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Abstract Potassium (K*) is a major limiting element of
plant growth, and crops often suffer from low-K* (LK)
stress. Although nitric oxide (NO) is a signaling molecule
involved in plant root adaptation to the environment, it
remains unclear whether it participates in root growth regu-
lated by LK conditions. Two tobacco cultivars (Nicotiana
tabacum L.) exhibiting variant growth features under LK
were used in this study. We investigate the effects of LK
on root growth, NO accumulation, nitrate reductase (NR)
activity and effects of a NO Donor (SNP and NONOate),
NO scavenger (cPTIO), NR inhibitor (tungstate), and NO
synthase inhibitor (L-NAME) on elongation of first-order
lateral roots (LR). Compared with control treatment, the
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LK-tolerant cultivar NC89 maintained plant growth under
LK at 14 days, whereas the dry weight was reduced sig-
nificantly in the LK-susceptible cultivar Yunyanl. Low-K*-
inhibited root growth, mostly by impairing first-order LR
formation and elongation was only recorded in cv. Yun-
yanl. NO accumulation increased in root tips even when
cv. Yunyanl was subjected to LK at day 1. LK-induced
NO was generated by the NR pathway during early LK.
Application of SNP and NONOate to control-treated plants
decreased first-order LR elongation to levels similar to LK
treatment in cv. Yunyanl, whereas cPTIO, L-NAME, and
tungstate application had the opposite effect. Further results
suggested that NO might be involved in auxin-mediated LR
elongating as plants respond to LK. In conclusion, NO gen-
erated by the NR pathway may be involved in the inhibition
by LK stress of first-order LR elongation in tobacco plants.
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Introduction

Potassium (K¥) is a major nutrient essential for plant
growth and development. It accounts for up to 10% of plant
dry weight and is (quantitatively) the most important cation
in plant cells (Leigh and Wyn 1984). However, the K* con-
centration in soil solutions is generally within the range of
0.025-5.0 mM (Barber 1995), but in the rhizosphere, the
concentration is usually less than 0.3 mM (Schroeder and
others 1994). Even in fertilized fields, K* availability var-
ies with environmental conditions, such as drought and soil
density (Kuchenbuch and others 1986; Liebersbach and
others 2004). Therefore, plants may frequently experience
K™ deficiency (LK).

The ability of plants to respond to nutrient deficiencies
through changes in root architecture is a basic element of
adaptation to the environment. Physiological, metabolic,
and morphological root adaptations to LK have been
recorded in many plant species [for example, Arabidopsis
(Armengaud and others 2004; Schachtman and Shin 2007
Jung and others 2009), cotton (Zhang and others 2009),
barley (Drew 1975), and rice (Ma and others 2012)]. In a
classic study of Drew (1975), increased lateral root (LR)
growth in barley seedlings was investigated when K* was
supplied only to selected portions of the root system. In
contrast, seedlings of the model plant Arabidopsis typically
respond to LK by dramatically reducing LR initiation and
elongation (Armengaud and others 2004; Schachtman and
Shin 2007; Gruber and others 2013). Interestingly, Keller-
meier and others (2013) reported that in response to low
K*, there seems to be an antagonism between lateral and
primary root growth in Arabidopsis, with the resulting root
architecture dependent on accession. Although plant root
responses to K* deficiency are well documented at the
physiological level, the regulatory mechanisms underlying
these changes are still obscure.

Root growth is regulated by extrinsic environmental sig-
nals and intrinsic developmental programs. More and more
data have revealed that root morphology under K*-deficient
conditions is regulated by phytohormones such as ethylene
and auxin (Muday and others 2012; Wang and Wu 2013;
Song and others 2015). Ethylene is induced by K*-deficiency
stress (Shin and Schachtman 2004) and enhances auxin trans-
port toward roots by increasing PIN3 and PIN7 transcription
in the central cylinder, resulting in auxin accumulation in
the meristematic zone (Muday and others 2012). The sign-
aling molecule nitric oxide (NO) also plays a pivotal role in
root growth modulation (adventitious root formation, Pag-
nussat and others 2003; LR development, Correa-Aragunde

