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ABSTRACT: In order to understand the characteristics and functions of potato ammonium transporters (AMT) family,
bioinformatics and molecular biology research methods were used to systematically identify and analyze potato AMT family
members (StAMTSs) in this study, and preliminarily studied the functions of StAMTs in Arabidopsis thaliana. The results showed
that there were 8 StAMTSs in potato, which were divided into two subfamilies and distributed on different chromosomes. The amino
acid residues of 8 StAMTs ranged from 460 to 512, the molecular weight ranged from 49.66 kDa to 55.11 kDa, the phosphorylation
sites ranged from 34 to 55, the aliphatic indexes were all greater than 89, and the grand average of hydropathicity was all greater
than 0. The 8 StAMTs had 11 transmembrane domains, and all of them were expressed on the cell membrane. The isoelectric point
of most members was less than 7, the instability index was less than 40, and there was no signal peptide. The analysis results of the
phylogenetic tree, motif composition, gene structure and GO annotation showed that 8 StAMTSs had different functions. The results
of expression pattern analysis under different treatments showed that StAMT1.1 may be a low affinity protein and StAMT2.5 may
be a high affinity protein. In addition, the functions of StAMTs were studied in Arabidopsis thaliana. The results showed that
different genes had different effects on survival rate, root length, fresh weight and ammonium nitrogen content. Under normal and
NH4" sufficiency conditions, the survival rate, root length and fresh weight of the transgenic lines overexpressing StAMT2.3 or
StAMT?2.5 were significantly lower than those of wild type Arabidopsis thaliana (Columbia-0) or had no significant change.
However, under NH4" deficiency condition, the survival rate of the transgenic lines overexpressing St4MT2.3 or StAMT2.5 showed
no significant change, but the root length (about 33%-37% or 15%-27%) and fresh weight (about 87%-105% or 84%-97%) were
significantly higher than those of Columbia-0, indicating that StAMT2.3 and StAMT2.5 may be high-affinity proteins. In summary,
for StAMT2.5, the results of expression pattern analysis in potato and function analysis in Arabidopsis thaliana were consistent, it
may promote the utilization efficiency of NH4" in potato under NHs" deficiency environment, so StAMT2.5 can be used as a
candidate gene for further study. The results of this study are conducive to further understanding the function of potato StAMTs,
and provide a reference for studying the molecular mechanism and mechanism of potato absorption and utilization of NH4".
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INTRODUCTION

Potato (Solanum tuberosum) is currently the fourth
largest food crop in the world after wheat (7riticum
aestivum), rice (Oryza sativa) and corn (Zea mays) (Gong
et al., 2024). In potato production, nitrogen is of great
significance to the growth and development of potato, and
its insufficient content is the main factor limiting the yield
and quality of potato (Kolomiets ef al., 2001; Nurmanov
et al., 2019). In plants, there are two main types of
nitrogen that can be absorbed and utilized, exogenous
nitrogen (fertilizers, etc.) and endogenous nitrogen (the
product synthesized from exogenous nitrogen in plants
through a series of enzymatic actions). Exogenous
nitrogen generally includes inorganic nitrogen and
organic nitrogen. In inorganic nitrogen, nitrate nitrogen
(NOj5) and ammonium nitrogen (NH4") are the main
nitrogen sources during plant growth and development,
which are absorbed and transported by nitrate transporter
family and ammonium transporter (AMT) family,
respectively (Amtmann and Armengaud 2009). Due to

the low energy required for absorption and assimilation,
NH4" is more absorbable source of nitrogen for plants
(Setién et al., 2013). However, NH4" is a paradoxical
nutrient: plants growth can be promoted when moderate
ammonium is supplied, but in excess ammonium causes
a phytotoxic effect on plants (Xian et al., 2020).

There are two NH4" absorption systems in plants, high
affinity transport system (HATS) and low affinity
transport system (LATS). When NH4" concentration is
less than 1 mmol/L or greater than 1 mmol/L, HATS or
LATS is dominant, respectively (Wang et al., 2022; Xia
et al., 2023). The first AMT gene in a plant was
discovered in Arabidopsis thaliana (A. thaliana), and
subsequently, the AMT family was identified in rice,
tomato (Solanum lycopersicum) and several other plant
species (Li et al., 2016; Sun et al., 2019; Hao et al., 2020;
Wang et al., 2022). The AMT family of plants can be
divided into AMT1 subfamily and AMT2 subfamily.
There are 6 AMT genes in A. thaliana. The AMTI1
subfamily contains 5 members (AtAMT1.1~AMT1.5), and
the AMT2 subfamily contains only 1 member (AMT2)
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(Lanquar et al., 2009). Characterization of A. thaliana
mutants demonstrates that 3 genes of AMT1 subfamily
(AtAMTI.1, AtAMTI1.2 and AtAMT1I.3) contribute about
90% NH4" uptake (Loqué et al., 2006; Yuan et al., 2007).
In plants, the expression of AMT genes is regulated by
nitrogen nutrition and has tissue expression specificity,
and is also influenced by day and night alternation, sugar,
soil pH and so on. For example, in 4. thaliana, AtAMTI.5
is only expressed under nitrogen deficiency condition,
and the expression level of AtAMTI.I is increased
significantly in root (Engineer and Kranz, 2007; Yuan e?
al., 2007). In rice, the expression levels of OsAMTI.1,
OsAMTI.2 and OsAMT2.1 are increased under nitrogen
deficiency condition, and the expression levels of
OsAMTI.1 and OsAMT]I.3 are inhibited when nitrogen
content is enriched (Suenaga et al., 2003). In poplar
(Populus tremulaxalba), the expression of AMTI.2 is
significantly increased during root formation. The
expression of AMT3. 1 gene increased significantly during
leaf senescence. AMTI.5 is specifically expressed in
stamens, while AMTI.6 is specifically expressed in
female flowers (Couturier et al., 2007). The AMTI1
subfamily members of pear tree (Pyrus communis) are
expressed throughout the growth process, and CoAMTI.1,
CoAMTI.2 and CoAMTI.3 are mainly expressed in the
roots (Mota et al., 2011). In addition, in 4. thaliana, the
expression level of 4tAMT1.3 is increased threefold near
the end of light exposure (Gazzarrini et al., 1999). In
poplar, the expression levels of PtAMTI.1, PtAMTI.2,
PtAMTI1.6 and PtAMT2.1 are strongly influenced by
diurnal variation and sugar content (Couturier et al.,
2007). The expression levels of AMT genes at pH=7 are
significantly higher than that at pH=4.0 in Prince
Rupprecht’s Larch (Larix principis-rupprechtii Mayr)
(Meng et al., 2016).

