
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Shaopei Gao,
China Agricultural University, China

REVIEWED BY

Hua Bai,
Northwest Missouri State University,
United States
Wei Hu,
Nanjing Agricultural University, China

*CORRESPONDENCE

Jingran Liu
liujingran_66@jsnu.edu.cn
Zongyun Li
zongyunli@jsnu.edu.cn

SPECIALTY SECTION

This article was submitted to
Crop and Product Physiology,
a section of the journal
Frontiers in Plant Science

RECEIVED 13 October 2022

ACCEPTED 31 October 2022
PUBLISHED 23 November 2022

CITATION

Liu J, Xia H, Gao Y, Pan D, Sun J,
Liu M, Tang Z and Li Z (2022)
Potassium deficiency causes more
nitrate nitrogen to be stored in leaves
for low-K sensitive sweet potato
genotypes.
Front. Plant Sci. 13:1069181.
doi: 10.3389/fpls.2022.1069181

COPYRIGHT

© 2022 Liu, Xia, Gao, Pan, Sun, Liu,
Tang and Li. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 23 November 2022

DOI 10.3389/fpls.2022.1069181
Potassium deficiency causes
more nitrate nitrogen to be
stored in leaves for low-K
sensitive sweet potato
genotypes

Jingran Liu1,2*, Houqiang Xia1,2, Yang Gao1,2, Dongyu Pan1,2,
Jian Sun1,2, Ming Liu1,2,3, Zhonghou Tang3 and Zongyun Li1,2*

1Institute of Integrative Plant Biology, School of Life Sciences, Jiangsu Normal University, Xuzhou,
China, 2Jiangsu Key Laboratory of Phylogenomics and Comparative Genomics, School of Life
Sciences, Jiangsu Normal University, Xuzhou, China, 3Xuzhou Institute of Agricultural Sciences of
Xuhuai District of Jiangsu Province, Xuzhou, China
In order to explore the effect of potassium (K) deficiency on nitrogen (N)

metabolism in sweet potato (Ipomoea batatas L.), a hydroponic experiment

was conducted with two genotypes (Xushu 32, low-K-tolerant; Ningzishu 1,

low-K-sensitive) under two K treatments (−K, <0.03 mM of K+; +K, 5 mM of K+)

in the greenhouse of Jiangsu Normal University. The results showed that K

deficiency decreased root, stem, and leaf biomass by 13%–58% and reduced

whole plant biomass by 24%–35%. Compared to +K, the amount of K and K

accumulation in sweet potato leaves and roots was significantly decreased by

increasing root K+ efflux in K-deficiency-treated plants. In addition, leaf K, N,

ammonium nitrogen (NH4
+–N), or nitrate nitrogen (NO3

−–N) in leaves and

roots significantly reduced under K deficiency, and leaf K content had a

significant quadratic relationship with soluble protein, NO3
−–N, or NH4

+–N

in leaves and roots. Under K deficiency, higher glutamate synthase (GOGAT)

activity did not increase amino acid synthesis in roots; however, the range of

variation in leaves was larger than that in roots with increased amino acid in

roots, indicating that the transformation of amino acids into proteins in roots

and the amino acid export from roots to leaves were not inhibited. K deficiency

decreased the activity of nitrate reductase (NR) and nitrite reductase (NiR), even

if the transcription level of NR and NiR increased, decreased, or remained

unchanged. The NO3
−/NH4

+ ratio in leaves and roots under K deficiency

decreased, except in Ningzishu 1 leaves. These results indicated that for

Ningzishu 1, more NO3
− was stored under K deficiency in leaves, and the NR

and NiR determined the response to K deficiency in leaves. Therefore, the

resistance of NR and NiR activities to K deficiency may be a dominant factor

that ameliorates the growth between Xushu 32 and Ningzishu 1 with different

low-K sensitivities.
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Introduction

IntroductionPotassium (K) is one of the necessary nutrients

and the most crucial osmotic factor in crops (Wang et al.,

2016a). Previous studies have shown that K can improve crop

stress resistance by optimizing gas exchange, stomatal

conductance, protein synthesis, enzyme activation, and

photochemical transport (Wang et al., 2013; Zahoor et al.,

2017a; Zahoor et al., 2017b). Statistically, at present, about

60% of the total cultivated land area was short of K in China,

among which the serious shortage of K (available K < 70 mg

kg−1) occupies 22.6% of the total cultivated land area (Xia, 2016).

In China, about 70% or more of domestic potash relies on

imports for a long time. The high price of potash led to farmers’

reluctance to use potash, and the shortage of K in cultivated land

becomes increasingly serious (Wang et al., 2012). With the

increasing shortage of potash resources and the increasingly

serious situation of soil K deficiency, the yield and quality

decline of sweet potato tuber, caused by soil K deficiency, will

be increasingly aggravated, which has become one of the

important reasons to restrict the tuber production in

sweet potato.

Nitrogen (N), as the basic substance of nucleotide, amino

acid (AA), and protein, is also a crucial factor in plant growth

and development. Nitrate nitrogen (NO3
−–N) and ammonia

nitrogen (NH4
+–N) are the main forms of N absorption, rather

than AAs or other organic forms of N. It has been found that

adequate K is an indispensable condition for normal N

metabolism. K fertilizer significantly affected the accumulation

of K and N in sweet potato tuber (George et al., 2002), and the

distribution rate of shoot 15N was significantly increased during

the tuber formation period (Wang et al., 2016b). In addition, K

can also significantly enhance the activity of nitrate reductase

(NR), which is conducive to the absorption, transport, and

reduction of NO3
−–N in crops and promote protein synthesis

rate (Hu et al., 2016). It was observed that K+ has a close

relationship with NO3
−–N uptake by roots and affects

photosynthetic production, thus affecting the NO3
−–N active

absorption process (Wang et al., 2016b). Moreover, in the xylem,

K is transported with NO3
−–N together and affects NO3

−–N

distribution between roots and leaves (Ruiz and Romero, 2002;

Hu et al., 2016). NH4
+–N could affect root NO3

−–N transport

and thus play a main role in the regulation of N absorption by

the crops (Nacry et al., 2013). Under abiotic stress, NH4
+

produced through NR and nitrite reductase-mediated (NiR)

reduction of NO3
− was reduced as well as the activities of

glutamine synthetase (GS) and glutamate synthase (GOGAT).

