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Transcriptomic and physiological insights ==

into auxin-mediated root growth and potassium
uptake in tobacco under low-potassium stress
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Abstract

Background Improving potassium uptake efficiency in plants is crucial for agricultural production. Auxin is a key
plant hormone that promotes root growth and enhances the ability of plants to absorb and accumulate mineral
nutrients. To investigate the role of auxins in root growth and potassium uptake mechanisms under low-potassium
stress, we used tobacco as a model plant and conducted hydroponic experiments.

Results Low-potassium stress significantly impairs root development and potassium uptake in tobacco plants. Under
these conditions, exogenous Indole acetic acid (IAA) enhanced root development and increased potassium uptake,
whereas N-1-naphthylphthalamic acid (NPA) inhibited root growth and adversely affected potassium absorption
and retention. Transcriptome sequencing under low-potassium conditions identified 8,381 differentially expressed
genes (DEGs) between the two different treatment groups that were primarily enriched in pathways related to pho-
tosynthesis-antenna proteins, photosynthesis, plant hormone signal transduction, and the MAPK signaling pathway.
Analysis of the DEGs associated with auxin signaling, potassium ion channels, transporters, and transcription fac-
tors revealed several key genes involved in low-potassium stress response, including KUP6, IAA14, ARF16, PINT, SKOR,
NPF7.3, and AP2/ERF. Notably, KUP6 was upregulated following IAA treatment and downregulated by NPA, indicating
that this potassium ion transporter gene plays a crucial role in the auxin-mediated alleviation of low potassium stress
in tobacco, which is likely linked to endogenous auxin levels.

Conclusions Our study revealed that potassium deficiency impairs root development and uptake in tobacco

and that auxin is critical in mitigating this stress. This study highlights the regulatory function of auxin in enhancing
root growth and potassium absorption under low potassium conditions, offering insights into the molecular mecha-
nisms of potassium stress response.
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Introduction

Potassium is one of the most abundant cations in plant
cells [1], comprising 2—-10% of the plant dry weight [2].
It plays a crucial role in physiological processes such as
osmoregulation, charge balance, and enzyme activation
[3—-6], and has earned the title “quality and stress resist-
ance element” in plants. Despite potassium ion con-
centration in soil typically ranging 0.025-5 mmol/L [7],
the rhizosphere concentration often decreases to <0.3
mmol/L [8], leading to low-potassium stress in several
crop types.

In response to low-potassium stress, plants activate
high-affinity potassium uptake systems and regulate
potassium channel transport [9-11]. Simultaneously,
they adjust their physiological and morphological char-
acteristics, particularly in the root system, which is highly
sensitive to potassium deficiency signals [6, 12, 13].
Under such stress, root growth slows, total root length
and volume decrease substantially, and biomass distribu-
tion shifts between the aboveground and belowground
parts [14, 15]. In contrast, low-potassium-tolerant plants
develop more extensive root systems with enhanced

primary root growth, lateral root formation, and root
hair elongation. These adaptations increase root surface
area, thus facilitating better potassium absorption from
the soil [16-18].

Auxin, an endogenous plant hormone [19], is pri-
marily produced in young tissues and is transported to
target sites through polar transport. This hormone pro-
motes root growth and enhances the ability of plants
to absorb and accumulate mineral nutrients [20]. Tran-
scriptome analyses of rice, maize, and wheat roots under
low-potassium conditions have identified numerous
auxin-related genes [21-23]. Further studies have shown
that the potassium ion channel AKTI regulates auxin
redistribution by influencing PINI, thereby affecting
root growth [24]. In addition, the potassium transporter
TRH1 is an integral part of the auxin transport system in
Arabidopsis roots [25]. The auxin response factor ARF2
also plays a significant role in the response of plants to
external potassium supply by regulating the transcription
of HAKS [26]. Low-potassium stress has been shown to
induce ethylene production, which promotes the tran-
scription of central cylinder auxin transport genes, such
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as PIN3 and PIN7, thereby further influencing auxin dis-
tribution in roots [27]. These findings indicate that auxin
is crucial for root formation and potassium uptake dur-
ing potassium deficiency.

Exogenous indole-3-acetic acid (IAA) can enhance
plant stress resistance and mitigate nutrient stress [28—
31]. The synthetic compound N-1-naphthylphthalamic
acid (NPA) inhibits auxin transport by binding to the
auxin efflux carrier PIN and is widely used in auxin-
related research [32]. Our previous study on tobacco
showed that adding appropriate concentrations of exog-
enous auxin improved root growth, enhanced potas-
sium uptake capacity and affinity, and increased overall
plant potassium concentration. However, the extent to
which the physiological and morphological responses of
tobacco under low-potassium stress are tied to changes in
endogenous auxin and the precise mechanisms through
which auxin regulates potassium uptake in tobacco roots
remain unclear. The aim of this study is to understand
the regulatory role of auxins in root growth and potas-
sium uptake under low-potassium stress using tobacco as
a model to investigate these mechanisms through tran-
scriptome sequencing and physiological experiments.