Until now, studies on the potato AMT family have
been rare. As one of the most important food crops in the
world, the growth and development of potato can be
promoted by applying nitrogen fertilizer, thereby
improving the yield and quality, but the overuse of
fertilizer has caused pollution to soil and water, and
seriously damaged the ecological balance (Choudhury
and Kennedy, 2005; Li ef al., 2009; Yu et al., 2019a,b;
Qu et al., 2023). For potato, it preferred NH4™ over NOs™.
Therefore, AMT family may play an important role in
potato growth and development. This study intends to use
bioinformatics and molecular biology research methods
to identify and analyze the characteristics and properties
of AMT family members (StAMTs) in the whole genome
of potato. Meanwhile, through overexpressing StAMTs in
A. thaliana, the functions of StAMTs will be detected by
analyzing the effects of different genes on plant growth,
absorption and utilization of NH4". The results of this
study will provide experimental basis and scientific basis
for improving the effective utilization rate of NH4™ in
potato and improving the yield and quality.
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MATERIAL AND METHODS

Plant materials and planting conditions

The ecotype of A. thaliana used in the study was wild-
type Columbia (Columbia-0), and the variety of potato
was tetraploid cultivated species “Desiree”. The plants
were cultured in light incubator with the photoperiod of
23°C, 8000 lux for 16 h and 22°C, 0 lux for 8 h in the
normal environment without stresses.

Identification of AMT family members in potato

The amino acid sequences of 6 members of AMT
family in A. thaliana (AtAMTs) were obtained from
TAIR website (https://www.arabidopsis.org/). AtAMTs
were used as queries to perform a protein search against
the protein database of potato with a strict E value
(<1x10'%)  requirement by NCBI-Blast program
(https://www.ncbi.nlm.nih.gov/) (Wang et al., 2010). All
candidate AMT proteins of potato were screened by using
the Conserved Domain Database (CDD)
(https://www.ncbi.nlm.nih.gov/cdd/)  for  removing
incorrect and redundant sequences, and the rest were
StAMTs. The genome, coding region, amino acid and
promoter sequences of StAMTs, as well as gene location
information were obtained from Phytozome website
(https://phytozome-next.jgi.doe.gov/).

Analysis of StAMTs

The phylogenetic tree was constructed by MEGA7
software using the neighbour-joining method with the
parameters of the Jones-Taylor-Tornton model and 1000
replicates for bootstrap analysis (Liu et al., 2017). The
gene/protein features of StAMTs were analyzed by
ProtParam website (http://web.expasy.org/protparam/).
The transmembrane domains (TMDs) and signal peptides
were analyzed by TOPCONS website
(https://topcons.cbr.su.se/). The subcellular localization
was predicted by CELLO website
(http://cello.life.nctu.edu.tw/). The 10 motifs were
analyzed by MEME  website  (http://meme-
suite.org/tools/meme). The generic phosphorylation sites
(GPSs) were analyzed by NetPho3.1 website
(https://services.healthtech.dtu.dk/services/NetPhos-
3.1/). The protein tertiary structure was predicted by
PHYRE2 website
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=ind
ex). The exon/intron structure was analyzed by GSDS
website  (http://gsds.cbi.pku.edu.cn/index.php). Gene
Ontology (GO) annotation information was obtained
from Spud DB website (http://spuddb.uga.edu/). The cis-
acting elements (CAEs) of promoter regions (2000 bp
upstream of start codon of a gene) were predicted by
PlantCARE website
(http://bioinformatics.psb.ugent.be/webtools/plantcare/ht
ml/).

The gene duplication events were analyzed by NCBI-
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Blast. If the length of an aligned sequence cover > 75% of
the longer gene, and the similarity of the aligned regions is
> 75%, the two genes were considered a gene duplication
event (Jiang et al., 2013; Li et al., 2020). Non-synonymous
mutation frequency (Ka) and synonymous mutation
frequency (Ks) were calculated by DnaSP6 software.