These results led to NH4
+ accumulation and toxic effects on

plants (Cao et al., 2009). However, in sweet potatoes, it is not

clear that the changes in related enzymes and genes are due to

K deficiency.

K deficiency significantly increased AA and soluble protein

in cotton leaves (Wang et al., 2012). In contrast, AA and protein
Frontiers in Plant Science 02
were reduced in leaves of cucumber (Cucumis sativus) and corn

(Zea mays L.) (Ruiz and Romero, 2002; Qu et al., 2011) or had an

opposite trend in the subtending leaf to cotton boll (Hu et al.,

2016). Under K deficiency, AA and protein differ between crop

species and varieties. Sweet potato is widely cultivated in China

for its high stability and wide adaptability and has higher K

requirements for optimum yield than cereals and oilseeds,

followed by N and phosphorus (Tang et al., 2015). Previous

studies have reported that K application increased chlorophyll

content and net photosynthetic rate in sweet potato leaves (Chen

et al., 2013), stimulated sucrose-to-starch conversion and N

accumulation, and finally promoted starch accumulation and

storage root yield (Wang et al., 2016b; Wang et al., 2017; Gao

et al., 2021). Under hydroponic conditions, K deficiency

suppressed biomass accumulation in blades, petioles, and roots

in all three cultivars with low K-use efficiency, high K-uptake

efficiency, and high K-use efficiency, and impaired phloem

loading due to K deficiency associated with a decline in

photosynthetic rate and decreased carbohydrate supply from

blades, resulting in restricted root growth (Wang et al., 2018).

However, how K deficiency regulates N metabolism in the leaves

and roots of two sweet potato cultivars with a significant

difference in K sensitivity has not been reported yet.

Therefore, in this study, we want to 1) detect the K content

and K+ efflux, N, NO3
−–N and NH4

+–N, soluble protein, and AA

in leaves and roots under K deficiency with the purpose of

determining the relationship of leaf K with N metabolism in

Xushu 32 and Ningzishu 1; 2) measure the enzyme activities and

gene transcription levels in order to filter N-metabolizing key

enzymes to low K in Xushu 32 and Ningzishu 1 with different

levels of low K sensitivity; and 3) clarify the differences between

Xushu 32 and Ningzishu 1 in N metabolism for leaves and roots

in response to K deficiency.
Materials and methods

Plant materials and K treatment

Sweet potato cultivars were different and sensitive to

potassium (K). Based on the variance of the K sensitivity

index, 31 good-quality sweet potato cultivars (lines) were

studied under the NP plot (treatment of nitrogen and

phosphorus) and NPK plot (treatment of nitrogen,

phosphorus, and K) (Tang et al., 2014). Sweet potato cultivars

(lines) were clustered into four groups: K-high-sensitive group

(typical for Ningzishu 1), K-sensitive group (typical for Beijing

553), K-moderate-sensitive group (typical for Xushu 22), and K-

tolerance group (typical for Xushu 32). Therefore, Xushu 32

(low-K-tolerant) and Ningzishu 1 (low-K-sensitive) were used in

this study. Furthermore, Gao et al. (2021) found that Ningzishu

1 was more sensitive than Xushu 32 in tuber sucrose-to-starch

conversion under different K applications, too (Gao et al., 2021).
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The shoots of Xushu 32 were obtained from the laboratory of

Tang Zhonghou, Xuzhou Academy of Agricultural Sciences. The

shoots of Ningzishu 1 were obtained from the Laboratory of Xie

Yizhi at Jiangsu Academy of Agricultural Sciences. Shoots with

five leaves were collected from tuberous root (20 days), then

arranged into transfer pots (12 plants/plot), and cultivated with

8 L (40 × 23 × 12 cm) of 1/4-strength Hoagland solution (Xia

et al., 2020). The solution was renewed every 48 h. After a

pretreatment period of 5 days, seedlings were divided into two

groups with the following treatments: K deficiency (−K, <0.03

mM of K+) and K sufficiency (+K, 5 mM of K+). The amount of

K+ was varied by changing the amount of K2SO4. Seedlings were

grown under a condition with a photoperiod of 16 h, a

photosynthetic flux density of 150 mmol m−2 s−1, and

temperatures at 20°C–25°C. The condition was repeated in

every pot, and six pots were grown for each treatment.

At 0, 5, 10, and 15 days of K treatment (DKT), functional leaves

(youngest fully expanded main-stem leaf) and fine roots were collected

for analysis of N-metabolizing enzymes, AA and protein, NO3
−–N and

NH4
+–N, N and K contents, and steady-state root K+

fluxes.
K content, N content and K+
flux assay

Oven-dried samples (roots, stems, and leaves) of 0.1 g through

a 0.25-mm sieve were digested using 5 mL of H2SO4–H2O2 to

analyze K and N contents. The K content was measured by flame

photometry, while N was measured with the automated discrete

analyzer (SmartChem 200, AMS Alliance, Rome, Italy) (Gao et al.,

2019). The steady-state net K+
fluxes in sweet potato roots at 10

DKT were measured non-invasively by the NMT system (NMT-

100-SIM-YG, Younger USA LLC, Amherst, MA, USA) according

to previously described methods (Sun et al., 2009; Yu et al., 2016;

Liu et al., 2019). The K+ concentration of K+-specific

microelectrode followed standard procedures. Fluxes were

automatically recorded in the apex region and the mature region.
NO3
−–N, NH4

+–N, and amino
acid content

Oven-dried samples (roots and leaves) of 0.2 g were mixed with

distilled water (10 mL) at 100°C for 1 h to analyze NO3
−–N and

NH4
+–N. NO3

−–Nwas measured using a salicylic acid method (Ruiz

and Romero, 2002). NH4
+–N was measured using a colorimetric

method (Weatherburn, 1967; Xia et al., 2020). In addition, AA

content was measured using the acid ninhydrin (Liu et al., 2015).
Enzyme extraction and analysis

NR and NiR in leaves and roots were determined according

to previous studies (Yu et al., 2016; Xia et al., 2020). Fresh tissue
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of leaves and roots (0.3 g) was ground with 4 mL of 0.1 M

phosphate buffer (pH 7.5). The activities of NR and NiR were

measured by the light absorption of residual NO2
− at 540 nm.