Methods

Plant materials

The plant material used in this study was the tobacco
variety K326, and the experiment was conducted at the
Key Laboratory of Tobacco Cultivation at Henan Agricul-
tural University, Zhengzhou, China. Tobacco seeds were
germinated and sown in sponges moistened with distilled
water. After reaching the small cross stage, the seedlings
were uniformly transplanted into black containers filled
with Hoagland’s nutrient solution and perlite and grown
in a growth chamber under the following conditions: day
temperature, 28 +2 °C; night temperature, 18 +2 °C; 14 h
photoperiod; 4000 Ix light intensity; and relative humid-
ity, 65-70%, as described in a previous study [15]. When
tobacco seedlings developed three to four true leaves,
seedlings with uniform growth were selected, and their
roots were washed with distilled water and transplanted
into hydroponic boxes. Initially, the seedlings were placed
in potassium-free Hoagland’s nutrient solution for 48 h
to induce potassium starvation, followed by cultivation
in nutrient solutions with potassium concentrations of
0.15 mmol/L (low potassium level) and 5 mmol/L (nor-
mal potassium level) [33]. During cultivation, the nutri-
ent solution was aerated daily for 4 h and replaced every
4 d to maintain stable nutrient concentrations. After 8 d
of treatment with different potassium levels, 10 umol/L
of auxin, 40 pmol/L of auxin inhibitor, and a 4 d pretreat-
ment without added hormone (IAA and NPA concentra-
tions obtained from the pre-experiment), samples were
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collected. Relevant indexes were measured, and each
treatment was repeated in triplicate.

Root dry weight and scanning index determination
Tobacco roots were cut and placed in a paper bag of
known weight and placed in the oven at 100-105 °C for
30 min to dry the roots, then the oven temperature was
lowered to approximately 65 °C, baked until constant
weight, removed and dry weight was calculated follow-
ing the methods describbed by [34]. Tobacco roots were
cut to ensure their integrity, and the complete root sys-
tem was scanned using a digital scanner (EPSON Expres-
sion1000XL, Seiko, Japan). Next, sample roots were
quantitatively analyzed using the WinRHIZO Root Anal-
ysis System software for seven indices of the root system:
total root length, root volume, total surface area of the
root, root projected area, average diameter of the root,
number of root tips, and number of root bifurcations.

Determination of root physiological indexes in tobacco
plants

Root activity was measured using the 2,3,5-triph-
enyltetrazolium chloride TTC method [35]. The fresh
samples were collected for immediate testing. Root
H*-ATPase activity was measured according to the
manufacturer’s instructions (kit purchased from Nan-
jing Jiancheng Bioengineering Institute). Soluble protein
content in the roots was determined using the Coomassie
Brilliant Blue G-250 colorimetric method [36].

Determination of endogenous growth hormone
concentration in the root system

Fresh tobacco root samples (0.5 g) were collected from
the primary root tip (0-2 cm) and the lateral root zone
(4-8 cm). Samples were snap-frozen in liquid nitrogen
and stored at —80 °C. To determine auxin concentra-
tion, the samples were ground into a homogenate in an
ice bath with 3—5 mL of 80% methanol extraction solu-
tion and extracted at 4 °C for 4 h. The samples were then
centrifuged at 1000 rpm for 15 min and the supernatant
was collected for indirect enzyme-linked immunosorbent
assay [37].

Determination of potassium content and uptake kinetics

in roots

Approximately 0.1 g of dried and ground samples was
accurately weighed and passed through a 0.2 mm mesh
sieve. We used 1 mmol/L HCl and a flame photometer
[33] to measure the potassium content in the roots using
the depletion method as previously described [15]. After
cultivation, the test seedlings were treated with for 2 d
in a potassium-free solution, with the starvation solu-
tion being changed daily. The depletion experiment was
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conducted by placing the seedlings in a black conical flask
containing 50 mL of the depletion solution (composed
of 0.4 mmol/L KNO; and 0.2 mmol/L CaSO,). Samples
were collected every 4 h until the potassium concentra-
tion in the depletion solution approached zero. After
each sampling, the samples were replenished with 10 mL
of deionized water. The potassium concentration in the
depletion solution was measured using a flame photome-
ter. The potassium ion depletion curve was plotted using
the potassium concentration of the depletion solution
as the ordinate and depletion time as the abscissa. The
quadratic equation model was Y= a+ bX +cX? where X
represents absorption time and Y represents potassium
concentration in the depletion solution at a specific time.
Using the relevant equation, we calculated Vmax and Km
for potassium ion absorption by the roots [38], reflecting
the potassium absorption characteristics of the roots.

Determination of potassium ion flow using a non-invasive

microtest

When the tobacco seedlings completed their initial
growth phase, potassium starvation was applied for 3
and 5 d. After treatment, tobacco seedlings with uniform
growth in each group were selected, and the tobacco
root system, approximately 0-3 cm from the root tip,
was gently cut with sterilized experimental scissors and
placed into a disc containing distilled water for testing
and observation [39]. The non-invasive microtest (NMT)
technology was provided by the Beijing Xuyue Company.

RNA isolation and library preparation

Root tissues from each of the hormone-treated and con-
trol samples in the low-potassium state were collected for
mRNA sequencing in triplicate. Total RNA was extracted
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. RNA purity
and quantity were evaluated using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA).
RNA integrity was assessed using the Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA).
Libraries were constructed using the VAHTS Universal
V6 RNA-seq Library Prep Kit (Vazyme Biotech, China),
according to the manufacturer’s instructions. Transcrip-
tome sequencing and analysis were performed by OE
Biotech Co., Ltd. (Shanghai, China).