Expression pattern analysis of StAMTs in different
environments

Aseptic tissue culture potato seedlings with the same
growth potential were transplanted into small pots
containing vermiculite, and divided into 3 groups. The
seedlings were cultured in normal Hoagland nutrient
solution (Control), Hoagland nutrient (without NO3") with
2 mM NH4" (NH4* sufficient) or 0.2 mM NHs" (NH4"
deficient), respectively. The normal Hoagland nutrient
solution and Hoagland nutrient (without NOj3") purchased
from Qingdao Hope Bio-Technology Co., Ltd., China,
NH," was derived from ammonium sulfate. After 3 d, the
whole plants were sampled and stored at —80°C prior to
utilization.

The RNAprep Pure Plant Plus Kit (Tiangen, Beijing,
China) was used to extract RNA. The elongation factor
I-a (Efla) gene (GenBank accession number:
XM_006347752) was chosen as the reference gene (Nicot
et al., 2005). Specific primers were designed using Primer
Premier 6 software (Table S1). First-strand cDNAs were
synthesized from 500 ng of RNA with the PrimeScript™
RT reagent Kit with gDNA Eraser (TaKaRa, Beijing,
China) in a 20 ¢ L reaction volume. Quantitative Real-
time PCR (qRT-PCR) was set up on the basis of TB
Green® Premix Ex Taq™ Il FAST qPCR (Takara, Beijing,
China) and was performed on the QuantStudio7 Flex
Real-time PCR System (Applied Biosystems Inc.,
America) in a 10 ¢ L reaction volume. The relative
expression level of each gene was calculated using the 2
AACtmethod (Liu et al., 2016).

Vector construction and A. thaliana transformation
Specific primers were designed by Primer Premier 6
software (Table S1), and StAMTs were isolated from
potato cDNA by PCR. The overexpression vector
pBI121-HA (pBI121 vector without GUS tag, but with
some new restriction sites and HA tag) was digested by
Xba 1 and Xho 1. The PCR products and enzyme digestion
products were detected and recovered on 1.5% agarose
gel, and the recombinant vector of StAMTs and pBI121-
HA were constructed using pEASY®-Basic Seamless
Cloning and Assembly Kit (Transgen, Beijing, China),
and were transformed into Escherichia coli chemically
competent cell Dh5a. The recombinant plasmids of

StAMTs and pBI121-HA were obtained through
sequencing analysis and plasmid extraction. The
recombinant  plasmids were transformed into

Agrobacterium tumefaciens chemically competent cell
GV3101, and the positive transformants were obtained
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through PCR detection. The infective solution of
Agrobacterium tumefaciens with recombinant plasmids
(ODgpp=0.8-1.0) was prepared. Columbia-0 was
transformed three times in 3 weeks by Agrobacterium-
mediated inflorescence infection method (Chen et al.,
2017), and the Ty transgenic seeds were harvested.

A reaction mixture containing templates, primers,
buffer, ANTPs, and Taqg DNA polymerase was subjected
to the following procedure: pre-denaturation (94°C) for 5
min; followed by denaturation (94°C) for 30 s, annealing
(55°C) for 30 s, extension (72°C) for 2 min for a total of
30 cycles. Final elongation step (72°C) was carried out
for 10 min.

Screening of positive transgenic A. thaliana lines

Under sterile conditions, the Ty seed surface was
disinfected using 70% ethanol and 50% bleach (containing
0.05% Tween-20) for 5 minutes, and then washed three
times in sterile ddH,O for 10 minutes each time. The sterile
seeds were placed at 4°C for 3 d, then seeded on solid MS
(Murashige and Skoog, Phytotech) medium with
kanamycin (kana, 50 ng/uL) and placed in the light
incubator for growth for about 10 d. The kana resistant
plants with well grown were transplanted into small pots
containing vermiculite for further growth for about 15 d.
PCR was performed using genomic DNA isolated from
leaves of the kana resistant plants. With Columbia-0 DNA
and ddH,O as the negative control and pBI121-HA
plasmid DNA as the positive control, PCR analysis was
carried out using the specific primer NPTIIF/R (Table S1).

The T; seeds of transformed plants identified by PCR
were obtained and screened by MS medium containing
kana, and the RNA was extracted from kana resistant
plants and Columbia-0 for detecting relative expression
levels of StAMTs by qRT-PCR. The Atactin gene
(At1g49240) was chosen as the reference gene (Table S1).
The positive transgenic plants identified by PCR and
gRT-PCR were cultured and the seeds were harvested
(T2). T, seeds were screened on MS medium containing
kana and cultured in light incubator for harvesting T3
homozygous seeds.