and others 2004; Sun and others 2015; root hair formation,
Lombardo and others 2006; primary root elongation, Zhao
and others 2007; Fernandez-Marcos and others 2011; Bai
and others 2014; Manoli and others 2014; Sun and others
2016). Fernandez-Marcos and others (2011) suggested that
higher levels of NO reduced root meristem activity. Con-
versely, Sanz and others (2014) reported that depletion of NO
reduced primary root elongation and NO-deficient mutant
roots had small root meristems, suggesting an important role
for NO in the regulation of stem cell decisions. Lira-Ruan
and others (2013) reported that NO has a dual action on
Arabidopsis LR branching, slightly promoting it in the root
portion formed before the treatment and strongly inhibiting it
in the root portion formed during the treatment. Studies have
shown the involvement of NO in root development, modu-
lated by nutrient deficiency (Zhao and others 2007; Chen and
others 2010; Wang and others 2010; Meng and others 2012;
Trevisan and others 2014). Interestingly, NO is important in
the shared signaling pathway of the P- and Fe-deficiency-
induced formation of cluster roots in white lupin and the N-
and P-deficiency-induced elongation of seminal roots in rice
(Meng and others 2012; Sun and others 2016). Therefore, it
could be hypothesized that NO is also involved in a signaling
pathway in K*-deficiency-regulated root growth. However,
the role of NO in the LK-induced signaling pathway requires
further investigation.

Tobacco (Nicotiana tabacum L.) is an economically
important crop worldwide. K* is deficient in most tobacco-
producing areas in China, thus supplemental K* fertiliza-
tion is often required to achieve or maintain yields. From
the sustainable and eco-friendly viewpoint of modern agri-
culture, the use of K*-efficient genotypes tolerant to K*
deficiency may be used to exploit the biological potential
of plants. In this study, two tobacco cultivars exhibiting
variant growth features under LK stress were examined to
elucidate the underlying tolerance mechanism of tobacco
to K* deficiency. We found that an LK-tolerant tobacco
cultivar (NC89) could maintain higher K* concentrations
than an LK-susceptible tobacco cultivar (Yunyanl) dur-
ing the experimental period. Furthermore, cv. NC89 could
maintain plant growth, including root morphology, whereas
LK-induced inhibition was observed in cv. Yunyanl under
LK treatment. Our results suggest that NO plays an impor-
tant role in modulating the elongation of first-order LRs in
tobacco plants as an adaptation to K*-deficiency.

Materials and Methods
Plant Growth

Two tobacco genotypes (Nicotiana tabacum L.), low-K*-
tolerant “NC89” and low-K*-susceptible “Yunyanl” seeds,
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kindly provided by the National Infrastructure for Crop
Germplasm Resources (Tobacco, Qingdao), were used as
experimental subjects in this study. Two tobacco genotypes
were selected from differential responses of 35 tobacco
genotypes to K* deficiency in preliminary experiments
with three independent biological replicates (unpublished
data).

Seeds were germinated in trays filled with a mixture
of peat and vermiculite (V:V, 1:1) held in a greenhouse
under natural illumination and day/night temperatures of
28/22°C. Twenty-five-day-old seedlings of uniform size
and vigor were transplanted into holes in lids of 7 L pots
(ten holes per lid and one seedling per hole). One-quarter
strength Hoagland’s nutrient solution (Hoagland and Arnon
1950) was supplied for 14 and 21 days. Seedlings were then
subjected to two treatments: K™ deficiency (LK, 0.01 mM)
or normal nutrition (control, 2 mM). Potassium was sup-
plied in the nutrient medium as K,SO,. The nutrient solu-
tion (pH 6) comprised 1.25 mM Ca(NO;),, 0.25 mM
NaH,PO,, 0.5 mM MgSO,7H,0, 20.0 uM Fe-EDTA,
9.1 uM MnCl,, 0.5 uM (NH,)¢Mo,0,,, 46 uM H;BO;,
0.8 uM ZnSO,, and 0.3 uM CuSO,. The nutrient solution
was replaced daily and aerated for 30 min to maintain opti-
mal oxygen content. Each treatment was replicated fourfold
and arranged in a completely randomized design to avoid
edge effects. In addition, all experiments included three
independent biological replicates. The plants were har-
vested after 14 or 21 days of treatment. Root samples were
snap-frozen in liquid N, and stored at —70°C until further
measurement.