RNA sequencing and differentially expressed gene analysis
The libraries were sequenced on an Illumina NovaSeq
6000 platform, generating 150 bp paired-end reads.
About 47.83 M raw reads for each sample were gener-
ated. Raw reads in fastq format were initially processed
using fastp [40], where low-quality reads were removed
to obtain clean reads. About 46.97 clean reads for each
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sample were retained for subsequent analyses. Clean
reads were mapped to the reference genome using
HISAT2 [41]. FPKM [42] of each gene was calculated
and the read counts of each gene were obtained by
HTSeq-count [43]. Differential expression analysis was
performed using DESeq2. A Q value <0.05, fold change
>2, or fold change <0.5 was set as the threshold for sig-
nificantly differentially expressed gene (DEG). Subse-
quently, Gene Ontology (GO) GO [44]and KEGG [45]
pathway enrichment analyses of DEGs were conducted
based on the hypergeometric distribution algorithm to
screen items with significant enrichment functions.

Quantitative reverse transcription-polymerase chain
reaction analysis

In order to verify the expression patterns of the iden-
tified DEGs, we performed quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)
analysis. RNA was extracted using a kit from Nanjing
Novozymes Biologicals, reverse transcribed into cDNA
using a kit (ABM, Canada), and the relative expression
of the genes was analyzed using real-time qRT-PCR
with SYBR Green PCR Master mix in an IQ5 photocy-
cling system. NtActin was used as an internal reference
gene and the relative expression of the gene was calcu-
lated using the 2722' method. The primer sequences
are shown in Table 1. Three biological replicates were
used in the experiment and the results were expressed
as mean * standard deviation (SD).

Table 1 Primer sequences for gRT-PCR

Gene Primers

AB196790 5'-CTGAGGAGAATGTGGAAATAGT-3'
5'-AAAGCTCCTTTATCTCTTCGTG-3"

AB196791 5'-CACTATTGTCATGGCGGATG-3'
5'-TCTTCGGTACATCCGTTTCTG-3'

AB196792 5'-AGTGAAACAACTTGAGAGTACCTC-3'
5'-GAGAAGCATAAACTGCTACAGTGG-3'

AB353341 5'-TCTGTTCTACCATCACAACCT-3'
5'-ACATGGAGTAGGTGTATCCTT-3"

DQ841950 5'-CAGGCATGGCGTTTATACT-3'

5'-CCGCGACAATTCCTTCTC-3"
5'-GCTAGTGTTATGTCAGTGGATG-3'
5'-TCAAACCATGTATGTCATTCCC-3'
5'-AACAGTTTGGTTGGAGTTCTGG-3"
5'-CATGAAGATTAAAGGCGGAGTG-3'

XM_016638787

AB158612
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Fig. 1 Effects of Exogenous Auxins and Inhibitors on the Root System of Tobacco Plants Under Normal and Low Potassium Levels. a Morphological
Changes in Tobacco Seedlings. b Dry Weight of Plant Roots. ¢ Root Viability. d Soluble Proteins. e H-ATP Content. f Auxin Concentration in the Main
Root Tip. g Auxin Concentration in the Lateral Root Tip.The bars represent the averages +standard deviations of three replicates.Different letters

above the bars indicate significant differences between treatments at P< 0.05.NK: normal potassium; LK: low potassium;CK: untreated control; IAA:

indole acetic acid; NPA: naphthylphthalamic acid

Results

Effects of auxin treatment on root growth under low
potassium stress

To investigate the effects of exogenous IAA and NPA on
root growth under low-potassium stress, we examined
the morphological and physiological characteristics of
tobacco roots, as well as the accumulation of endogenous
auxin under different treatments. Low potassium stress
causes slower root growth and symptoms such as leaf
yellowing and wilting. Treatment with exogenous IAA
alleviated these symptoms, whereas treatment with NPA

Table 2 Root scan characteristics

exacerbated them (Fig. 1a). Consistent with these find-
ings, the root dry matter accumulation was found to be
higher under normal potassium conditions than under
low-potassium conditions. Specifically, IAA treatment
increased dry matter accumulation by 33.15% and 10.12%
under normal and low-potassium conditions, respec-
tively, whereas NPA treatment reduced dry matter accu-
mulation by 27.79% and 48.67%, respectively (Fig. 1b).
These trends in root morphology parameters confirmed
that auxin promotes root growth under low potassium
stress (Table 2).

Root index Klevel Treatment
0 I1AA NPA

Length N 906.96 +30.70a 851.03 +13.60b 533.53 £18.06¢

L 409.70 £35.78 d 513.07 +21.42c 29264 +25.56e
Volume N 1.19 £0.08a 1.37 +0.09a 043+0.03d

L 0.66 £0.02¢ 0.85+0.02b 0.58£0.02 cd
Surface area N 122,66 +6.02a 112.34+532b 105.74 £5.19¢

L 4819 +274d 50.19+2.89d 40.16 £2.29%
Projection area N 3749 £2.00a 3564 +137b 3317 +£1.74c

L 15.11 £1.46e 16.13+0.57d 13.74 +1.33f
Diameter N 040 +£0.03a 043 £0.02a 0.32+£0.03c

L 039+0.01a 0.33 +£0.00c 0.38+0.01b
Root tip number N 1615 +27a 1506 +54b 1324 +20c