Effect of StAMTSs on growth of A. thaliana

After sterilization, T3 homozygous and Columbia-0
seeds were placed at 4°C for 3 d, then seeded on MS
medium without antibiotics and vertically placed in the
light incubator for 10 d. The seedlings of similar
developmental stage and vigor were selected and cultured
in Control, NH4" sufficient or NHs" deficient
environments for 15 d, respectively. The nutrient solution
was replaced every 3 d. The survival rate, root length,
fresh weight and ammonium nitrogen content (ANC)
were measured to analyze the effects of StAMTs on the
plant growth. The ANC detection was assisted by
Quanzhou Ruixin Biotechnology Co., LTD. The data was
analyzed by SPSS 29.0 and Excel software.
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Table 1. Features analysis of StAMTs
Gene  No. of Mole. Wt. Instability Aliphatic TMD/  "Signal  Subcellular No. of
Gene number name AARs (kDa) pl index index GRAVY Direction peptide Localization GPSs
Soltu.DM.03G006400.1 StAMT1.1 460 49.67 5.34 26.15  98.59 0.557 11/out—in N Cellmembrane 45
Soltu.DM.04G019680.1 StAMT1.2 512 5511 6.94 2146  89.04 0.397 11/out—in Y Cellmembrane 55
Soltu.DM.09G027420.1 StAMT1.3 491 52.60 6.45 2430 89.27 0.435 11/out—in N Cellmembrane 39
Soltu.DM.01G036550.1 StAMT2.1 476 51.84 576 29.22 106.55 0.527 11/out—in N Cellmembrane 45
Soltu.DM.03G003430.1 StAMT2.2 469 51.76 7.73 35.01 96.91 0.350 11/out—in N Cellmembrane 53
Soltu.DM.08G015590.1 StAMT2.3 485 52.70 6.74 37.01 101.57 0.530 11/out—in N Cellmembrane 46
Soltu.DM.09G020440.1 StAMT2.4 475 5229 6.45 36.98 105.14 0.496 11/out—in N Cellmembrane 34
Soltu.DM.10G019400.1 StAMT2.5 483 52.05 7.71 40.45 102.88 0.515 11/out—in N Cell membrane 46
*: ”’N” indicated no signal peptide, “Y” indicated there is a signal peptide.
Chr. 01 Chr. 02 Chr.03 Chr.04 Chr.05 Chr.06 Chr.07 Chr.08 Chr.09  Chr10 Chr. 11 Chr. 12
b 88.59Mb 46.10Mb 60.71Mb 6924Mb S5560Mb S59.09Mb 57.64Mb 5923Mb 67.60Mb 61.04Mb 46.78 Mb 59.67 Mb
2 342 StAMT2.2
10 9.63 StAMTI1.1
15
20
25
30
35
pr 45.39 = StAMT1.2 ARSI SAMIZS
50 50.73 StAMT2.5
55 55.24 StAMT2.4
:2 63.40 StAMT1.3
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7 76.01 StAMT2.1
80
85
2%

Fig. 1. Chromosome localization and gene duplication event analysis of 8 StAMTs. Green indicated gene duplication events. Chr.:

Chromosome. Mb: million base pairs.
RESULTS

Identification of analysis of AMT family members in
potato

A total of 8 StAMTs were screened from the potato
genome. The 8 StAMTs were renamed according to gene
ID and their location on chromosomes (Table 1, Fig. 1).
The number (No.) of amino acid residues (AARs) of 8
StAMTs ranged from 460 to 512, the molecular weight
ranged from 49.67 kDa to 55.11 kDa, and the No. of GPSs
ranged from 34 to 55. The isoelectric points (pl) of
StAMT2.2 and StAMT2.5 were greater than 7, and the p/
of the other 6 proteins were all less than 7. The instability
index of StAMT2.5 was greater than 40, and the other 7
proteins was less than 40. The 8 StAMTs were expressed
on the cell membrane, all had 11 TMDs (out—in), the
aliphatic index were all greater than 89, and the grand
average of hydropathicity (GRAVY) were all greater than
0. However, except StAMT1.2, which had a signal peptide,
the other 7 proteins had no signal peptides (Table 1).

Chromosome localization and phylogenetic tree
analysis

The results of gene location showed that there were

12 chromosomes in potato, 6 of which contained StAMTSs.

Chromosomes 1, 4, 8 and 10 contained only one gene

(StAMT2.1, StAMTI.2, StAMT2.3 and StAMT2.5).

Chromosomes 3 and 9 all had two genes, StAMTI.1 and
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StAMT?2.2 were on chromosome 3, and StAMTI.3 and
StAMT?2.4 were on chromosome 9 (Fig. 1). The sequence
similarity and coverage rate of 8 StAMTs were analyzed
using NCBI-Blast program, and the results showed that
only StAMTI.2 and StAMTI.3 had similarities and
coverage rates exceeding 75%, indicating that the two
genes were a pair of gene duplication event (Fig. 1). Ka
and Ks values were 0.1438 and 2.9255 after calculation
by DnaSP6 software, that is, Ka/Ks<1, indicating that the
two genes were purifying selection (Li et al., 2019).

Based on the phylogenetic tree of AtAMTs and
StAMTs, 8 StAMTs could be divided into two subfamilies:
AMT1 and AMT2, which respectively had more than 65%
consistency with the amino acid sequences of AMT1 and
AMT2 members of Arabidopsis thaliana (Fig. S1).
According to different distribution in the tree, AMT]I
subfamily could be divided into two groups (Fig. 2), and
Group II contained only StAMTI1.1, indicating that
StAMT1.1 may have different sequence composition or
gene function from other genes. The prediction results of
the tertiary structure of StAMTs showed that the tertiary
structure of StAMT1.2 and StAMT 1.3 was similar, and 5
proteins of StAMT?2 subfamily had similar structure (Fig.
3). However, the tertiary structure of StAMTI1.1 was
different from that of the other 7 proteins, which was
consistent with the analysis results of phylogenetic tree,
indicating that StAMT1.1 may have important and specific
gene functions.
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Fig. 2. Neighbor-joining tree for the AMT genes in potato based on characterized AMT genes in A. thaliana. Prefix “St” indicated
potato, and “AT” indicated A. thaliana.
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Fig. 3. Protein tertiary structure prediction of StAMTs.
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Fig. 4 Sequence analysis of StAMTs. A. Phylogenetic tree. B. Motif composition. C. Gene structure. D. GO annotation.