Preliminary experiments were conducted to determine
the appropriate application levels for cvs NC89 and Yun-
yanl. Pharmacological responsiveness to sodium nitro-
prusside (SNP) differed between the two tobacco cultivars
(Supplementary Figs. 1, 2). For example, application of 1
or 2.5 uM SNP in addition to control nutrition inhibited
the first-order LR length of cv. Yunyanl to a level simi-
lar to that of LK treatment, whereas application of SNP
(=7.5 uM) inhibited first-order LR length in cv. NC89 com-
pared with control nutrition. Thus, two concentrations of
SNP (7.5 uM for cv. NC89 and 2.5 pM for cv. Yunyanl)
were used in subsequent experiments. Similarly, two con-
centrations of another NO donor, diethylamine NONOate
(NONOate, 100 uM for cv. NC89 and 50 uM for cv. Yun-
yanl) were used in subsequent experiments. Also, 80 uM
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO), 50 uM sodium tungstate dihydrate
(Tu), 100 uM NG-nitro-L-arginine methyl ester (L-NAME),
20 nM o-Naphthylacetic acid (NAA, exogenous auxin), and
60 nM N-1-Naphthylphthalamic acid (NPA, auxin transport
inhibitor) were applied every day with the change of solu-
tion. Except for NAA (dissolved in 1 M NaOH) and NPA
(dissolved in dimethyl sulphoxide), other chemicals were
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applied to the plant-growth media after being dissolved in
distilled water. These chemicals were from Sigma-Aldrich,
Inc. except L-NAME from J&K Scientific Ltd.

Measurement of Root System Architecture

Although tobacco is a dicotyledon, its taproot is not as well
differentiated as those of typical dicotyledonous species
(Song and others 2015). During the course of treatments
in hydroponic culture, first- and second-order LR develop-
ment differed significantly, but no changes were observed
in taproots. Accordingly, we investigated the effect of K*
deficiency on LRs and did not evaluate the taproots.

We measured total root length and volume using a Win-
RHIZO scanner-based image analysis system (Regent
Instruments, Montreal, QC, Canada). The lengths of first-
order LRs were measured using a ruler. Average lengths
of second-order LRs were determined using a root analy-
sis apparatus. The number of first-order LRs was counted
by eye. We calculated second-order LR density by dividing
the counts of second-order LRs by the lengths of first-order
LRs.

Measurement of K* Concentration

K* concentration was determined in the leaves and roots of
tobacco seedlings following the procedures described by
Song and others (2015). Desiccated samples were ground
into powder. About 50 mg of the powder was digested in
H,SO, and H,0, at 270°C. After cooling, the sample was
diluted to 100 mL with distilled water. K concentrations
were determined by inductively coupled plasma emission
spectrometry (Optima 2100DV, Perkin Elmer, Waltham,
MA, USA).

Measurement of NO by Using Two Methods

On the one hand, NO in the root tips was imaged using
diaminofluorescein-FM diacetate (DAF-FM DA) and an
epifluorescence microscopy. The root tips were loaded with
10 uM DAF-FM DA in 20 mM HEPES-NaOH buffer (pH
7.5). After incubating in darkness for 30 min, the root tips
were washed three times in fresh buffer and immediately
visualized using a stereomicroscope with a color CCD
camera, excitation at 488 nm, and emission at 495-575 nm
(Olympus MVX10). Signal intensities of green fluores-
cence in the images were quantified according to Xie and
others (2013) using Photoshop software (Adobe Systems,
San Jose, CA, USA). Data are presented as relative units
of pixel intensities via region of interest analysis, pro-
vided by the Photoshop software. The background of green
fluorescence in the root tip was load without treatment of
10 uM DAF-FM DA; the final NO fluorescence data were
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calculated as green fluorescence with treatment of 10 uM
DAF-FM DA minus the background data.

On the other hand, NO production was determined by
using Griess reagent. NO production was determined using
the method described by Zhou and others (2005). Absorb-
ance was assayed at 540 nm; NO content was calculated by
comparison to a standard curve of NaNO,.

Determination of Nitrate Reductase (NR) Activity

Nitrate reductase activity in tobacco roots was measured
using the method described by Ogawa and others (1999)
with some modification. The assay mixture for NR activ-
ity contained 25 mM potassium phosphate buffer (pH 7.5),
10 mM KNO;, 0.2 mM NADH, 5 mM NaHCO;, and 5 pL
of extract in a final volume of 0.5 mL. The assays were
conducted at 30°C for 15 min. The reaction was terminated
by the addition of 50 uL of 0.5 M Zn(CH;COO), and the
excess NADH was oxidized by the addition of 50 pL of
0.15 mM phenazine methosulfate. The mixture was centri-
fuged at 10,000 g for 5 min. The amount of NO,™~ produced
was measured by combining 500 pL of the supernatant with
250 pL of 1% sulfanilamide prepared in 1.5 N HCI and
250 uL of 0.02% N-(1-Naphthyl)ethylene-diamine dihydro-
chloride and reading at 540 nm in a spectrophotometer.

