
solution. Different concentrations of K+ ions were added to
the media using K2SO4 to achieve final K+ concentrations of
2 mM (K+-sufficient) and 0.005 mM (K+-deprived), and 8 g/L
agar (SIGMA A1296) was added. Final [K+] of 2 and
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0.005 mM were selected following a phenotyping study using
a K+-concentration gradient from 20 to 0.005 mM
(Supplemental Figure S1) and consensus was obtained with
published response phenotypes (Kellermeier et al., 2013).

RNA extraction and RNA-Seq library preparation
For RNA-seq, three biological replicates treatments were
used with seedlings sampled at 3 and 30 h after transfer of
seedlings to either sufficient or deprived K+ media. Whole
seedlings (total 100 mg FW) were flash frozen in liquid nitro-
gen and used to identify changes in gene expression in aerial
parts as well as roots. Tissue was ground using a TissueLyser
II (QIAGENVR , Manchester, UK) before RNA extraction. RNA
extraction was carried out using the SIGMA SpectrumTM

Plant Total RNA Kit following the manufacturer’s instruc-
tions (RT-qPCR analysis) or using a Trizol (TRI ReagentVR

SIGMA) chloroform extraction method followed by washes
described in the SIGMA SpectrumTM Plant Total RNA Kit
(RNA-Seq analysis). An on-column DNA digestion was also
carried out for all samples (SIGMA). The extracted RNA was
analyzed using a Nanodrop 1000 spectrophotometer
(ThermoFisher Scientific, Hemel Hempstead, UK). Samples
for RNA-Seq were also analyzed on the Agilent 2200
TapeStation, where RNA samples with RNA integration
number equivalent (RINe) 47.0 were taken forward to li-
brary preparation.

RNA-Seq library preparation was completed using the
NEBNextV

R

UltraTM Directional RNA Library Prep Kit for
IlluminaVR protocol for use with NEBNext Poly(A) mRNA
Magnetic Isolation Module (NEB #E7490) following the man-
ufacturer’s instructions (NEB, Hitchin, UK). Total RNA of be-
tween 100 ng and 1mg was used. Library quality was
assessed using a DNA analysis ScreenTape on the Agilent
Technologies 2200 TapeStation. RT-qPCR was then used for
sample quantification using NEBNextV

R

Library Quant Kit
Quick Protocol Quant kit for IlluminaVR . Samples were di-
luted to 10 nM. Seven microliters of each 10 nM sample
were pooled together and all were run on one lane using
the Illumina HiSeq 2500, through the DBS Genomics facility
at Durham University.cDNA synthesis for PCR and RT-qPCR
was carried out using 5 ng of RNA in a 20 lL reaction mix-
ture. The reactions used SuperScriptV

R

III First-Strand
Synthesis Supermix (Invitrogen Ltd., Paisley, UK) following
the manufacturer’s protocol and primed with Oligo(dT)20.
The cDNA samples were diluted with sterile distilled water
in the ratio of 1:4 before use in PCR and RT-qPCR. PCR am-
plification with ACT2 primers (see Supplemental Table S3
for primer sequences) designed over an intron was used to
ensure cDNA samples were not contaminated with genomic
DNA.

RT-qPCR
AT1G13320 was used as a reference gene for all RT-qPCR
analyses due to its stable expression profile across a wide
range of developmental and environmental conditions
(Czechowski et al., 2005), and its consistency across K+ con-
centrations. RT-qPCR reactions were conducted using 2�

SensiFAST SYBRVR No-ROX Mix and were run on a Rotor-
Gene Q Machine (QIAGEN, Hilden, Germany). Expression
analysis was conducted using the Rotor-Gene Q Series soft-
ware version 1.7. Relative normalized levels of transcript of
each gene were calculated relative to the reference gene and
analyzed by comparative quantification using an assumption-
free, linear regression analysis approach (Ramakers et al.,
2003). Primer sequences are listed in Supplemental Table S3
or, for DELLA genes, in Supplemental Figure S9.

Analysis of RNA-Seq data
Results from the Illumina HiSeq 2500 were processed using
the following steps. Trimmomatic (Bolger et al., 2014) was
used to cut down and remove low-quality reads, TopHat2
(Kim et al., 2013) was used for the alignment of reads
against TAIR10 (EnsemblePlants), SAMtools (Li et al., 2009)
indexed and sorted the binary sequence alignment files
(BAM files) then converted them into readable (SAM) files.
HTSeq version 0.6.1 (Anders et al., 2015) was used to
estimate gene counts, then EdgeR (Robinson et al., 2010;
McCarthy et al., 2012) normalized gene counts and
estimated differential expression between sample groups.
A P 40.05, a log-fold change 50.5, and FDR5 0.05 were
selected to identify DEGs. This P-value was used because
K+-deprivation does not lead to major alterations in tran-
script abundance (Maathuis et al., 2003; Gierth et al., 2005;
Ma et al., 2012). GO enrichment analysis was carried out us-
ing the online tool agriGO (Du et al., 2010; Tian et al., 2017),
and further analyzed using the online tool REVIGO, which
summarizes the list of GO terms and reduces functional re-
dundancies allowing the visualization of the data in easy to
interpret formats (Supek et al., 2011).