Analysis of gene structure, motif composition and GO
annotation

Motif composition analysis results showed that
members in the same subfamily had the same motif
composition. AMT1 subfamily members were composed
of motifs 2, 3,4, 5, 6, 7 and 10, and 4 AMT2 subfamily
members contained all 10 motifs, while SSAMT?2.5 lacked
motif 9 (Fig. 4B). The results of gene structure analysis
showed that only two proteins of StAMTI1.1 and
StAMT1.3 had no introns, while the other 6 proteins had
2-4 introns (Fig. 4C).

The GO annotation analysis results showed that 8
StAMTs had some functional similarities and differences
(Fig. 4D). In Biological Process, AMT2 subfamily
contained 5 functions, while StAMTI1.2 lacked
“biological process”. StAMT1.1 and StAMT1.3 both had
7 functions, and only “transport” and “cellular process”
were the same as the other 6 proteins. In Molecular
Function, 8 StAMTs had “transporter activity”,
StAMT1.1 and StAMT1.3 had “transporter activity” and
“protein binding”. In Cellular Component, AMT2
subfamily members were the component of cell,
cytoplasm and plasma membrane, StAMTI1.1 and
StAMT1.3 were the components of cell, nucleus and
plasma membrane, while StAMT1.2 was only the
component of plasma membrane.

CAE:s analysis

Analysis results of CAEs in the promoter region of
StAMTs showed that there were 73 different CAEs in the
promoter sequence of 8 StAMTS, and the functions of 48
elements could be understood according to the
information provided by PlantCARE website, which were
related to abiotic stress response, growth and
development, light and hormonal response, respectively
(Table S2). The promoter region of 8 StAMTs contained
33, 30, 28, 25, 28, 34, 37 and 26 different elements, and
the number and type of elements contained in each gene

were different. AT~TATA-box, CAAT-box, MYB, MYC,

TATA-box and Unnamed 4 were the common or core
components of the promoter regions of 8 StAMTs (Zhang
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et al., 2023). CCAAT-box (MYBHv1 binding site) and
MYB recognition site were unique to StAMTI.1. LAMP-
element (part of a light responsive element), RY -element
(CAE involved in seed-specific regulation) and WRE3
(wounding responsiveness (Yang et al., 2021)) were
unique to StAMTI.2. AT-rich sequence (element for
maximal elicitor-mediated activation), Box III (protein
binding site), F-box (protein degradation related
(Ramachandran et al., 2021)) and HD-Zip 3 (protein
binding site) were unique to StAMT1.3. ACA-motif (part
of gapA in (GAPA-CMAIl) involved with light
responsiveness) was unique to StAMT2.1. CTAG-motif
(involved in the growth and development of plants
(Gangwar et al., 2022), chs-CMA2a (part of a light
responsive element), TCA-element (CAE involved in
salicylic acid responsiveness) and TC-rich repeats (CAE
involved in defense and stress responsiveness) were
unique to StAMT2.2. AuxRE (part of an auxin-responsive
element), CAT-box (CAE related to meristem
expression), chs-Unit 1 ml (part of a light responsive
element) and MBSI (MYB binding site involved in
flavonoid biosynthetic genes regulation) were unique to
StAMT?2.4. 3-AF1 binding site (light responsive element),
A-box (sequence conserved in alpha-amylase promoters),
AC-I (involved in the regulation of lignin biosynthesis
(Zhu et al., 2023) and AuxRR-core (CAE involved in
auxin responsiveness) were unique to StAMT2.5. In
summary, these results suggested that 8 StAMTs may be
involved in a variety of abiotic stress responses and plant
growth regulation responses, with certain functional
similarity and specificity.

Expression pattern analysis of StAMTs in different
environments

The expression patterns of 8 StAMTs in Control, NH,*
sufficiency or NH4" deficiency environments were
detected by qRT-PCR (Fig. 5). The results showed that
compared with the expression levels of 8 StAMTs in
Control environment, under NH4" sufficiency condition,
the expression level of StAMTI.I was significantly
increased, and the expression levels of other 7 genes were
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Fig. 5. Expression pattern analysis of StAMTs under Control, NH,* sufficient and NH,* deficient environments. Control, NH,* sufficient
and NH," deficient environments indicated normal Hoagland nutrient solution, Hoagland nutrient (without NO3’) with 2 mM NH.,*, and
Hoagland nutrient (without NO3") with 0.2 mM NH,*, respectively. The quantitative data were detected by taking 3 biological replicates
and 3 technical replicates, and the relative expression level of each gene was calculated using the 2722°t method. The data were
analyzed by t-test of Excel software, and “*” and “**” indicated that the expression level of a gene under NH,4* sufficient or NH," deficient
condition had significant and extremely significant differences compared with that under Control condition at P<0.05 and P<0.01 levels,

respectively.

significantly decreased under NH4" sufficiency condition.
Under NH4* deficiency condition, the expression levels of
StAMTI.1, StAMTI.3 and StAMT2.4 decreased
significantly, while the expression levels of StAMT].2,
StAMT2.1, StAMT2.2 and StAMT2.3 were not
significantly changed, and the expression level of
StAMT2.5 was significantly increased.