The protein content was analyzed by G-250 reagent using bovine

serum albumin as a standard (Bradford, 1976).

GS and GOGAT were extracted and analyzed in leaves and

roots, according to previous studies (Barbosa et al., 2010; Xia

et al., 2020). GS activity was analyzed using the formation

quantity of g-glutamylhydroxamate. GOGAT activity was

measured using a microplate reader at 340 nm by producing

NADH oxidation.
Transcriptional level analysis of genes

The total RNA from control and treated roots and leaves at

15 DKT was extracted with the use of a DP441-50T RNAprep

pure plant kit from Tiangen Biotech (Beijing, China) according

to the manufacturer’s instructions. The total RNA (2 mg) was
reverse-transcribed using a PrimeScript RT reagent cDNA kit

(Takara). Afterward, the synthetic cDNA was used as a template

for real-time PCR amplification. The primers of related genes

were synthesized by Sangon Biotechnology (Shanghai, China),

and the sequences were shown in Supplementary Table 1.

GAPDH was used as a reference gene, and the relative

transcriptional levels of NRT1.1, NR, NiR, GS, and GOGAT

were calculated using the 2−DDCT method (Park et al., 2012).
Statistical analysis

Data were analyzed with Origin 2018 and SPSS 23.0, and the

results in the figures and tables are shown as the average value ±

SE (n ≥ 3). Statistical analysis used Tukey’s honestly significant

difference (HSD) test (p < 0.05).
Results

Effects of K deficiency on biomass and
K and N accumulation in sweet
potato seedlings

Compared with the +K treatment (+K), plant growth

inhibition was observed in the −K treatment (−K, Figure 1A),

leading to a significant decline in biomass under K deficiency

(Table 1). For Xushu 32 and Ningzishu 1, K deficiency reduced

plant biomass by 24% and 35%, respectively. Ningzishu 1 was

more drastically affected in the biomass of root and leaf when

compared with Xushu 32, the biomass of root and leaf declined

by 58% and 33% in −K than that in +K for Ningzishu 1,

respectively, and a smaller decrease of 14%–20% was observed

for Xushu 32. In addition, K deficiency significantly decreased
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the root–shoot ratio of Ningzishu 1 by 41% but had no

significant effect on that of Xushu 32. Additionally, the K and

N accumulation per plant also varied significantly between +K

and −K and decreased by 79%–87% and 34%–56% in −K,

respectively. The amplitude of variations of Ningzishu 1 for K

and N accumulation were greater than those of Xushu 32.
Effects of K deficiency on K and N
content in sweet potato leaves and roots

K and N contents
In −K, the content of K in leaves and roots increased firstly,

then decreased with DKT, and reached the peak value at 5 DKT

(Figures 1B, C). Compared to +K, the content of leaf K and root

K was lower in −K for Xushu 32 and Ningzishu 1 at each
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sampling point, and the difference increased with DKT. At 15

DKT, the average content of leaf K and root K in −K reduced by

20%–27% and 84%–85% for both cultivars, respectively.

The N content in leaves and roots increased firstly, then

decreased with DKT, and reached the peak value at 5 DKT

(Figures 1D, E). Compared to +K, the N content in leaves and

roots for Ningzishu 1 and Xushu 32 decreased significantly in

−K.When all data for each K treatment were averaged, the leaf N

content and root N content in −K declined by 5%–11% for

Xushu 32 and approximately 15% for Ningzishu 1, respectively.

The N content in leaves and roots was fitted with a quadratic

equation (R2 = 0.686–0.920*, Figure 2). With the increase of leaf

K content, the N content in leaves and roots showed a downward

opening parabolic trend. For Ningzishu 1, the degree of opening

and the maximum value of the fitting equation was larger than

that for Xushu 32, indicating that the N content in leaves and
A

B

D E

C

FIGURE 1

Difference in the sensitivity to K deficiency between the two sweet potato genotypes (low-K-tolerant “Xushu 32” and low-K-sensitive “Ningzishu
1”). (A) Phenotypic difference of sweet potato plants during K deficiency (−K) and K sufficient (+K) treatments for 10 days. (B, C) leaf and root K
contents. (D, E) Leaf and root N contents. The stages labeled with an asterisk (*) indicate significant differences (p < 0.05) between −K and +K.
TABLE 1 Growth parameters, K accumulation, and N accumulation of sweet potato seedlings as affected by the different K treatments.

Cultivar K treatment Biomass (g per plant) Root–shoot ratio K and N accumulation (g per plant)

Root Stem Leaf Plant K N

Xushu 32 +K 0.72a 1.63a 1.43a 3.79a 0.24b 81.05a 73.70a

−K 0.62a 1.10b 1.15ab 2.87b 0.28ab 17.32c 48.64b

Ningzishu 1 +K 0.63a 0.62c 0.98bc 2.23bc 0.38a 53.89b 54.40b

−K 0.27b 0.54c 0.66c 1.46c 0.22b 7.21c 23.96c

Significance analysis

Cultivar (C) ns ** ** ** ns ** **

K treatment (K) * ** * * ns ** **

C×K ns * ns ns * * ns
Values followed by a different letter within the same column including Xushu 32 and Ningzishu 1 are significantly different at 0.05 level.
* and ** mean significant at the p < 0.05 and 0.01 probability levels, respectively; ns means non-significant.
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roots for Ningzishu 1 was more likely to be affected by leaf

K content.

Root K+ steady-state ion fluxes
At 10 DKT, the K+ efflux in the measured regions of

Ningzishu 1 roots was significantly stimulated in −K, while the

amplitude of K+ efflux in Xushu 32 roots was not significantly

changed (Figure 3). Compared with +K, for Xushu 32 roots, the

K+ efflux in the apex and mature regions in −K was improved by

80% and 69%, respectively, and those for Ningzishu 1 roots were

significantly improved by 2.3-fold and 1.6-fold, respectively.
Effects of K deficiency on amino acid,
soluble protein, NO3

−–N, and NH4
+–N in

sweet potato leaves and roots

The AA content in leaves and roots declined with DKT

(Figures 4A, B) in the +K and −K treatments. The difference

between −K and +K for AA content increased with DKT, but the

significant difference in Ningzishu 1 was bigger than that in

Xushu 32. With DKT, the soluble protein content in sweet

potato leaves showed a single peak curve, and the peak value

appeared at 5 DKT, while the root soluble protein content

showed a decreasing trend (Figures 4C, D). K deficiency

decreased soluble protein content in sweet potato leaves.