qRT-PCR Analysis

Transcript levels of the tobacco NR genes (NtNIAI,
LOC104097998; NtNIA2, LOC104248549), K* trans-
porter and channel genes (NtHAKI, DQ841950.1; NtHKT1,
LOC104095513; NtNKTI, AB196790.1), and marker
gene of the cell cycle activity within the root meristem
(NtCYCBI;1, Z37978.2) were compared to that of NtL25
(L18908.1), which is a stable reference gene (Schmidt and
Delaney 2010). RNA extraction, reverse transcription, and
quantitative real-time PCR (qRT-PCR) were performed
following procedures described by Livak and Schmittgen
(2001) and Sun and others (2016). Primer sets are listed in
Supplementary Table 1.

Data Analysis

Experimental data were pooled for calculations of means
and standard error (SE) and subjected to student’s t-test or
one-way analysis of variance (ANOVA) followed by multi-
ple comparison tests (LSD). All statistical procedures were
performed using the SPSS ver. 11.0 software (SPSS Inc.,
Chicago, IL, USA). In all analyses, significant differences
were determined at p <0.05.

Results

Responses to K* Deficiency Differ Between the Two
Tobacco Cultivars

In comparison with normal treatment (CK), shoot and root
growth were significantly reduced by the K*' deficiency
treatment (LK) at 14 days only in cv. Yunyanl (Fig. la,
b). K* deficiency markedly reduced the shoot and root
dry weight of cv. Yunyan 1 by 46 and 42%, respectively.
Interestingly, we detected no significant differences in plant
growth of cv. NC89 between the two treatments. To further
analyze the effect of K* deficiency on growth of tobacco
plants, we prolonged the growth duration. At 21 days, LK
decreased shoot and root dry weight in cv. NC89 by 21
and 23%, respectively, whereas cv. Yunyanl growth was
inhibited by about 50% compared with the control treat-
ment (Fig. 1c). Accordingly, cv. NC89 was recognized as a
LK-tolerant cultivar and cv. Yunyanl as an LK-susceptible
cultivar.

K* deficiency significantly decreased K* concentra-
tion in the roots and shoots of tobacco at 14 days (Fig. 2a).
The decrease in K* concentration was higher in cv. Yun-
yanl than in cv. NC89 under K* deficiency. Furthermore, a
similar tendency was observed in relative expression of two
high-affinity K* transporters (HAK1 and HKTI) rather than
that of a putative inwardly directed K* channel (NKTI)
(Fig. 2b), which might explain the greater resistance to K*
deficiency of cv. NC89 than cv. Yunyanl.

K™ Deficiency Inhibited the Formation and Elongation
of First-Order LRs Only in cv. Yunyanl

K* deficiency significantly decreased root growth in cv.
Yunyanl relative to the control treatment at 14 days,
whereas no difference was recorded in the root growth of
cv. NC89 (Fig. 3). K* deficiency markedly reduced total
root volume and length in cv. Yunyanl relative to the con-
trol by 44 and 37%, respectively. Further analysis showed
that K deficiency decreased the number and average
length of first-order LRs by 36 and 37%, respectively, com-
pared with the control. However, we detected no significant
differences in the density and average length of second-
order LRs between the two treatments, similar to our previ-
ous report (Song and others 2015).

K* Deficiency Increases the NO Level in cv. Yunyanl,
but not in cv. NC89

The signaling molecule NO plays a pivotal role in root
growth modulation (Pagnussat and others 2003; Correa-
Aragunde and others 2004; Zhao and others 2007; Fernan-
dez-Marcos and others 2011; Bai and others 2014; Manoli
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Fig. 1 Phenotype of two
tobacco cultivars responding

to K* deficiency. Seedlings
were subjected to K* deficiency
(LK, 0.01 mM) or provided
with normal nutrition (con-
trol, 2 mM) for 14 days (a, b)
or 21 days (c¢) in hydroponic
culture. Bar=5 cm. Values are
means of four replications +SE
and bars with different letters
indicate significant differences
at p <0.05, as determined by
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and others 2014; Sun and others 2015). To determine
whether NO participates in the elongation of first-order
LRs in the presence of K* deficiency, we measured NO-
associated green fluorescence in the root tips of first-order
LRs of two tobacco cultivars at 1 and 14 days (Fig. 4). The
NO-associated green fluorescence in the root tip and rela-
tive NO content was visibly increased by the K*-deficient
condition only in cv. Yunyanl even at day 1, compared
with normal nutrition (Fig. 4a, c, d). Fluorescence signal
intensity showed LK-induced accumulation of NO in the
root tips by 71% at day 1 and by 114% at day 14 in cv. Yun-
yanl. No difference was recorded in cv. NC89 under the
two treatments (Fig. 4a—c).