Effects of overexpressing StAMTs on the growth of 4.
thaliana

Recombinant vectors of 8 StAMTs and pBI121-HA
were successfully constructed using homologous
recombination technology, and transformed into GV3101
(Fig. S2). Transgenic A4. thaliana lines overexpressing
StAMTs were successfully obtained by Agrobacteria-
mediated and the detection of PCR and qRT-PCR (Figs.
S3, S4). Three lines were selected from the transgenic
lines overexpressing different StAMTs for further study,
and T3 homozygous seeds were obtained.

The growth of Columbia-0 and transgenic lines were
analyzed under Control, NH," sufficiency or NH4"
deficiency conditions. The results showed that in terms of
survival rate, compared with Columbia-0, the survival
rates of transgenic lines overexpressing 8 StAMTs were
all decreased by 36%-100% under Control condition.
Under NHy4" sufficiency condition, the survival rates of
the lines overexpressing StAMTI.1 and StAMTI.3 were
increased significantly by 200%-300%, and the other
lines died or had no significant change in survival rate.
Under NH" deficiency condition, the lines
overexpressing StAMTI.1, StAMTI.3 and StAMT2.4 and
the line 21.1 overexpressing StAMT2.1 were died or
decreased significantly by about 57% in survival rate,
while the survival rates of the lines overexpressing
StAMT1.2 were increased significantly by 57%-86%, and
the survival rates of other lines did not change
significantly (Fig. 6A).

In terms of root length, under Control condition,

compared with Columbia-0, the root lengths of the lines
24.1 and 24.3 overexpressing StAMT2.4 and the lines
overexpressing StAMT?2.5 were not significantly different,
while the root lengths of the other lines were significantly
shorter than that of Columbia-0 with a reduction of 26%-
61%. Under NH4" sufficiency condition, there was no
significant difference between the root lengths of the lines
11.3,23.1,24.1, 24.3, 25.1-25.3 and Columbia-0, and the
other lines were either died or significantly shorter than
Columbia-0 with a reduction of 13%-80%. Under NH4"
deficiency condition, the root lengths of the lines
overexpressing  StAMTI.1, StAMTI1.2, StAMTI.3,
StAMT?2.1 and StAMT2.4 were significantly shorter than
that of Columbia-0 with a reduction of 15%-58%, while
the root lengths of the lines overexpressing StAMT2.2,
StAMT?2.3 and StAMT?2.5 were significantly longer than
that of Columbia-0 with an increase of 13%-37% (Figs.
6B, S5).

In fresh weight, under Control condition, the fresh
weights of the lines 22.1, 23.3, 25.2 and 25.3 and the lines
overexpressing StAMTI.2 had no significant difference
compared with Columbia-0, while the fresh weights of
the lines overexpressing StAMT2.4 and lines 23.1 and
23.2 were significantly higher than that of Columbia-0
with an increase of 64%-94%, and the other lines were
either dead or significantly lower than Columbia-0 with a
reduction of 22%-61%. Under NH," sufficiency
condition, the fresh weights of all lines had no significant
change or was significantly lower than that of Columbia-
0. Under NH4" deficiency condition, the fresh weights of
lines overexpressing StAMT2.3 and StAMT2.5 were
significantly higher than that of Columbia-0 with an
increase of 84%-105%, while the other lines were dead or
the fresh weight was significantly or insignificantly lower
than that of Columbia-0 with a reduction of 11%-78%
(Fig. 6C).

In terms of ANC, under Control condition, the ANCs
of the lines overexpressing StAMT1.3, StAMT2.3 and
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Fig. 6. Analysis of growth difference between transgenic A. thaliana and Columbia-0 under Control, NH,* sufficiency and NH,*
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StAMT2.4 were increased (26%-100%) significantly
compared with Columbia-0, and the other lines were died
or the ANCs were significantly or insignificantly lower
(0.8%-58%) than that of Columbia-0 (except for line 11.3)
(Fig. 7). Under NH4" sufficiency condition, the ANCs of
the lines overexpressing StAMT2.2 were significantly
higher (3%-13%) than that of Columbia-0, while other
lines were died or the ANCs were significantly lower
(3%-81%) than that of Columbia-0 (Fig. 7). Under NH4"
deficiency condition, only the line 22.3 overexpressiong
StAMT?2.3 had a significantly higher (4%) ANC than that
of Columbia-0, while the other lines were died or the
ANCs were significantly lower (5%-84%) than that of
Columbia-0 (Fig. 7).