Compared with +K, in −K, the soluble protein content in

Xushu 32 and Ningzishu 1 leaves increased by 32% and 33%
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at 15 DKT, respectively. Nevertheless, in −K, the soluble protein

content in roots showed an opposite trend with an increase of

17%–31% at 15 DKT, which was less than that of the soluble

protein in leaves.

NO3
−–N content and NH4

+–N content in leaves and roots

showed a single-peak curve with DKT, and the peak value

appeared at 5 DKT (Figure 5). In Xushu 32, the NO3
−–N

content and NH4
+–N content in leaves only showed significant

levels at 15 DKT (p < 0.05), while the two indexes in roots were

not significantly affected by K deficiency (p > 0.05). In Ningzishu

1, the NO3
−–N content in leaves and NH4

+–N content in roots

decreased significantly under K deficiency (p < 0.05), and the

difference between −K and +K increased with DKT; in particular,

the NH4
+–N content in roots was decreased by 8%–60%.

Except for NO3
−–N in leaves and NH4

+–N in roots for

Xushu 32, the content of soluble protein, NO3
−–N, and NH4

+–N

in leaves and roots was fitted with quadratic equation (R2 =

0.657–0.914*, Figures 6A–F). With the increase of leaf K content,

the protein, NO3
−–N, and NH4

+–N in leaves and roots showed

downward opening parabolic trends.
Effects of K deficiency on N-
metabolizing enzymes in sweet potato
leaves and roots

K deficiency reduced the activities of NR and NiR in leaves and

roots for Ningzishu 1 (Figure 7). In Ningzishu 1, compared with +K,
FIGURE 2

Relationship between leaf nitrogen (N) content, root N content, and leaf potassium (K) content. The solid and dotted lines represent Xushu 32
and Ningzishu 1, respectively; * mean significant at the p < 0.05 probability level.
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A B

DC

FIGURE 4

Changes of amino acid and soluble protein content in leaves and roots for two K treatments for Xushu 32 and Ningzishu 1. (A, B) leaf and root
amino acid contents. (C, D) Leaf and root soluble protein contents. The stages labeled with an asterisk (*) indicate significant differences (p <
0.05) between −K and +K.
FIGURE 3

Effects of K deficiency on steady-state net K+ efflux in adventitious roots of two sweet potato genotypes (Xushu 32 and Ningzishu 1). Steady-
state net K+

flux measured from root apex and mature regions after 10 days of K treatment. Apex region, 500 mm from the root tip; mature
region, 15 mm from the root tip. Columns labeled with different letters in the same region indicate significant differences at 0.05 level.
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K deficiency significantly decreased NR activity and NiR activity by

35% and 8% in leaves at 15 DKT (p < 0.05), respectively, and by 45%

and 30% in roots, respectively. However, for Xushu 32, only the root

NR activity was significantly decreased (p < 0.05, Figure 7B).

GS activity showed a trend of increasing initially and then

decreasing with DKT (Figure 8A). In Ningzishu 1, compared

with +K, leaf GS activity in K-deficiency-treated plants decreased

significantly from 5 DKT, with a decline of 13%–20%, but root

GS activity decreased significantly from 10 DKT, with a decline

of 35%–48% (p < 0.05). The GS activity in leaves and roots for

Xushu 32 in −K had values similar to those for Ningzishu 1, but

the decrements were smaller than those for Ningzishu 1.

With DKT, the changes in GOGAT activity were different

from those of GS, presenting a “V” type. Compared with +K, the

leaf GOGAT activity treated with −K reduced significantly, while

the variation trend of root GOGAT activity was the opposite

(Figure 8C). At the same DKT, the variation range of Ningzishu

1 under K deficiency was larger than that of Xushu 32.
Transcriptional levels of genes related to
N metabolism under K deficiency

NRT1 involved in nitrate transport in leaves and roots was

downregulated in −K, except in Ningzishu 1 roots (Figure 9).

Under K deficiency, for Ningzishu 1, the transcript levels of NR2
Frontiers in Plant Science 07
in leaves and roots were downregulated by 39% and 53%,

respectively. However, gene NR2 in Xushu 32 leaves and roots

was not affected by K deficiency. The transcript levels of NiR

significantly increased in leaves and roots, except in Xushu 32

roots. The −K induced a 69% upregulation in the transcript

abundance of NiR in leaves and a 67% to 1.4-fold increase in the

NiR gene transcript abundance in roots. In addition, there were

no significant differences in the transcript levels of GS2 and

GOGAT in leaves and roots, except in Xushu 32 leaves.
Discussion

Effects of K deficiency on biomass and
K and N accumulation of sweet
potato seedlings

Potassium, as one of the main nutrients, participates in some

physiological and biochemical processes in the plant (Wang

et al., 2017; Zahoor et al., 2017a). The N content in leaves and

roots showed a quadratic response to K content (Table 1;

Figure 2), suggesting that K deficiency affected N metabolism

in sweet potatoes, as previously reported in cotton (Gossypium

hirsutum L.) (Hu et al., 2016). Gao et al. (2021) reported that K

affected starch-sucrose metabolism in tuberous roots; in this

study, K deficiency increased K+ efflux from sweet potato roots,
A B

DC

FIGURE 5

Changes of NO3
−–N and NH4

+–N content in leaves and roots for two K treatments for Xushu 32 and Ningzishu 1. (A, B) leaf and root NO3
−–N

contents. (C, D) Leaf and root NH4
+–N contents. The stages labeled with an asterisk (*) indicate significant differences (p < 0.05) between −K

and +K.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1069181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2022.1069181
resulting in the decline of K content and accumulation in roots,

stems, leaves, and the whole plants (Table 1; Figures 1, 3). These

results indicated that K deficiency repressed K absorption in the

roots of sweet potatoes and abated long-distance K transport

from roots to stems to leaves, and similar results were reported

in cotton (Hu et al., 2016). Previous studies reported that K

deficiency could decrease the yield of sweet potato tuber and

potato tuber (Wang et al., 2017; Koch et al., 2019; Gao et al.,

2021). In this study, compared with +K, similar results were

observed in root biomass and whole plant biomass, resulting in a

lower root–shoot ratio (Table 1).
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Effects of K deficiency on N assimilation
and recycling