The LK-Induced Increase in NO Level was due
to the Nitrate Reductase Pathway

Nitrate reductase has been identified as an important enzy-
matic pathway for NO production in plants (Wilson and
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others 2008). Relative NR activity was assessed in the
roots of tobacco plants at days 1, 2, 7, and 14 (Fig. 5a, b).
The time-course of NR activity differed between the two
tobacco cultivars. For example, in cv. Yunyanl, relative
NR activity was induced by 83 and 46% by LK treatment
at days 1 and 2, and decreased thereafter. qRT-PCR analy-
sis showed that NIAI and NIA2 RNA levels were increased
considerably in the roots of cv. Yunyanl (Fig. 5¢). How-
ever, no difference was observed in relative NR activity in
cv. NC89 between the two treatments. This suggests that
LK-induced NO in an LK-susceptible tobacco cultivar was
generated via the NR pathway at the start of treatment.

Exogenous Application of an NO Donor and Scavenger
Affect First-Order LR Elongation

We examined the responses of first-order LR elongation
to the application of the (i) NO donor SNP and NONOate,
(i) NO scavenger cPTIO, (iii) NOS inhibitor L-NAME,
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Fig. 2 K" concentration and expression of K* transporters and chan-
nel in two tobacco cultivars in response to K* deficiency. Seedlings
were subjected to K* deficiency (LK, 0.01 mM) or provided with
normal nutrition (Control, 2 mM) for 14 days in hydroponic culture.
a K* concentration in shoots and roots, b relative gene expression of

and (iv) NR inhibitor tungstate to determine whether the
increased NO level (resulting from K* deficiency) was
responsible for belowground changes in tobacco root mor-
phology (Figs. 6, 7). In cv. NC89, the first-order LR length
decreased significantly at SNP concentrations of at least
7.5 M (Fig. S1). In cv. Yunyanl, the first-order LR length
decreased upon application of 1.25-10 uM SNP and upon
2.5 uM SNP application decreased to a similar level to
that under LK treatment (Fig. S2). Interestingly, a different
response to another NO donor (NONOate) was recorded
in the two tobacco cultivars. Thus, two SNP concentra-
tions (7.5 pM, cv. NC89; 2.5 uM, cv. Yunyanl) and two
NONOate concentrations (100 pM, cv. NC89; 50 uM, cv.
Yunyanl) were used in subsequent analyses. Application
of SNP and NONOate markedly induced NO accumulation
and decreased first-order LR length in both tobacco culti-
vars. Furthermore, in cv. Yunyanl, application of SNP and

two high-affinity K* transporters (HAKI and HKTI) and one inward
channel (NKTI). Values are means of four replications +SE and bars
with different letters indicate significant differences at p <0.05, as
determined by ANOVA followed by the LSD test (a) and by Student’s
t-test (b)

NONOate affected NO accumulation and average length
of first-order LR to a similar level as that under LK stress.
In two rice cultivars, the application of cPTIO, L-NAME,
or tungstate markedly decreased NO accumulation and
increased first-order LR length, in contrast to the applica-
tion of SNP and NONOate. Thus, increased NO levels were
related to the shifts in first-order LR elongation modulated
by K" deficiency.

Involvement of NO in Auxin-Mediated
K*-Deficiency-Inhibited First-Order Elongating

It has been reported that auxin was also involved in the
regulation of K*-deficiency-induced root elongating (Song
and others 2015), the relationship between NO and auxin
was therefore investigated. Application of NAA (exogenous
auxin) and NPA (auxin transport inhibitor) increased and
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decreased, respectively, first-order LR elongation under
both K* treatments (Song and others 2015). As shown in
Fig. 8, application of NAA decreased NO accumulation
and increased first-order LR length under two K* treat-
ments, as compared with control or LK-treated plants;
furthermore, SNP co-incubation maintained higher NO
accumulation and less first-order LR length in NAA-treated
plants under both K* treatments. Conversely, NPA co-
incubation did not restore the NO generation and first-order
LR length in cPTIO-treated LK plants. The above results
suggested that NO might be involved in IAA-mediated
K*-deficiency-induced root elongating.