DISCUSSION

Through identification and analysis of potato AMT
family members, 8 StAMTs were finally screened from
potato genome. The No. of GPSs of 8 StAMTs ranged
from 34 to 55, and the GPSs may promote the interaction
of StAMTs with other proteins or bind to CAEs of other
stress response genes, thus playing a regulatory role in
gene expression and plant growth and development
(Ugarli, 2021). StAMT2.2 and StAMT2.5 were basic
proteins because the p/ was greater than 7, while the other
6 proteins were acidic proteins. The instability indexes of
StAMT?2.5 was greater than 40, indicating poor stability,
while the other 7 proteins all had a good stability. The
aliphatic indexes of 8 StAMTs proteins were all greater
than 89, indicating that they had good thermal stability.
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The GRAVYs of 8 StAMTs were greater than 0, they all
were hydrophobic proteins (Drews et al., 2004; Li et al.,
2022). TMDs and signal peptides are the hallmarks of
secreted proteins, and the NO. of TMDs of AMT genes in
various plant species ranges from 9 to 12 (von Wirén and
Merrick, 2004). All 8 StAMTs contained 11 TMDs, and
StAMT1.2 had a signal peptide which indicated that
StAMT1.2 may be guided into suborganelles containing
different membrane structures in cells under the action of
the signal peptide to exert functions.

Based on the location distribution in the phylogenetic
tree, gene function can be inferred (Li ef al., 2019). For
example, in A. thaliana, AtAMTI.2 and AtAMT2 are
mainly expressed in the root or stem, and with the
increase of time of nitrogen deficiency, the expression
levels of AtAMTI.2 and AtAMT2 were changed
significantly (Gazzarrini et al., 1999; Sohlenkamp et al.,
2002). Therefore, according to the phylogenetic tree,
StAMT].2 and StAMT2.5, which were closely related to
AtAMT]I.2 and AtAMT2, may also have similar functions
or roles. Previous studies considered these conserved
motifs to play functional and/or structural roles in active
proteins, and the exon/intron structure analyses could
give an understanding of the gene functions, regulation
and evolution (Yamasaki et al., 2013; Feng et al., 2016).
Therefore, based on the analysis results of phylogenetic
tree, gene structure, motif, CAEs of promoter sequence,
GO annotation and protein tertiary structure prediction,
the 8 StAMTs were both similar and different in structure
and function.
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Fig. 7. ANC analysis of transgenic A. thaliana lines and
Columbia-0 under Control, NH,* sufficiency and NH4* deficiency
conditions. Control, NH," sufficient and NH;" deficient
environments indicated normal Hoagland nutrient solution,
Hoagland nutrient (without NO3’) with 2 mM NH,*, and Hoagland
nutrient (without NO3) with 0.2 mM NH,*, respectively. 11.1-11.3,
12.1-12.3, 13.1-13.3, 21.1-21.3, 22.1-22.3, 23.1-23.3, 24.1-24.3,
25.1-25.3 were transgenic lines that overexpressing StAMT1.1-
StAMT2.5, respectively. Each data was detected by taking 3
biological replicates and 3 technical replicates, and the data were
analyzed by t-test of Excel software. “*” and “**” indicated that the
index value of transgenic A. thaliana had significant and
extremely significant differences compared with that of Columbia-
0 at P<0.05 and P<0.01 levels, respectively.

HATS and LATS are two ammonium nitrogen
absorption systems, and play key roles in the absorption
and transport of NH4" in plants when the concentration of
NH4" was <1 mM and >1 mM, respectively (Wang et al.,
2022; Xia et al., 2023). In this study, by analyzing the
expression patterns of 8 StAMTs under Control, NH4"
sufficient and NH4" deficiency conditions, it was found
that StAMTI1.1 may be a low affinity protein and
StAMT2.5 may be a high affinity protein.

AMT is closely related to the uptake and utilization of
NH4" and the growth and development of plants (von
Wirén and Merrick, 2004; Wang et al., 2022). To
investigate the functions of StAMTs in plant, 8 StAMTs
were overexpressed in A. thaliana for analyzing the
growth of transgenic lines and Columbia-0 under Control,
NH4" sufficient and NH4" deficiency conditions. The
results showed that overexpression of StAMTs had a
certain effect on the growth of A. thaliana. It is worth
noting that under Control and NH4" sufficiency
conditions, the survival rate, root length and fresh weight

Li et al. : Analysis of ammonium transporter family in potato

&
%

of the lines overexpressing StAMT?2.3 and StAMT?2.5 were
significantly lower than those of Columbia-0 or had no
significant changes. However, under NH4" deficiency
condition, the survival rate of the lines overexpressing
StAMT?2.3 and StAMT2.5 had no significant changes, but
the root length and fresh weight were significantly higher
than those of Columbia-0, indicating that St4AMT2.3 and
StAMT?2.5 may be high-affinity proteins. Combined with
the analysis results of StAMTs expression pattern in
potato, the functional analysis results of StAMT2.5 in 4.
thaliana were consistent, indicating StAMT2.5 was
worthy of further study. However, StAMTI1.1 was
predicted to be a low-affinity protein based on its
expression pattern, which was inconsistent with the
research results in 4. thaliana. The analysis results of the
phylogenetic tree and three-dimensional structure
indicated that StAMT1.1 may have different functions
from other proteins and may have special functions in
potato, which may be the reason for the inconsistent
results of expression pattern in potato and functional
analysis in A4. thaliana. In addition, the expression of
AMT is related to NH4" concentration. For example,
PttAMT1.2 (Populus tremulaxtremuloides) encodes a
high-affinity protein, which is affected by NH,"
concentration, compared with the NH4" concentration of
2 mmol/L, the transcription level was increased by four
times when NH4" concentration was 10 umol/L and 100
umol/L (Selle et al., 2005). Therefore, for StAMT2.3, it
was predicted to may be a high-affinity protein based on
the functional analysis in 4. thaliana, and its expression
level in potato decreased under NH4* sufficiency
condition, but under NH4" deficiency condition, the
upregulated expression of St4M7T2.3 may not be induced
due to inappropriate concentration of NH4", resulting in
inconsistent results between quantitative analysis in
potato and functional analysis in 4. thaliana.