In general, abiotic stress reduced plant biomass, coupled

with the downregulated expression of genes, which mediated

NO3
− transport, such asNRT1 (Huang et al., 2018). In this study,

K deficiency significantly inhibited the expression of NRT1 in

sweet potatoes, except in Ningzishu 1 roots (Figure 9). It was

proved that, under abiotic stress, the transcription of NRT1.1

was mainly repressed in a N-efficient cultivar but was induced in

the N-inefficient cultivar (Duan et al., 2016). As is well known,
frontiersin.org
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FIGURE 6

Relationship of protein (A, B), NO3
−–N content (C, D), and NH4

+–N content (E, F) in leaves and roots with leaf K content. * mean significant at
the p < 0.05 probability level. The solid and dotted lines represent Xushu 32 and Ningzishu 1, respectively.
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FIGURE 7

Changes of NR and NiR activities in leaves and roots for two K treatments for Xushu 32 and Ningzishu 1. (A, B) leaf and root NR activities. (C,
D) Leaf and root NiR activities. The stages labeled with an asterisk (*) indicate significant differences (p < 0.05) between −K and +K. NR, nitrate
reductase; NiR, nitrite reductase.
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FIGURE 8

Changes of GS and GOGAT activities in leaves and roots for two K treatments for Xushu 32 and Ningzishu 1. (A, B) leaf and root GS activities. (C,
D) Leaf and root GOGAT activities. The stages labeled with an asterisk (*) indicate significant differences (p < 0.05) between −K and +K. GS,
glutamine synthetase; GOGAT, glutamate synthase.
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Xushu 32 is tolerant to low K, and Ningzishu 1 is sensitive to low

K (Tang et al., 2014; Gao et al., 2021). Therefore, we

hypothesized that the difference in NRT1 gene in K-deficient

plants had a consistent performance on Xushu 32 and Ningzishu

1, like N-efficient and N-inefficient cultivars. In future work, this

speculation needs to be further verified.

Compared with +K, the NO3
−–N content and NH4

+–N

content in sweet potato leaves and roots were significantly

reduced under K deficiency (Figure 5), suggesting that K could

significantly affect N metabolism in sweet potato leaves and

roots, and leaf K content is necessary to maintain former

activities at an optimum level, consistent with previous

results (Hu et al., 2016; Ali et al., 2019). In this study, as

exhibited in the relationship in NO3
−–N with leaf K content

(Figure 6), leaf K at an optimum level had a positive correlation

with NO3
−–N, probably because K+ had a cooperative

transport relationship with NO3
−–N in the xylem from roots

to other parts in plants (Xu et al., 2012; Ma et al., 2020), but the

excessive leaf K caused the decline of NO3
−–N and NH4

+–N in

both leaves and roots. Nevertheless, some research found that

low K decreased leaf NO3
−–N content in cotton, and leaf

NO3
−–N had a linear positive relationship with leaf K (Hu

et al., 2016), inconsistent with this study. Mainly because the

crops are different, their samples were gathered from different

parts, and their cotton plants were sown in the soil; however,

the sweet potato seedlings in this study were planted under

hydroponic conditions.
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Nitrogen-containing compounds in plants, such as proteins

and AAs, are the dominant products of NO3
− assimilation. In

this study, reduced NO3
−–N content and NH4

+–N content

indicated that N metabolism could be reduced under K

deficiency in leaves and roots, with a significant decrease in

AA content (Figures 4A, B). In Ningzishu 1, K deficiency

significantly decreased AA content in leaves and roots by 7%–

13%, and the reduction of AAs in roots was similar to that in

leaves; in Xushu 32, the reduction of AAs in leaves at 15 DKT

was 9% greater than that in roots (6%). It may be that K

deficiency decreased the unloading rate of AAs in the phloem

for low-K-tolerant cultivars (Wang et al., 2012), which would

decrease AA output from roots to leaves (Cakmak et al., 1994;

Wang et al., 2012), resulting in higher AA accumulation in roots

and plant biomass (Table 1; Figure 4). The change trends of

soluble protein content in leaves and roots of sweet potatoes

were different under K deficiency. K deficiency reduced protein

content in leaves by 2%–33% (Figure 4C). In accordance with

our results, similar results were observed in cotton leaves and

faba bean (Vicia faba L.) nodules (Wahab and Abdalla, 1995;

Zahoor et al., 2017b). On the contrary, average root protein

content increased by 6%–31%, smaller than that in leaves

(Figures 4C, D), probably because decreased protease activity

under K deficiency would lead to a decline in protein

degradation rate and a significant increment in protein

content (Ali et al., 2019). Reduced AA content and improved

protein content in roots indicated that the K deficiency could
FIGURE 9

Effects of K deficiency on the transcription of N metabolism-related genes in leaves and roots of two sweet potato cultivars. Sweet potato
seedlings were subjected to 15 days of K deficiency stress; total RNA was isolated from leaves and roots for real-time PCR analysis. The stages
labeled with an asterisk (*) indicate significant differences (p < 0.05) between −K and +K.
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also change the distribution and conversion of N-containing

compounds between AAs and proteins in roots.

NR converts nitrate absorbed by the root into nitrite, which

is then combined with NiR and converted into NH4
+ and is the

first step of the NO3
− assimilation pathway (Ali et al., 2019). In

this study, even if the transcription levels of NR and NiR

increased, decreased, or remain unchanged, NR and NiR

activities in roots decreased under K deficiency (Figures 7B, D,

9), and NO3
−–N will be converted into NH4

+ more quickly in

plants, verified by a decrease of NO3
−/NH4

+ ratio under K

deficiency in roots (Supplementary Figure S1). These results

were also demonstrated in Arabidopsis roots (Armengaud et al.,

2009). As it is known, NH4
+–N is absorbed mainly through the

pathway of GS/GOGAT. Previous studies have found that low K

declined GS activity and GOGAT activity in crop roots. In this

study, K deficiency significantly decreased GS activity and the

content of NH4
+ and AA; however, the activity of GOGAT was

improved (Figures 8B, D, 4B), even if the transcription levels of

GS and GOGAT increased or remain unchanged (Figure 9).