L 464 +22e 830+70d 440 +21e
Bifurcation number N 5461 +163a 5631 +256a 2116 +63c

L 2543 £90b 1970 +£60c 2002 £71c

N (5 mmol/L); L (0.15 mmol/L); different lowercase letters following the numbers in the same row indicate significant differences (P < 0.05)
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Root physiological indicators reflect the overall growth
and development of the roots. We measured root vital-
ity (Fig. 1c), soluble protein content (Fig. 1d), and ATPase
activity (Fig. le) at different potassium levels. Root vital-
ity decreased by 28.90% under low-potassium conditions
compared to normal potassium levels without treatment.
However, IAA treatment significantly enhanced root
vitality, with a 2.5-fold increase under low-potassium
conditions compared to that in untreated plants. The
soluble protein content significantly increased with both
IAA and NPA treatments under normal potassium lev-
els. Under the low-potassium conditions, IAA treatment
slightly increased the soluble protein content compared
to the untreated controls, although the difference was
not significant. However, NPA treatment significantly
reduced soluble protein content. Furthermore, ATPase
activity in roots treated with IAA under low-potassium
conditions was 89.86% higher than that in untreated
plants. These results suggest that auxin enhances the
metabolic capacity of tobacco roots under low-potassium
stress, whereas auxin inhibitor addition reduces this
stimulatory effect.

We also examined changes in endogenous auxin lev-
els in plant roots treated with exogenous IAA and NPA
under different potassium conditions (Fig. 1f and g).
Without any treatment, auxin concentrations in the
primary and lateral root tips under low-potassium con-
ditions were significantly higher than those under the
normal potassium conditions. After exogenous IAA
application, the auxin content in the primary root tips
significantly increased under both potassium condi-
tions compared to the untreated controls. Conversely,
NPA treatment decreased the auxin concentrations in
primary root tips by up to 49% under low-potassium
conditions. Interestingly, in both the IAA and NPA
treatments, auxin concentrations in the lateral root
tips increased significantly compared with those in the
untreated controls. Specifically, IAA treatment increased
auxin concentrations in the lateral root tips under low-
potassium conditions to 1.72 times that of untreated
plants, whereas NPA treatment led to an increase of 1.55
times under similar conditions. Auxin concentrations
in the lateral root tips under both potassium conditions
were significantly lower than those in the corresponding
IAA-treated plants.

Effects of auxin treatment on potassium uptake under low

potassium stress

To examine potassium ion absorption capacity differ-
ences under various treatments, we used NMT to moni-
tor potassium ion flux and velocity in the plant roots in
real time.
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Under normal potassium conditions, potassium efflux
was observed in the roots, regardless of whether the
plants were starved for three or five days. Exogenous IAA
treatment further increased this efflux, particularly in
the 5-day starvation group, in which a 352% increase was
observed (Fig. 2a). In contrast, the increase in the 3-day
group was less pronounced (Fig. 2b). NPA, an inhibi-
tor of polar auxin transport, also enhanced efflux but
to a lesser extent. Under the low-potassium conditions,
roots exhibited significant potassium influx after three or
five days of starvation. IAA treatment further increased
potassium influx by 63% in the 3-day group and 105% in
the 5-day group compared to the untreated controls. In
contrast, NPA reduced potassium uptake in both groups,
with more pronounced inhibition in the 5-day group (p
<0.05).

Kinetic parameters such as Vmax and Km were used to
quantify the potassium uptake characteristics. By analyz-
ing the relationship between the potassium concentra-
tion in the depletion solution and time, we calculated
Vmax and Km for each treatment. Significant differences
were observed in these parameters across treatments.
Under the low-potassium conditions, IAA treatment
significantly increased Vmax and decreased Km, indicat-
ing enhanced potassium affinity in the roots. Conversely,
NPA treatment decreased Vmax and increased Km,
thereby reducing potassium uptake efficiency (Table 3).

In addition, potassium ion accumulation in the roots
was measured across treatments (Fig. 2c). The potassium
content in the roots under low-potassium stress was
significantly lower than that under normal conditions.
IAA treatment increased potassium content by 2.43-fold
compared with untreated low-potassium plants, whereas
NPA-treated plants showed no significant difference
from untreated controls.

Transcriptome sequencing and quality assessment
To further elucidate the molecular mechanisms by
which TAA and NPA regulate root growth and potas-
sium absorption under low-potassium stress, we per-
formed RNA-seq analysis on all samples from the
different treatments and controls under low-potassium
conditions. After removing reads containing adapters
and low-quality data, we obtained a total of 62.75 G
of clean data. The effective data for each sample rang-
ing from 6.90 to 7.07 G, with Q30 base distributions
between 96.75% and 97.13%, and an average GC con-
tent of 44.28%. Clean reads were aligned to the speci-
fied reference genome using Hisat2, with alignment
rates ranging from 78.81 to 82.32% (Table 4), indicating
a good sequencing quality.

We used FPKM values to compare gene expression
levels among different samples and conducted further
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Table 3 Difference of kinetics of potassium absorption in plant

roots

Potassium level  Treatment Vmax Km

(mmolL™") (umolg™'FWh™") (umolL™)

5 0 24.32b 0.0044b
IAA 49.71a 0.0057ab
NPA 20.27b 0.0060a

0.15 0 2.64b 2.15E-05a
IAA 5.15a 1.23E-05¢
NPA 2.98b 1.54E-05b

Different lowercase letters following the numbers in the same row indicate
significant differences (P< 0.05)

detailed analysis, revealing significant statistical correla-
tions among biological replicates, with Pearson correla-
tion coefficients exceeding 0.85 (Fig. 3a). In addition,
PCA effectively distinguished between the different treat-
ment groups (Fig. 3b), indicating that the gene expression
profiles in the treated tobacco plants changed signifi-
cantly under low potassium stress.