AMT is the main protein family involved in the
absorption and transport of NH4", and its expression level
is affected by the nitrogen nutrition status and the NH4"
concentration in plants (Wang et al., 2022). When
nitrogen nutrition is limited, the expression of AtAMT]I.1
in the roots of 4. thaliana is increased (Gazzarrini et al.,
1999). When nitrogen supply is sufficient, the expression
of AtAMTI.I in leaves is significantly increased
(Engineer and Kranz 2007). Under nitrogen deficiency
condition, the expression of LeAMTI.l of tomato is
significantly upregulated (von Wirén et al., 2000).
OsAMTI.1 dominates the uptake of NH4" in rice roots,
which is induced by low nitrogen and inhibited by high
nitrogen. The expression of BuAMTI.2 (Brassica napus)
is increased with the increase of NH4" concentration, but
is downregulated under continuous high nitrogen
condition (Pearson et al., 2002). These results suggest
that AMT plays an important role in the uptake and
utilization of NH4" by plants. Through the ANC detection,
the overexpression of StAMTs had significant effects on
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the ANC in plants under different conditions. Combined
with the analysis of plant growth phenotype, the lines
overexpressing StAMT2.3 may enhance the ability to
absorb NH4" under Control condition, but could not
enhance the utilization of NH4*. Under the condition of
only NH4" supply, overexpression of StAMT2.3 may be
able to enhance the utilization ability of
NH4".Overexpression of StAMT?2.5 may reduce the ability
of plants to absorb NH4" under the Control and NH4"
sufficiency conditions, while may enhance the utilization
of NH4" under NH4" deficiency condition.

In addition to NH4" concentration, day and night
alternation, light, plant hormones, protein
phosphorylation, NO3", CO», K*, symbiotic bacteria, pH
and environment factors all can regulate the expression
and protein activity of AMT in plants (Gazzarrini et al.,
1999; von Wirén et al., 2000; Sohlenkamp et al., 2002;
DesRochers et al., 2003; D'Apuzzo et al., 2004; Selle et
al., 2005; Chalot et al., 2006; Couturier et al., 2007,
Loqué et al., 2007; Neuhiuser ef al., 2007; Hoopen et al.,
2010; Mota et al., 2011; Yuan et al., 2013; Zhang et al.,
2014; Abouelsaad et al., 2016; Meng et al., 2016; Jia et
al.,2017; Huang et al., 2018; Wu et al., 2019), indicating
that the function of AMT is regulated by multiple factors,
and its regulation of plant absorption and utilization of
NH4" may also be the result of collaboration of multiple
proteins or factors, and the role of a single AMT may be
regulated by other proteins. Therefore, the functions and
molecular mechanism of St4AMTs requires more studies to
be elucidated. In the process of potato growth, due to
microbial nitrification, both NH4" in soil and NH4"
fertilizer will be converted into NOs", so very little NH4*
can be absorbed and utilized by potatoes. Based on the
results of this study, StAMT2.5 may improve the
utilization of NH4" in NH4" deficiency environment, so it
can be used as the first choice for further research.

CONCLUSION

In this study, 8 AMT family members were screened
from potato genome, which can be divided into two
subfamilies. These genes were distributed on different
chromosomes, and StAMT1I.2 and StAMTI.3 were a pair
of gene duplication events (purification selection). The
length of § proteins ranged from 460 to 512 AARs, the
molecular weight ranged from 49.67 kDa to 55.11 kDa,
and the No. of GPSs ranged from 34 to 55. All 8 StAMTs
were hydrophobic proteins with good thermal stability
and 11 TMDs. Among them, StAMT2.2 was a stable
basic protein, StAMT2.5 was an unstable basic protein,
and other proteins were stable acidic proteins, and only
StAMT1.2 had a signal peptide. The functions of 8§
StAMTs were inferred and analyzed by the analysis of
phylogenetic tree, protein tertiary structure prediction,
motif, gene structure, GO annotation and CAEs. By
detecting the expression patterns under Control, NH4"
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sufficient and NHy4" deficiency conditions, it was found
that StAMTI1.1 may be a low affinity protein and
StAMT?2.5 may be a high affinity protein. The transgenic
A. thaliana lines overexpressing 8 StAMTs were
constructed. The growth of transgenic lines and
Columbia-0 under Control, NH4" sufficient and NH4*
deficiency conditions were analyzed. The results showed
that different genes had different effects on the growth of
A. thaliana, and StAMT2.3 and StAMT?2.5 may be high-
affinity proteins. In addition, the ANC detection results
showed that StAMT2.3 and StAMT?2.5 may enhance the
ability of plants to utilize NHs" under NH4" deficiency
condition. In summary, StAMT2.5 may have a similar
function in potato and A. thaliana, so it can be the next
research focus.
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