Higher GOGAT activity under K deficiency did not increase

the synthesis of AAs in roots, indicating that the

transformation of AAs into proteins in roots and the AA

export from roots to leaves were not inhibited. Moreover, K

deficiency increased root protein content, and the decreasing

amplitude of AA in leaves was larger than that in roots, which

fully verified the above viewpoints. In Ningzishu 1 leaves, the

contents of NO3
−–N and NH4

+–N decreased in K-deficiency-
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treated plants, but the NO3
−/NH4

+ ratio was increased,

indicating that more NO3
− was stored under K deficiency.

Therefore, the resistance of NR and NiR activities to K

deficiency may be a dominant factor that ameliorates the

growth between Xushu 32 and Ningzishu 1 with different

low-K sensitivities, in agreement with sweet potato and

Salicornia europaea under abiotic stress conditions, revealing

improved NO3
− uptake (Nie et al., 2015; Xia et al., 2020).
Conclusion

Based on these results, a scheme summarizing the effects of

K deficiency on primary metabolism in the leaves and roots of

sweet potatoes is proposed (Figure 10). In summary, K

deficiency significantly decreased the biomass of various

organs and whole plants in sweet potatoes, increased K+ efflux

from roots, and reduced the accumulation of K and N in leaves

and roots. In sweet potatoes, leaf K, leaf N, NO3
−–N, and NH4

+–

N in leaves and roots declined under K deficiency, and leaf K

content had a significant quadratic relationship with soluble

protein, NO3
−–N, or NH4

+–N in leaves and roots. Under K

deficiency, the transformation of AAs into proteins in roots and

the AA export from roots to leaves were not inhibited. Moreover,

the resistance of NR and NiR activities to K deficiency may be a

dominant factor that ameliorates the growth between Xushu 32

and Ningzishu 1 with different low-K sensitivities.
FIGURE 10

Scheme summarizing the effects of K deficiency on primary metabolism in leaves and roots of sweet potato. Biochemical and transport
pathways are indicated with solid and dashed arrows, respectively. Increases in metabolite concentrations and enzyme activities under K
deficiency are shown in red, decreases are shown in blue, and items that do not change significantly under K deficiency are marked with gray.
Putative direct inhibition under K deficiency is indicated with the red bar. Dashed lines indicate the exchange of metabolites between leaves and
roots. X32 and N1 represent Xushu 32 and Ningzishu 1, respectively.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1069181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2022.1069181
Data availability statement

The original contributions presented in this study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.
Author contributions

JL and ZL conceived and designed the research. HX, YG, and

DP performed the research and analyzed the data. JS provided

the help of K+
flux measurement. JL wrote the paper. ML and ZT

provided the plant materials. All authors contributed to the

article and approved the submitted version.

Funding

This work was financially supported by the Natural Science

Foundation of the Jiangsu Higher Education Institutions of China

(19KJB210012), the earmarked fund (CARS-10-Sweetpotato), the

Priority Academic Program Development of Jiangsu Higher Education

Institutions (PAPD), and Research and Practice Innovation Project for

Postgraduate of Jiangsu Normal University (2022XKT0909).
Frontiers in Plant Science 12
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.1069181/full#supplementary-material
References
Ali, S., Hafeez, A., Ma, X., Tung, S. A., Chattha, M. S., Shah, A. N., et al. (2019).
Equal potassium-nitrogen ratio regulated the nitrogen metabolism and yield of
high-density late-planted cotton (Gossypium hirsutum l.) in Yangtze river valley of
China. Ind. Crop Prod. 129, 231–241. doi: 10.1016/j.indcrop.2018.12.009

Armengaud, P., Sulpice, R., Miller, A. J., Stitt, M., Amtmann, A., and Gibon, Y.
(2009). Multilevel analysis of primary metabolism provides new insights into the
role of potassium nutrition for glycolysis and nitrogen assimilation in Arabidopsis
roots. Plant Physiol. 150, 772–785. doi: 10.1104/pp.108.133629

Barbosa, J. M., Singh, N. K., Cherry, J. H., and Locy, R. D. (2010). Nitrate uptake
and utilization is modulated by exogenous gamma-aminobutyric acid in
Arabidopsis thaliana seedlings. Plant Physiol. Biochem. 48, 443–450.
doi: 10.1016/j.plaphy.2010.01.020

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

Cakmak, I., Hengeler, C., and Marschner, H. (1994). Changes in phloem export
of sucrose in leaves in response to phosphorus, potassium and magnesium
deficiency in bean plants. J. Exp. Bot. 45, 1251–1257. doi: 10.1093/jxb/45.9.1251

Cao, H., Wang, X., Zou, Y., and Shu, H. (2009). Effects of exogenous nitric oxide
on the several enzymes of nitrofen metabolism in maius hupehensis (Pamp.) rehd
seedings under water stress. Acta Hortic. Sin. 36, 781–786. doi: 10.16420/
j.issn.0513-353x.2009.06.003

Chen, X., Shi, C., Li, H., Zhang, A., Shi, X., Tang, Z., et al. (2013). Effects of
potassium fertilization period on photosynthetic characteristics and storage root
starch accumulation of edible sweetpotato. Chin. J. Appl. Ecol. 24, 759–763.