Discussion
Potassium is a major limiting element of plant growth,

and crops often suffer from K'-deficiency stress. The
identification of crop cultivars with LK-tolerance and
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K*-efficient utilization in low-input farming systems con-
tinues to be an important goal for plant scientists (Fan and
others 2014; Wang and Wu 2013, 2015). In this study, two
tobacco genotypes exhibited variant growth features under
K*-deficiency treatment. In comparison to normal nutri-
tion, an LK-tolerant cultivar (NC89) maintained shoot and
root growth under LK-stress treatment at 14 days, whereas
biomass accumulation was inhibited by about 44% in an
LK-susceptible cultivar (Yunyanl). As expected, plant
growth was decreased by LK treatment in the two tobacco
cultivars with prolonged growth duration, but cv. NC89 still
maintained a higher dry weight than cv. Yunyanl at 21 days
(Fig. 1c). Furthermore, cv. NC89 maintained higher shoot
and root K* concentrations under K* deficiency than
cv. Yunyanl. This was consistent with the results from
two watermelon cultivars (Fan and others 2014). Several
KUP/HAK/KT transporters and one inward K* channel
(AKT1) from diverse plant species have been reported as
high-affinity K* transporters and K* channels involved
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Fig. 4 Accumulation of nitric oxide (NO) in the root tip of first-
order lateral roots in two tobacco cultivars in response to K* defi-
ciency. Seedlings were subjected to Kt deficiency (LK, 0.01 mM)
or provided with normal nutrition (control, 2 mM) for 14 days in
hydroponic culture. a NO production shown as green fluorescence in
the root tips at days 1 and 14, Bar=1 mm, b, ¢ NO production in

in K* uptake under LK conditions (Spalding and others
1999; Pyo and others 2010; Ma and others 2012; Wang
and others 2012; Wang and Wu 2013). Although it has
been reported that the transcripts of group I of the KUP/
HAK/KT family increase under K* restriction in roots of
many plant species (Santa-Marfa and others 1997; Gierth
and others 2005; Guo and Crawford 2005; Wang and Wu
2013), Yang and others (2014) found that OsHAKS5 expres-
sion increased substantially within 24 h after K* removal
whereas it were not significantly affected or decreased with
prolonged K* starvation in rice roots which was consistent
with the result of Okada and others (2008). We also found
that relative expression of two high-affinity K* transport-
ers (HAKI and HKTI) and a putative inwardly directed K*
channel (NKTI) decreased significantly by 14-days K™ star-
vation in two tobacco roots. Interestingly, compared with
control tobacco plants, a higher expression level of two

Day 14

0
A

~_~
(=7
-’
-
A

Relative NO content

14 NC89

Yunyan1

Treatmenttime (d)

cv. NC89 (b) and cv. Yunyanl (c) expressed as relative fluorescence
intensity, d NO content detected by using Griess reagent in cvs NC89
and Yunyanl (d) at day 1, which was expressed as relative NO con-
tent. Values are means of four replications +SE and bars with differ-
ent letters indicate significant differences compared to control at the
same time point at p <0.05, as determined by Student’s t-test

high-affinity K* transporters was observed in cv. NC89
than in cv. Yunyanl (Fig. 2b). A similar result has been
reported by Ruan and others (2015) that a greater number
of high-affinity K* transporter genes were upregulated in
an LK-tolerant compared to an LK-susceptible wheat culti-
var. This likely explains the higher K* concentration in the
LK-tolerant compared to the LK-susceptible cultivar.

The root is the first plant organ that detects nutrient
deficiency in the external environment; thus the ability
of plant roots to respond to nutrient deficiency is a basic
element of adaptation to the environment. Because K* is
the main osmotic cation in plant root cells, it is reasona-
ble to surmise that K* deficiency would arrest root growth
(Armengaud and others 2004; Schachtman and Shin 2007
Jung and others 2009; Zhang and others 2009; Ma and oth-
ers 2012; Gruber and others 2013; Kellermeier and others
2013). However, the mechanism by which K* deficiency
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Fig. 5 Nitrate reductase (NR) activity and qRT-PCR analysis of NR
gene expression levels in the roots. Seedlings were subjected to K+
deficiency (LK, 0.01 mM) or provided with normal nutrition (Con-
trol, 2 mM) for 14 days in hydroponic culture. a cv. NC89, b cv. Yun-
yanl, c relative expression levels of NR genes (NIAI and NIA2) in cv.
Yunyanl. Values are means of four replications +SE and bars with
different letters indicate significant differences compared to control at
the same time point or for the same gene at p <0.05, as determined by
Student’s t-test

inhibits root growth needs more investigation. In the model
plant Arabidopsis, Kellermeier and others (2013) suggested
two extreme strategies of root morphological adaptation to
low K*; in strategy I, primary root growth is maintained
but LR elongation is compromised, whereas in strategy
II, arrested primary root elongation favors LR branching.