DEG screening and clustering analysis

We screened the DEGs between the treatment groups
using a threshold of |log2 (fold change) |> 1 and padj
<0.05. In the samples treated with exogenous IAA,
7,200 DEGs were identified, with 4,176 upregulated and
3,024 downregulated genes. In the NPA-treated samples,
2,646 DEGs were identified, including 1,511 upregulated
and 1,135 downregulated genes (Fig. 4a). A comparison

Table 4 Summary of RNA-seq
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between the exogenous IAA- and NPA-treated samples
revealed 1,465 overlapping DEGs (Fig. 4b). Volcano plots
were used to visualize the statistical significance of padj
and fold changes, facilitating the identification of genes
with substantial changes (Fig. 4c and d).

GO and KEGG pathway analysis

GO analysis was performed to categorize the DEGs
into biological processes (BP), cellular components
(CQ), and molecular functions (MF). In the CK vs. IAA
comparison (Fig. 5a), 4,985 DEGs were enriched in 199
functional subclasses. The most prominent GO terms
in the BP were GO:0006952 (defense response, 232
DEGs), GO:0010200 (response to chitin, 114 DEGs),
and GO:0009873 (ethylene-activated signaling path-
way, 122 DEGs). In CC, the most common term was
GO:0005576 (extracellular region, 314 DEGs), whereas
in MF, the most prevalent terms were GO:0003700
(DNA-binding transcription factor (TF) activity, 571
DEGs) and GO:0043565 (sequence-specific DNA bind-
ing, 326 DEGs). In the CK vs. NPA comparison (Fig. 5b),
1,911 DEGs were enriched in 168 functional subclasses.
The most frequent BP terms were GO:0006952 (defense
response, 127 DEGs), GO:0010200 (response to chitin,
86 DEGs), and GO:0009873 (ethylene-activated signal-
ing pathway, 77 DEGs). In CC, GO:0046872 (metal ion
binding, 342 DEGs) was the most common, whereas in
ME, GO:0003700 (DNA-binding TF activity, 254 DEGs)
and GO:0043565 (sequence-specific DNA binding, 133
DEGs) were the most common. These results indicated

Sample Cleanreads Q30(%) GCcontent(%) Total mapped reads Multiple mapped reads Uniquely mapped reads
(Percentage in clean (Percentage in clean reads) (Percentage in clean
reads) reads)

CK_1 7.00 96.92 442 37,255,861 3,549,595 33,706,266
(78.81%) (7.51%) (71.30%)

CK 2 6.87 97.13 44.09 36,869,450 3,492,064 33,377,386
(79.48%) (7.53%) (71.95%)

CK_3 6.96 96.93 44.05 37,411,969 3,479,650 33,932,319
(79.77%) (7.42%) (72.35%)

IAA_T 7.07 96.83 43.65 37,987,758 3,413,495 34,574,263
(79.99%) (7.19%) (72.81%)

IAA_2 6.90 97.02 436 37,684,265 3,453,280 34,230,985
(81.13%) (7.43%) (73.70%)

IAA_3 7.03 96.75 43.56 38,921,122 3,505,116 35,416,006
(82.32%) (7.41%) (74.90%)

NPA_T1 6.90 96.92 43.78 38,180,794 3,490,709 34,690,085
(82.07%) (7.50%) (74.57%)

NPA_2 7.05 96.77 43.76 38,810,712 3,488,603 35,322,109
(81.86%) (7.36%) (74.50%)

NPA_3 6.97 96.97 43.83 38,505,933 3,569,760 34,936,173
(81.92%) (7.59%) (74.33%)
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similar functional classifications between the two treat-
ments, although the number of DEGs varied between the
categories.

KEGG database was used to analyze genomic and bio-
chemical pathways. In total, 1,080 DEGs from the IAA
treatment and 461 DEGs from the NPA treatment were
enriched in 112 and 86 KEGG pathways, respectively.
Pathways with a p-value <0.05 were considered signifi-
cantly enriched. The top 20 most enriched pathways in
each comparison group were selected for further analy-
sis. In the CK vs. IAA comparison (Fig. 5c), DEGs were
enriched in pathways, including photosynthesis-antenna
proteins, photosynthesis, phenylpropanoid biosynthesis,
plant hormone signal transduction, the MAPK signaling
pathway (in plant), starch and sucrose metabolism, and
pentose and glucuronate interconversions. In the CK vs.
NPA comparison (Fig. 5d), DEGs were enriched in photo-
synthesis-antenna proteins, Photosynthesis, Glutathione
metabolism, the MAPK signaling pathway-plant, carbon
fixation in photosynthetic organisms, sulfur metabolism,
and plant hormone signal transduction. Notably, path-
ways such as photosynthesis-antenna proteins, Photo-
synthesis, and MAPK signaling pathways were enriched
in both IAA and NPA treatments, suggesting that these
pathways play critical roles in the response of tobacco
seedlings to low-potassium stress during auxin treatment.