Duan, J. F., Tian, H., and Gao, Y. J. (2016). Expression of nitrogen transporter
genes in roots of winter wheat (Triticum aestivum l.) in response to soil drought
with contrasting nitrogen supplies. Crop Pasture Sci. 67, 128–136. doi: 10.1071/
cp15152

Gao, Y., Huang, H., Zhao, H., Xia, H., Sun, M., Li, Z., et al. (2019). Phosphorus
affects enzymatic activity and chemical properties of cotton soil. Plant Soil Environ.
65, 361–368. doi: 10.17221/296/2019-PSE

Gao, Y., Tang, Z., Xia, H., Sheng, M., Liu, M., Pan, S., et al. (2021). Potassium
fertilization stimulates sucrose-to-starch conversion and root formation in sweet
potato (Ipomoea batatas (L.) lam.). Int. J. Mol. Sci. 22, 4826. doi: 10.3390/
ijms22094826

George, M. S., Lu, G., and Zhou, W. (2002). Genotypic variation for potassium
uptake and utilization efficiency in sweet potato (Ipomoea batatas l.). Field Crop
Res. 77, 7–15. doi: 10.1016/S0378-4290(02)00043-6

Huang, L. L., Li, M. J., Zhou, K., Sun, T. T., Hu, L. Y., Li, C. Y., et al. (2018).
Uptake and metabolism of ammonium and nitrate in response to drought stress in
Malus prunifolia. Plant Physiol. Biochem. 127, 185–193. doi: 10.1016/
j.plaphy.2018.03.031/

Hu, W., Zhao, W., Yang, J., Oosterhuis, D. M., Loka, D. A., and Zhou, Z. (2016).
Relationship between potassium fertilization and nitrogen metabolism in the leaf
subtending the cotton (Gossypium hirsutum l.) boll during the boll development
stage. Plant Physiol. Biochem. 101, 113–123. doi: 10.1016/j.plaphy.2016.01.019

Koch, M., Busse, M., Naumann, M., Jakli, B., Smit, I., Cakmak, I., et al. (2019).
Differential effects of varied potassium and magnesium nutrition on production
and partitioning of photoassimilates in potato plants. Physiol. Plant 166, 921–935.
doi: 10.1111/ppl.12846

Liu, J., Meng, Y., Lv, F., Chen, J., Ma, Y., Wang, Y., et al. (2015). Photosynthetic
characteristics of the subtending leaf of cotton boll at different fruiting branch
nodes and their relationships with lint yield and fiber quality. Front. Plant Sci. 6.
doi: 10.3389/fpls.2015.00747

Liu, Y., Yu, Y., Sun, J., Cao, Q., Tang, Z., Liu, M., et al. (2019). Root-zone-specific
sensitivity of k+-and Ca2+-permeable channels to H2O2 determines ion
homeostasis in salinized diploid and hexaploid Ipomoea trifida. J. Exp. Bot. 70,
1389–1405. doi: 10.1093/jxb/ery461

Ma, W., Yang, G., Xiao, Y., Zhao, X., and Wang, J. (2020). ABA-dependent k+

flux is one of the important features of the drought response that distinguishes
Catalpa from two different habitats. Plant Signal. Behav. 15, 1735755. doi: 10.1080/
15592324.2020.1735755

Nacry, P., Bouguyon, E., and Gojon, A. (2013). Nitrogen acquisition by roots:
Physiological and developmental mechanisms ensuring plant adaptation to a
fluctuating resource. Plant Soil 370, 1–29. doi: 10.1007/s11104-013-1645-9

Nie, L. L., Feng, J. J., Fan, P. X., Chen, X. Y., Guo, J., Lv, S. L., et al. (2015).
Comparative proteomics of root plasma membrane proteins reveals the
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1069181/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1069181/full#supplementary-material
https://doi.org/10.1016/j.indcrop.2018.12.009
https://doi.org/10.1104/pp.108.133629
https://doi.org/10.1016/j.plaphy.2010.01.020
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1093/jxb/45.9.1251
https://doi.org/10.16420/
j.issn.0513-353x.2009.06.003
https://doi.org/10.16420/
j.issn.0513-353x.2009.06.003
https://doi.org/10.1071/cp15152
https://doi.org/10.1071/cp15152
https://doi.org/10.17221/296/2019-PSE
https://doi.org/10.3390/ijms22094826
https://doi.org/10.3390/ijms22094826
https://doi.org/10.1016/S0378-4290(02)00043-6
https://doi.org/10.1016/j.plaphy.2018.03.031/
https://doi.org/10.1016/j.plaphy.2018.03.031/
https://doi.org/10.1016/j.plaphy.2016.01.019
https://doi.org/10.1111/ppl.12846
https://doi.org/10.3389/fpls.2015.00747
https://doi.org/10.1093/jxb/ery461
https://doi.org/10.1080/15592324.2020.1735755
https://doi.org/10.1080/15592324.2020.1735755
https://doi.org/10.1007/s11104-013-1645-9
https://doi.org/10.3389/fpls.2022.1069181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2022.1069181
involvement of calcium signalling in NaCl-facilitated nitrate uptake in Salicornia
europaea. J. Exp. Bot. 66, 4497–4510. doi: 10.1093/jxb/erv216

Park, S. C., Kim, Y. H., Ji, C. Y., Park, S., Jeong, J. C., Lee, H. S., et al. (2012).
Stable internal reference genes for the normalization of real-time PCR in different
sweetpotato cultivars subjected to abiotic stress conditions. PLoS One 7, e51502.
doi: 10.1371/journal.pone.0051502

Qu, C. X., Liu, C., Ze, Y. G., Gong, X. L., Hong, M. M., Wang, L., et al. (2011).
Inhibition of nitrogen and photosynthetic carbon assimilation of maize seedlings
by exposure to a combination of salt stress and potassium-deficient stress. Biol.
Trace Elem. Res. 144, 1159–1174. doi: 10.1007/s12011-011-9037-6

Ruiz, J. M., and Romero, L. (2002). Relationship between potassium fertilisation
and nitrate assimilation in leaves and fruits of cucumber (Cucumis sativus) plants.
Ann. Appl. Biol. 140, 241–245. doi: 10.1111/j.1744-7348.2002.tb00177.x

Sun, J., Dai, S. X., Wang, R. G., Chen, S. L., Li, N. Y., Zhou, X. Y., et al. (2009).
Calcium mediates root K+/Na+ homeostasis in poplar species differing in salt
tolerance. Tree Physiol. 29, 1175–1186. doi: 10.1093/treephys/tpp048

Tang, Z., Zhang, A.-J., Wei, M., Chen, X., Liu, Z., Li, H., et al. (2015).
Physiological response to potassium deficiency in three sweet potato (Ipomoea
batatas [L.] lam.) genotypes differing in potassium utilization efficiency. Acta
Physiol. Plant 37, 184. doi: 10.1007/s11738-015-1901-0

Tang, Z., Zhang, Y., Wei, M., Chen, X., Shi, X., Zhang, A., et al. (2014).
Screening and evaluation indicators for low potassium-tolerant and potassium
efficient sweetpotato (Ipomoea batatas l.) varieties (lines). Acta Agron. Sin. 40,
542–549.