@ Springer

Tobacco, an economically important crop worldwide, has
a root architecture different from those of most dicotyle-
donous plants (Hochholdinger and others 2004). LRs make
up the bulk of the root system in tobacco seedlings, due
to the lack of a taproot. In the present study, inhibition of
root growth in the LK-susceptible cultivar was due mainly
to decreased formation and elongation of first-order LRs
rather than second-order LRs, consistent with the findings
in another tobacco cultivar (Song and others 2015). These
findings suggest that the strategy of tobacco root morpho-
logical adaptation to low K* was to arrest first-order LR
growth but maintain second-order LR.

Increasing data have revealed that root growth in
response to K* deficiency is regulated by ethylene and
auxin in Arabidopsis (Muday and others 2012; Wang and
Wu 2013). And our previous results showed that K* defi-
ciency inhibited first-order LR elongation in tobacco plants
by shifting auxin distribution (Song and others 2015). It has
been reported that NO functions as a signaling molecule in
the regulation of root development when plants are sub-
jected to nutrient deficiency (Zhao and others 2007; Meng
and others 2012; Sun and others 2016). Studies conducted
during the induction of diverse plant responses have dem-
onstrated an interaction between NO and plant hormones
such as auxin and ethylene (Kolberrt and others 2008;
Terrile and others 2012; Freschi 2013). However, whether
NO participates in LR growth regulated by K*-deficiency
remains unclear. In this study, first-order LR elongation
was decreased by 7.5 pM SNP (or 100 pM NONOate) in
NC89 and 2.5 pM SNP (or 50 pM NONOate) in cv. Yun-
yanl, confirming that the appropriate amount of NO could
reduce the elongation of first-order LRs in tobacco plants.
Interestingly, the accumulation of NO and the length of
first-order LRs were modulated by the application of
2.5 uM SNP (or 100 pM NONOate) in cv. Yunyanl, to lev-
els similar to those under LK, and were considerably inhib-
ited by the application of cPTIO under LK. Furthermore,
the application of SNP to control plants could decrease the
expression level of CYCBI;1, a marker gene of cell cycle
activity within the root meristem (Fig. S3), suggesting an
important role for NO in the regulation of stem cell deci-
sions. This was consistent with the result of Fernandez-
Marcos and others (2011). As for the crosstalk between
NO and auxin, although Terrile and others (2012) reported
the importance of NO in auxin signaling pathways, in most
of the reports NO was identified to function downstream
of auxins, apparently through linear signaling pathways
(Kolbert and others 2008; Freschi 2013). In this study, we
also found that NO might be involved in auxin-regulated
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Fig. 6 Accumulation of nitric oxide (NO) and average length of
first-order lateral roots in the NC89 tobacco cultivar. Seedlings were
grown in hydroponic medium containing normal nutrition (Con-
trol, 2 mM) or K* deficiency (LK, 0.01 mM) in addition to sodium
nitroprusside (SNP, 7.5 uM), diethylamine NONOate (NONOate,
100 M), 2-(4-carboxyphenyl)-4.,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO, 80 uM), NG-Nitro-L-arginine methyl ester

first-order LR elongation in response to K*-deficient condi-
tion. This suggests that NO induced by K*-deficiency was
negatively correlated with elongation of first-order LRs.

Interestingly, because the previous study has shown that
NO negatively regulates AKT1-mediated K* uptake in
Arabidopsis (Xia and others 2014), it is easy to speculate
that LK-induced NO accumulation would have a feedback
modulation of K* uptake through downregulating several
K™ transporters. This suggested the possible roles of NO on

* uptake in response to LK condition rather than its roles
on root growth.