Auxin metabolism and signal transduction responses

to exogenous IAA and NPA

We analyzed the expression levels of genes involved in
auxin metabolism and signal transduction (Fig. 6). YUCCA,

a key enzyme in the endogenous IAA synthesis pathway,
was significantly affected by the exogenous IAA and NPA
treatments. YU/CCA3 and YUCCAS8 were upregulated in
response to exogenous IAA, whereas YUCCA9 was down-
regulated in NPA-treated samples, consistent with the
changes in endogenous IAA levels. The AUX/IAA, GH3,
and SAUR gene families, which are early key responders to
auxin signaling, were also analyzed. Among the 38 identi-
fied gene family members, five showed significant expres-
sion in both treatment groups. Exogenous IAA significantly
stimulated the expression of IJAA 14 and GH3.6, while NPA
inhibited their expression. The two SAUR genes exhibited
reduced transcript levels after IAA and NPA treatments.

Auxin response factors (ARFs), which are critical regu-
lators of the IAA signaling pathway, also display differen-
tial expression. ARF8 and ARFI18 expression decreased in
both treatment groups, whereas ARFI16 expression was
significantly upregulated in the IAA-treated group. IAA
enters plant cells through the AUX1/LAX family and is
localized to the plasma membrane. In the present study,
LAX1 expression was upregulated in the IAA-treated
group and downregulated in the NPA-treated group.

PIN proteins, the primary transporters of auxin efflux,
are crucial for polar auxin transport. Our results showed
that expression of PIN1, PIN2, and PIN3 was upregulated
in response to the exogenous IAA treatment.

Potassium absorption and transport-related DEGs
response to exogenous IAA and NPA

We examined potassium transport proteins and ion chan-
nels in response to low-potassium stress under different
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treatment conditions and identified 46 DEGs. These include:
(1) Shaker ion channels: AKT1 that regulates potassium
absorption, AKT2/3 that is involved in photosynthesis-
induced potassium transport in the phloem, SKOR that
mediates K" release from root cortical cells to the xylem,
and NKT3 that was expressed in roots and induced by low-
potassium and drought signals); (2) KUP/HAK/KT fam-
ily: consists of high-affinity potassium transporters such as
HAKS, KUP6, and KUP11; (3) HKT transporters: consist
of genes such as HKTI; (4) TPK-type channels: mediates
potassium efflux from the vacuole; (5) CHX17: mediates K*
uptake and homeostasis in root cells; and (6) KEA4: regu-
lates potassium absorption and chloroplast development,
while is also located in chloroplasts, with six DEGs showing

changes in response to both exogenous IAA and NPA treat-
ments (Fig. 7). These genes may be sensitive to shifts in
endogenous auxin concentrations in the roots of tobacco
seedlings under low-potassium stress.

Response of TF domain genes to exogenous IAA and NPA
TFs are essential regulators of nearly all plant biologi-
cal processes. They influence gene transcription by bind-
ing directly or indirectly to the promoter regions of target
genes. Several TF families, including AP2/ERF, MYB, NAC,
WRKY, and bZIP play key roles in plant root development
and potassium uptake. In this study, we have examined the
expression of TF domain genes in these families following
exogenous IAA and NPA treatments (Fig. 8).



Guan et al. BMC Plant Biology (2025) 25:664

U o e o e e e o e e

Statistics of KEGG Enrichment

C I
Photosynthesis - antenna proteins 4
Linoleic acid metabolism - °
Brassinosteroid biosynthesis - °
Photosynthesis [ ]
Biotin metabolism - (]
o . . pvalue
Isoquinoline alkaloid biosynthesis 4 [ ]
0.0100
Diterpenoid biosynthesis{ @
0.0075
Tryptophan metabolism+{ @
Fatty acid biosynthesis{ @ 00050
Phenylpropanoid biosynthesis 4 . 0.0025
Alanine, aspartate and glutamate metabolism4 @
Galactose metabolism- @ Number
Glyoxylate and dicarboxylate metabolism+ @ ®
MAPK signaling pathway - plant{ @ ® =
Pentose and glucuronate interconversions | @ . 75
Starch and sucrose metabolism-{ @
Plant hormone signal transduction
Carbon fixation in photosynthetic organisms § @
Amino sugar and nucleotide sugar metabolism
Plant- pathogen interaction
2 3 4 5

Enrichment Score

Page 11 of 17

404 BP
35 4 . CcC

- VF
30

-log10(p-value)
3

Statistics of KEGG Enrichment

d Photosynthesis - antenna proteins - i
Photosynthesis .
Monobactam biosynthesis{ @
Sulfur metabolism+ @
Glutathione metabolism 4 . pvalue
Carbon fixation in photosynthetic organisms{ @ 0:08
Porphyrin metabolism+{ @ 0.06
Carotenoid biosynthesis{ @ 0.04
Biosynthesis of various plant secondary metabolites { @ 0.02
Zeatin biosynthesis { @
MAPK signaling pathway - plam-'
Isoquinoline alkaloid biosynthesis { @ Number
ABC transporters | @ ® 0
Glyoxylate and dicarboxylate metabolism{@ @
alpha- Linolenic acid metabolism | @ @
Stilbenoid, diarylheptanoid and gingerol biosynthesis { @ @ «
Plant- pathogen interaction
Phosphatidylinositol signaling system
Phenylpropanoid biosynthesis
Plant hormone signal transduction

5 10
Enrichment Score

Fig.5 GO and KEGG enrichment analysis of DEGs under low potassium conditions. a The top ten significant enrichment GO terms in the categories
of BP, CC, and MF in the exogenous IAA-treated group. b The top ten significant enrichment GO terms in the categories of BP, CC, and MF in NPA
treated group. ¢ The top twenty significant enrichment KEGG pathways in the exogenous IAA-treated group. d The top twenty significant
enrichment KEGG pathways in the NPA-treated group. BP: biological process; CC: cellular component; MF: molecular function