Wahab, A. M. A., and Abdalla, M. H. (1995). The role of potassium fertilizer in
nodulation and nitrogen-fixation of faba bean (Vicia faba l) plants under drought
stress. Biol. Fertil. Soils 20, 147–150. doi: 10.1007/BF00336594

Wang, R., Gao, M., Ji, S., Wang, S., Meng, Y., and Zhou, Z. (2016a). Carbon
allocation, osmotic adjustment, antioxidant capacity and growth in cotton under
long-term soil drought during flowering and boll-forming period. Plant Physiol.
Biochem. 107, 137–146. doi: 10.1016/j.plaphy.2016.05.035

Wang, J., Hou, P., Zhu, G., Dong, Y., Hui, Z., Ma, H., et al. (2017). Potassium
partitioning and redistribution as a function of K-use efficiency under K deficiency
in sweet potato (Ipomoea batatas l.). Field Crop Res. 211, 147–154. doi: 10.1016/
j.fcr.2017.06.021
Frontiers in Plant Science 13
Wang, N., Hua, H., Egrinya Eneji, A., Li, Z., Duan, L., and Tian, X. (2012).
Genotypic variations in photosynthetic and physiological adjustment to potassium
deficiency in cotton (Gossypium hirsutum). J. Photoch. Photobil. B Bio. 110, 1–8.
doi: 10.1016/j.jphotobiol.2012.02.002

Wang, S., Liu, Q., Shi, Y., and Li, H. (2016b). Effects of potassium on nitrogen
translocation and distribution and nitrogen metabolism enzyme activities of sweet
potato. Chin. J. Appl. Ecol. 27, 3569–3576.

Wang, M., Zheng, Q., Shen, Q., and Guo, S. (2013). The critical role of potassium
in plant stress response. Int. J. Mol. Sci. 14, 7370–7390. doi: 10.3390/ijms14047370

Wang, J., Zhu, G., Dong, Y., Zhang, H., Rengel, Z., Ai, Y., et al. (2018). Potassium
starvation affects biomass partitioning and sink–source responses in three sweet
potato genotypes with contrasting potassium-use efficiency. Crop Pasture Sci. 69,
506–514. doi: 10.1071/CP17328

Weatherburn, M. W. (1967). Phenol-hypochlorite reaction for determination of
ammonia. Anal. Chem. 39, 971–974. doi: 10.1021/ac60252a045

Xia, L. (2016). Physiological function of potassium and analysis of causes of soil
potassium deficiency. Modern Agric. 2, 42–43.

Xia, H., Xu, T., Zhang, J., Shen, K., Li, Z., and Liu, J. (2020). Drought-induced
responses of nitrogen metabolism in Ipomoea batatas. Plants 9, 1341. doi: 10.3390/
plants9101341

Xu, G., Fan, X., and Miller, A. J. (2012). Plant nitrogen assimilation and use
efficiency. Annu. Rev. Plant Biol. 63, 153–182. doi: 10.1146/annurev-arplant-
042811-105532

Yu, Y., Xu, T., Li, X., Tang, J., Ma, D., Li, Z., et al. (2016). NaCl-Induced changes
of ion homeostasis and nitrogen metabolism in two sweet potato (Ipomoea batatas
l.) cultivars exhibit different salt tolerance at adventitious root stage. Environ. Exp.
Bot. 129, 23–36. doi: 10.1016/j.envexpbot.2015.12.006

Zahoor, R., Dong, H., Abid, M., Zhao, W., Wang, Y., and Zhou, Z. (2017a).
Potassium fertilizer improves drought stress alleviation potential in cotton by
enhancing photosynthesis and carbohydrate metabolism. Environ. Exp. Bot. 137,
73–83. doi: 10.1016/j.envexpbot.2017.02.002

Zahoor, R., Zhao, W., Abid, M., Dong, H., and Zhou, Z. (2017b). Potassium
application regulates nitrogen metabolism and osmotic adjustment in cotton
(Gossypium hirsutum l.) functional leaf under drought stress. J. Plant Physiol.
215, 30–38. doi: 10.1016/j.jplph.2017.05.001
frontiersin.org

https://doi.org/10.1093/jxb/erv216
https://doi.org/10.1371/journal.pone.0051502
https://doi.org/10.1007/s12011-011-9037-6
https://doi.org/10.1111/j.1744-7348.2002.tb00177.x
https://doi.org/10.1093/treephys/tpp048
https://doi.org/10.1007/s11738-015-1901-0
https://doi.org/10.1007/BF00336594
https://doi.org/10.1016/j.plaphy.2016.05.035
https://doi.org/10.1016/j.fcr.2017.06.021
https://doi.org/10.1016/j.fcr.2017.06.021
https://doi.org/10.1016/j.jphotobiol.2012.02.002
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1071/CP17328
https://doi.org/10.1021/ac60252a045
https://doi.org/10.3390/plants9101341
https://doi.org/10.3390/plants9101341
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.1016/j.envexpbot.2015.12.006
https://doi.org/10.1016/j.envexpbot.2017.02.002
https://doi.org/10.1016/j.jplph.2017.05.001
https://doi.org/10.3389/fpls.2022.1069181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Potassium deficiency causes more nitrate nitrogen to be stored in leaves for low-K sensitive sweet potato genotypes
	Introduction
	Materials and methods
	Plant materials and K treatment
	K content, N content and K+ flux assay
	NO3&minus;–N, NH4+–N, and amino acid content
	Enzyme extraction and analysis
	Transcriptional level analysis of genes
	Statistical analysis

	Results
	Effects of K deficiency on biomass and K and N accumulation in sweet potato seedlings
	Effects of K deficiency on K and N content in sweet potato leaves and roots
	K and N contents
	Root K+ steady-state ion fluxes

	Effects of K deficiency on amino acid, soluble protein, NO3&minus;–N, and NH4+–N in sweet potato leaves and roots
	Effects of K deficiency on N-metabolizing enzymes in sweet potato leaves and roots
	Transcriptional levels of genes related to N metabolism under K deficiency

	Discussion
	Effects of K deficiency on biomass and K and N accumulation of sweet potato seedlings
	Effects of K deficiency on N assimilation and recycling

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