Nitrate reductase and a putative NOS enzyme repre-
sent potential enzymatic sources of NO production in
plants (Wilson and others 2008). Plant NOS has not yet
been identified (Moreau and others 2008; Gas and others
2009; Ree and others 2011), although experiments using

(L-NAME, 100 uM), and tungstate (Tu, 50 uM) for 14 days. a, b Pho-
tographs of NO production shown as green fluorescence in the root
tips (a), and NO production expressed as relative fluorescence inten-
sity compared to control (b), ¢ average length of the first-order lateral
roots (LRs). Values are means of four replications +SE and bars with
different letters indicate significant differences at p <0.05, as deter-
mined by ANOVA followed by the LSD test

inhibitors of the animal NOS enzyme have provided some
evidence of the role of the L-arginine pathway in NO pro-
duction (Zhao and others 2007). It has been reported that
NR is involved in NO production in response to biotic and
abiotic stresses (Srivastava and others 2009; Zhao and oth-
ers 2009; Chen and others 2010; Kolbert and others 2010).
Results from Bright and others (2006) and Zhao and oth-
ers (2009) supported that NIA1 is a key component in NR-
mediated NO production. In this study, NO was shown to
be initially generated by a NIAI- and NIA2-dependent
NR pathway under LK conditions in an LK-susceptible
tobacco cultivar. Sun and others (2016) reported that root
NR activity was also induced by N deficiency during the
early phase of treatment relative to normal nutrition. Actu-
ally, K*-coupled transport of nitrate in plants was proposed
more than 40 years ago (Ben-zioni and others 1970, 1971).
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Fig. 7 Accumulation of nitric oxide (NO) and average length of
first-order lateral roots in Yunyanl tobacco cultivar. Seedlings were
grown in hydroponic medium containing normal nutrition (Control,
2 mM) or K* deficiency (LK, 0.01 mM) in addition to sodium nitro-
prusside (SNP, 2.5 uM), diethylamine NONOate (NONOate, 50 uM),
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-ox-
ide (cPTIO, 80 uM), NG-nitro-L-arginine methyl ester (L-NAME,

Xia and others (2015) also suggested a close relationship
between nitrate and K* transport in plants. Compared with
the LK-tolerant tobacco cultivar (NC89), a larger decre-
ment of K* concentration in the LK-susceptible tobacco
cultivar (Yunyanl) might lead to more nitrate accumulating
in roots initially under LK condition. And consequently, a
higher increment of LK-induced NR activity in the roots
was observed in cv. Yunyanl than in cv. NC89, which
decreased thereafter relative to the control (Fig. 5b). qRT-
PCR analysis showed that NIAI and NIA2 expression was
induced by three and four times in the roots of cv. Yunyanl
at day 1. Moreover, NO accumulation was reduced and the
length of first-order LRs was increased after the applica-
tion of tungstate in both tobacco cultivars. These results
suggest that NIA1- and NiA2-dependent NR was involved
in initially LK-induced NO generation in LK-susceptible

@ Springer

100 uM), and tungstate (Tu, 50 uM) for 14 days. a, b Photographs of
NO production shown as green fluorescence in the root tips (a), and
NO production expressed as relative fluorescence intensity compared
to control (b), ¢ average length of first-order lateral roots (LRs). Val-
ues are means of four replications +SE and bars with different letters
indicate significant differences at p <0.05, as determined by ANOVA
followed by the LSD test

tobacco plants. Although the NOS protein has not yet been
identified in plants (Moreau and others 2008; Gas and oth-
ers 2009; Ree and others 2011), an inhibitor of the animal
NOS enzyme (L-NAME) inhibited NO accumulation and
induced root elongation in cv. Yunyanl under LK con-
ditions. This suggested that the NOS pathway might be
involved in LK-induced NO production.

In conclusion, two tobacco cultivars exhibited variant
growth features under LK stress. The LK-tolerant tobacco
cultivar (NC89) maintained a higher K* concentration in
the shoots and roots than the LK-susceptible tobacco culti-
var (Yunyanl). Furthermore, our findings suggest that NO
plays an important role in inhibiting first-order LR elonga-
tion in LK-susceptible cultivars when plants are responding
to K* deficiency.
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Fig. 8 Crosstalk between auxin and NO in regulating N-1-Naphthylphthalamic acid (NPA, 60 nM) for 14 days. a, b Pho-

K*-deficiency-induced first-order lateral root (LR) elongation.
Seedlings of cv. Yunyanl were grown in hydroponic medium con-
taining normal nutrition (Control, 2 mM) or K* deficiency (LK,
0.01 mM) in addition to sodium nitroprusside (SNP, 2.5 uM),
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-ox-
ide (cPTIO, 80 uM), a-Naphthylacetic acid (NAA, 20 nM), and
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