Root length analysis
Vertical plates were scanned using a flatbed scanner (Epson
Expression 1680Pro, Epson, UK) at resolution 600 dpi.
Primary root (PR) length, lateral root (LR) number, and LR
length were analyzed from these images using ImageJ
(Schneider et al., 2012) with the plugin SmartRoot (Lobet
et al., 2011). All LRs were measured when they were long
enough to be identified by the analysis software (ca.
4200mm). Data from ImageJ were then transferred to
Microsoft Excel to produce graphs. Anchor roots (defined as
roots emerging from the hypocotyl–root junction; Ingram
et al., 2011) were discounted from analysis. The auxin re-
porter DR5::GUS (Sabatini et al., 1999) was used as a marker
for early LR development in LR progression analysis. Tissue
localization of GUS enzyme activity was performed as de-
scribed by Topping and Lindsey (1997), and roots were ex-
amined using compound light microscopy.

Compound light microscopy
Histological tissue sections were mounted in chloral hydrate
solution (8 g chloral hydrate, 1 mL glycerol, 2 mL water) and
examined by compound light microscopy using a Zeiss
Axioskop microscope (Carl Zeiss, Cambridge, UK) equipped
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with a QImaging Retiga-2000r camera (Photometrics,
Marlow, UK) and a �20 objective.

Confocal scanning laser microscopy
To reveal cell organization, roots were stained in 0.5mg/mL
propidium iodide (PI) solution for 1 min 30 s, then washed
for 1 min in sterile distilled water. Roots were then mounted
on slides in sdH2O, a 1.5-mm cover slip was placed on top,
secured by MicroporeTM tape and imaged using a Leica SP5
TCS confocal microscope (www.leica-microsystems.com) us-
ing either �40 or �63 oil immersion objectives. Excitation
of fluorophores was performed as follows: GFP at 488 nm us-
ing the Argon laser, and PI at 548 nm using the HeNe laser.

Image analysis
Image J (Schneider et al., 2012) was used for analysis. For
analysis of meristem size, the straight-line tool was used to
draw a line and measure from the QC to the end of the
meristem (defined as the first cell that was twice the length
of the immediately preceding cell; González-Garcı́a et al.,
2011). For analysis of proRGA::RGA::GFP, the polygon tool
was used to draw around the meristem of the LRs and the
mean green channel intensity was calculated using the color
histogram tool. Background was measured and subtracted
from the value.

Statistical analysis
All statistical analyses were performed in IBM SPSS Statistics
for Windows version 22 (Armonk, NY, USA; IBM Corp.). The
0.05 level of significance was used. The one-way analysis of
variance and Tukey pairwise comparison post hoc test were
used to determine significance between the means of 53
independent groups. An independent samples t test was
used to determine significance between the means of two
independent groups.

Accession numbers
SFR6: AT4G04920; JUB1: AT2G43000; CBF1: AT4G25490;
ERF5: AT5G47230; ERF6: AT4G17490; RGA: AT2G01570.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1 LR growth on different K+

concentrations.
Supplemental Figure S2 Effect of K+-deprivation on LR

cells.
Supplemental Figure S3 Treemap output from REVIGO

(Supek et al., 2011) of the genes identified as significantly
upregulated after 3h K+ starvation following RNA-Seq.

Supplemental Figure S4 Treemap output from REVIGO
(Supek et al., 2011) of the genes identified as significantly
downregulated after 3h K+ starvation following RNA-Seq.

Supplemental Figure S5 Treemap output from REVIGO
(Supek et al., 2011) of the genes identified as significantly
upregulated after 30h K+ starvation following RNA-Seq.

Supplemental Figure S6 Treemap output from REVIGO
(Supek et al., 2011) of the genes identified as significantly
downregulated after 30 h K+ starvation following RNA-Seq.

Supplemental Figure S7 The effect of auxin supplemen-
tation on the LR growth response to K+-deprivation.

Supplemental Figure S8 JUB1 gene expression and pre-
dicted protein interactions.

Supplemental Figure S9 DELLA gene expression following
K+ treatment.

Supplemental Figure S10 Effect of GA on LR meristem
activity under K+-deprivation.

Supplemental Figure S11 Proposed model for how K+-
deprivation affects LR growth through transient regulation
of GA and DELLA levels in Arabidopsis Col-0.

Supplemental Table S1 DEG list 3 and 30 h K+-
deprivation

Supplemental Table S2 List of genes both upregulated by
K+ starvation (either after 3 or 30 h, or both) and also iden-
tified by GO analysis as relating to ethylene signaling

Supplemental Table S3 Primer sequences for RT-qPCR

Acknowledgments
F.M.H., M.K., and K.L. gratefully acknowledge the UK
Biotechnology and Biological Sciences Research Council and
the N8 AgriFood program for funding.

Conflict of interest statement. None declared.

References

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz
T, Van Der Straeten D, Peng J, Harberd NP (2006) Integration of
plant responses to environmentally activated phytohormonal sig-
nals. Science 311: 91–94

Achard P, Genschik P (2009) Releasing the brakes of plant growth:
how GAs shutdown Della proteins. J Exp Bot 60: 1085–1092

Achard P, Gong F, Cheminant S, Alioua M, Hedden P, Genschik P
(2008a) The cold-inducible CBF1 factor-dependent signalinng path-
way modulates the accumulation of the growth- repressing DELLA
proteins via its effect on gibberellin metabolism. Plant Cell 20:
2117–2129

Achard P, Renou JP, Berthomé R, Harberd NP, Genschik P
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