In the exogenous IAA treatment group, 194 differen-
tially expressed TF domain genes were identified, of which
67 were upregulated and 127 were downregulated. The
AP2/ERF family had the most DEGs, with 29 upregulated
and 30 downregulated genes, followed by the WRKY,
MYB, and NAC families. In the NPA treatment group, 99
TF domain genes were affected, with 44 upregulated and
55 downregulated genes. Compared with other families,
AP2/ERFs, MYBs, and WRKYs showed greater sensitivity

to NPA treatment. Specifically, MYB was upregulated in
18 patients, whereas WRKYs and AP2/ERFs were down-
regulated in 21 and 20 patients, respectively.

Quantitative real-time PCR analysis

In order to validate the transcriptome data accuracy and
reproducibility, six genes were randomly selected from
the LK and NK treatment data for qRT-PCR analysis
(Fig. 9). The results showed that the qRT-PCR data for
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these six genes were consistent with the transcriptome
sequencing results, indicating the high reliability of the
transcriptome data analysis.

Discussion
Potassium deficiency stress is a common abiotic stress
in field crops that affects plant growth and development
at the physiological, biochemical, cellular, and molecular
levels [16, 46, 47]. The root system is a crucial organ for
nutrient absorption in plants, and its development and
vitality are closely related to potassium absorption [48].
In the present study, we found that root dry matter accu-
mulation under normal potassium supply was higher
than that under low potassium levels, indicating that low
potassium stress is detrimental to tobacco root develop-
ment, which is consistent with previous findings [49].
Auxins play a pivotal role in regulating root adapta-
tions to potassium deficiency. Under low potassium
conditions, auxin signaling influences primary root
growth, lateral root initiation, and root hair develop-
ment [50]. In addition, auxin mitigates the inhibition
of lateral root growth caused by potassium deficiency
in a concentration-dependent manner [1, 20]. In our
study, exogenous [AA treatment under low potassium

conditions significantly increased endogenous auxin
levels in both primary and lateral root tips, suggesting
that exogenous IAA alters the distribution of endoge-
nous auxin in tobacco roots. This exogenous IAA treat-
ment may enhance root metabolic activity by increasing
the endogenous auxin content, thereby promoting root
development. Notably, after application of NPA, the
endogenous auxin concentration in the primary root tip
decreased, whereas it significantly increased in the lateral
root tip. Furthermore, NPA inhibited root development
in tobacco under both normal and low-potassium condi-
tions, suggesting that elevated endogenous auxin levels
may suppress lateral root growth.

Transcriptome sequencing revealed that two key
enzyme genes in the IAA biosynthesis pathway, YUCCA3
and YUCCAS, were significantly upregulated follow-
ing exogenous IAA treatment, whereas another enzyme
gene, YUCCAY, was notably downregulated following
NPA treatment. In addition, GH3 family genes, which
indicate auxin concentration and signal strength, and
changes in Aux/IAA protein levels directly reflect fluc-
tuations in endogenous auxin levels [51]. In this study,
IAA14 was significantly upregulated and GH3.6 down-
regulated following exogenous IAA and NPA treatment,
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respectively. These gene expression alterations are likely
to contribute to the observed changes in the endogenous
IAA content after treatment. Based on observed trends in
root morphology, endogenous IAA levels, and key gene
expression, it can be inferred that auxin regulation in
tobacco root development under low potassium stress is
dependent on concentration. Auxin polar transport cre-
ates an auxin concentration gradient at the root tip that is
essential for root development [52]. During polar trans-
port, the PIN family serves as the primary auxin carrier
[53-55]. ARF TFs regulate auxin-responsive gene expres-
sion and influence auxin concentration in plants. In our
study, under low potassium stress, PIN1, PIN2, and PIN3
were significantly upregulated after exogenous IAA treat-
ment, whereas ARF8 and ARF18 were downregulated in
both treatment groups. These genes are likely to contrib-
ute to auxin distribution in tobacco, thereby regulating
root development.

Exogenous auxin application enhances potassium
uptake under low potassium stress [1, 56]. In this study,
based on root potassium content and absorption kinet-
ics, we observed that auxin alleviated potassium stress

log2(IAAICK) log2(NPA/CK) to some degree, whereas inhibitors reduced root potas-
Fig. 7 Heatmap of the expression profiles of genes related sium ion concentrations. Potassium ion flux character-
to potassium ion transport channels and transport proteins. Changes istics can be used to further quantify mineral nutrient
in expression levels are represented by color gradient, where red dynamics in plant roots. Interestingly, when using the

indicates high expression levels and blue indicates low expression

levels

patch-clamp technique to record protoplast data, we
found that the EPC-9 patch-clamp could only capture
the ion channel current under extremely high potassium
conditions, limiting its applicability in this study. This
suggests that potassium ion channels play a minimal role
in the transmembrane movement of root cells under low
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potassium conditions. To address this limitation, we used
NMT technology to monitor and visualize potassium
ion flow and flux rates in real-time under various treat-
ments. The results indicated that plants grown under low
potassium conditions exhibited substantial potassium
uptake, whereas plants grown under normal potassium
conditions displayed substantial potassium excretion.
After exogenous auxin application, potassium uptake
in low-potassium-stressed tobacco roots increased,
whereas potassium excretion in normal-potassium roots
decreased, promoting potassium retention and absorp-
tion. This suggests that exogenous auxin enhances potas-
sium absorption by roots. Conversely, after the addition
of an auxin transport inhibitor, potassium uptake in
low-potassium tobacco roots decreased, and potassium
excretion in normal potassium roots became more pro-
nounced, indicating that inhibitors impede potassium
absorption and retention.

Potassium absorption and transport in plant roots pri-
marily occur through potassium transporters and ion
channels [26, 57-60]. AKT1 regulates potassium-depend-
ent root growth by modulating the degradation of PINI
in roots and redistributing auxin [24]. KUP9 supports
root growth under low potassium stress in Arabidopsis
by regulating auxin homeostasis at the root tips, thereby
enhancing potassium absorption [18]. Auxin treatment

significantly increased the inward potassium ion chan-
nel genes NKT2 and NtKC1 expression and reduced the
outward potassium ion channel gene NtORKI expres-
sion. These findings indicate a complex interplay between
low-potassium signaling and auxin transduction. In this
study, we observed that under low potassium stress, sev-
eral DEGs from the HAK/KUP/KT family were present
in the roots of tobacco plants treated with exogenous
IAA, suggesting that exogenous IAA plays a crucial role
in promoting root potassium uptake and regulating the
transport of potassium from roots to shoots. Further
analysis revealed that NtKUP6 expression increased
with IAA treatment and decreased with NPA treatment.
The homologous gene KUPS8 in Arabidopsis is known to
regulate root growth and potassium uptake, and alleviate
heavy metal stress [61, 62]. We speculate that NtKUP6 is
a key gene involved in the auxin-mediated alleviation of
low potassium stress in tobacco and is potentially linked
to endogenous auxin concentrations, although the pre-
cise mechanism requires further investigation.

Ethylene is a key signal in plant responses to low potas-
sium stress [63]. In this study, we discovered that DEGs
in both the exogenous IAA and NPA treatments were
significantly enriched in the GO term “ethylene-activated
signaling pathway” Previous research has suggested
that ethylene and auxin may cooperate to regulate root
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growth and development under low-potassium condi-
tions, with ethylene acting as an upstream component of
the auxin signaling pathway by regulating auxin synthesis
and distribution.

TFs are ubiquitous in plants and play critical roles in
activating the genes associated with abiotic stress [62].
We examined the effects of exogenous IAA and NPA on
the expression of five major TF domain-containing gene
families: AP2/ERF, MYB, NAC, WRKY, and bZIP. Among
these, the AP2/ERF, MYB, and WRKY TFs showed the
highest representation. High AP2/ERF expression under
low potassium stress has been observed in rice and maize
[64, 65], playing a key role in auxin-induced root devel-
opment [66]. In Arabidopsis, RAP2.11 regulates potas-
sium ion transport by modulating AtHAKS5 expression
under low potassium conditions [61], whereas. Lv et al.
[67] demonstrated that the degradation of the auxin-
induced TF ERF13 promoted lateral root formation, and
MYB TFs form an essential regulatory family in plants.
MYB59 has been shown to enhance the transport of
potassium ion/NO3- from roots to shoots. This is done
by regulating NRT1.5 and NPF7.3 in Arabidopsis [68],
and SiMYB3 expression in foxtail millet, promoting pri-
mary root elongation in transgenic Arabidopsis, and
improving tolerance to potassium deficiency [69]. The
WRKY TF family plays a role in plant defense responses
[70]. WRKY®6 regulates root potassium ion absorption in
Arabidopsis by promoting AKT1 [71]. In this study, we
identified candidate genes that may help elucidate the
molecular mechanisms of auxin-regulated tobacco root
development under low-potassium stress. Whether these
differentially expressed auxin-responsive TFs are directly
involved in potassium ion absorption remains an area of
further investigation.

Conclusion

Potassium deficiency impairs root development and
uptake, and the response of tobacco roots to potassium
deficiency is closely linked to the endogenous auxin
concentration. Transcriptome sequencing revealed that
DEGs are predominantly enriched in metabolic path-
ways, including photosynthesis, antenna proteins, plant
hormone signal transduction, and the MAPK signaling
pathway in plants. Analysis of DEGs related to auxin
signaling, potassium ion channels and transporters, and
TFs identified several key genes responsive to potas-
sium deficiency, including KUP6, IAA14, ARF16, PIN1,
SKOR, NPF7.3, and AP2/ERF. Notably, KUP6 expres-
sion increased with IAA treatment and decreased with
NPA treatment, indicating its critical role in auxin-
mediated alleviation of potassium deficiency stress
in tobacco and its association with endogenous auxin
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levels. This study was conducted under hydroponic
conditions, which may not fully mimic the complexity
of natural soil environments. Future research should
investigate a broader spectrum of potassium deficiency
levels and incorporate soil-based systems to provide
a more comprehensive understanding. Additionally,
mechanistic studies are needed to explore the molecu-
lar interactions between auxin signaling and potassium
transporters under low-potassium stress. Specifically,
further investigations should focus on how key genes,
such as KUP6, [AA14, and ARFI6, regulate potassium
uptake at both the cellular and molecular levels. These
studies will contribute to a deeper understanding of the
auxin-mediated mechanisms that alleviate stress under
potassium deficiency.
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