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Abstract

Arbuscular mycorrhizal fungi (AMF) can help plant roots absorb ammonium
nitrogen through hyphal networks, and this uptake is mediated by ammonium
transporters (AMTs). To reveal the molecular mechanism by which AMF regu-
late ammonium uptake in quinoa, this study cloned members of the quinoa AMT
gene family and systematically analyzed the evolutionary characteristics, trans-
port functions, tissue expression patterns, and protein localization of CqAMTs
using sequence alignment and phylogenetic analysis, yeast functional comple-
mentation, real-time quantitative PCR, and subcellular localization techniques.
The results showed that: (1) the quinoa genome contains 12 AMT family mem-
bers, which are divided into two subfamilies, AMT1 and AMT2. (2) CqAMT1;1,
CqAMT1;2, CqAMT1;4, and CqAMT1;8 exhibit ammonium transport activity
under low-ammonium conditions and are localized to the plasma membrane.
(3) Members of the CqAMTs family show tissue-specific expression in roots,
stems, leaves, and flowers; the expression levels of some CqAMTs are regulated
by AMF colonization and ammonium nitrogen levels. This study clarified the
evolutionary classification, protein localization, and ammonium transport func-
tions of the quinoa AMT gene family, confirmed that multiple CQAMT members
participate in AMF-mediated ammonium uptake in quinoa, and provides a the-
oretical basis for elucidating the mechanism by which AMF promote efficient
ammonium uptake in quinoa.
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Abstract: Arbuscular mycorrhizal fungi (AMF) can assist plant roots in ab-
sorbing ammonium nitrogen through their mycelial networks; this uptake is me-
diated by ammonium transporters (AMTs). To reveal the molecular mechanism
by which AMF regulate ammonium uptake in quinoa, this study cloned mem-
bers of the quinoa AMT gene family and, using sequence alignment and phylo-
genetic analysis, yeast functional complementation, real-time fluorescence quan-
titative PCR, and subcellular localization techniques, systematically analyzed
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the evolutionary characteristics, transport functions, tissue expression patterns,
and protein localization of CgAMTs. The results showed that: (1) the quinoa
genome contains 12 members of the AMT family, divided into two subfamilies,
AMTI and AMT2. (2) CqAMT1;1, CqAMTI1;2, CqAMT1;4, and CqAMT1;8
exhibit ammonium-transport activity under low-ammonium conditions and are
localized to the cytoplasmic membrane. (3) Members of the CgAMTs family
show tissue-specific expression in roots, stems, leaves, and flowers; the expres-
sion levels of some CqAMTs are regulated by AMF colonization and ammonium
nitrogen levels. This study clarifies the evolutionary classification, protein lo-
calization, and ammonium-transport functions of the quinoa AMT gene family,
confirms that multiple CgAMT members participate in AMF-mediated quinoa
ammonium uptake, and provides a theoretical basis for analyzing the mechanism
by which AMF promote efficient ammonium absorption in quinoa.

Key words: quinoa; ammonium transporter (AMT); arbuscular mycorrhizal
fungi (AMF); mycorrhizal induction; ammonium transport; gene family identi-
fication
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Abstract: Arbuscular mycorrhizal fungi (AMFs) facilitate plant root absorp-
tion of ammonium nitrogen through their mycelial networks, a process mediated
by ammonium transporters (AMTs). To elucidate the molecular mechanisms by
which AMFs regulate quinoa ammonium uptake, this study cloned members of
the quinoa AMT gene family and employed sequence alignment, phylogenetic
analysis, yeast functional complementation assays, real-time quantitative poly-
merase chain reaction, and subcellular localization. The results were as follows:
(1) The quinoa genome
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contains 12 AMT family members, classified into two subfamilies: AMT1 and
AMT2. (2) CqAMT1;1, CqAMT1;2, CqAMT1;4, and CqgAMT1;8 exhibit ammo-
nium transport activity under low-ammonium conditions and are localized to
the plasma membrane. (3) CgAMT family members demonstrate tissue-specific
expression in roots, stems, leaves, and flowers, with some CqAMT expression
levels regulated by AMF colonization and ammonium nitrogen levels. This
study clarifies the evolutionary classification, protein localization, and ammo-
nium transport functions of the quinoa AMT gene family, confirming that mul-
tiple CqAMT members participate in AMF-mediated quinoa ammonium uptake,
thereby providing a theoretical foundation for understanding the mechanism by
which AMFs enhance efficient ammonium absorption in quinoa.

Key words: quinoa (Chenopodium quinoa), ammonium transporter (AMT),
arbuscular mycorrhizal fungi (AMF), mycorrhizal induction, ammonium trans-
port, gene family identification

Nitrogen is an indispensable mineral nutrient for plant growth and development.
It is mainly absorbed and utilized by plants in the forms of ammonium nitrogen
(NH}) and nitrate nitrogen (NO3) (Rivero-Marcos, 2025). Nitrogen deficiency
leads to slow plant growth, reduced photosynthesis, and decreased yield (He
et al., 2026). Therefore, efficient uptake and transport of ammonium nitrogen
(NHJ) are crucial for plant nitrogen nutrition and utilization. Transmembrane
uptake of ammonium nitrogen in plants is mainly mediated by ammonium trans-
porters (AMTs), which are primarily divided into two subfamilies, AMT1 and
AMT?2 (Von et al., 2014). Among them, the AMT1 subfamily is mostly com-
posed of high-affinity transporters and mainly governs ammonium capture by
roots under low-ammonium conditions; the AMT2 subfamily is more often in-
volved in long-distance ammonium transport and inter-tissue redistribution. To-
gether, the two complete the supply of nitrogen throughout the plant life cycle.
In recent years, the AMT families of plants such as Arabidopsis thaliana (Loque
et al., 2006), rice (Konishi et al., 2021), maize (Gu et al., 2013), soybean (Yang
et al., 2023), wheat (Wang et al., 2025), and cassava (Xia et al., 2023) have
been identified.

Arbuscular mycorrhizal fungi (AMF), as key symbiotic microorganisms in soil,
form large numbers of hyphae within host plant roots and in rhizosphere soil.
Their extraradical hyphae and plant roots jointly construct an extensive hyphal
network, efficiently assisting plants in absorbing water and mineral nutrients
and thereby establishing a symbiotic relationship (Fei et al., 2022; Duan et
al., 2024). Numerous studies have shown that AMF can induce the specific
expression of plant AMT genes and enhance the transport of NH; from the
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symbiotic interface into the plant. For example, Hui et al. (2022) identified
maize ZmAMTS;1 as a key transporter in the mycorrhizal ammonium uptake
pathway; Perez-Tienda et al. (2014) proposed that rice OsAMTS3;1 participates
in mycorrhizal ammonium uptake; Koegel et al. (2013) found that sorghum
SVAMTS; 1 and SbAMT/ are localized to the periarbuscular membrane; Wang et
al. (2022) found that LjAMT2;2 of Lotus japonicus is upregulated in arbuscule-
containing cells; Kobae et al. (2010) identified five AMF symbiosis-induced AMT
genes in soybean; and Fang et al. (2023) confirmed that pepper CaAMT2;1,
CaAMT2;2, and CaAMT2;8 are upregulated by AMF induction.

Quinoa (Chenopodium quinoa) belongs to the Amaranthaceae and is a grain
crop with both cereal-like characteristics and high nutritional value (Vilcacundo
et al., 2017). It is native to the Andean region of South America and has
extremely strong adaptability to adverse conditions such as salinity, alkalinity,
and drought (Yazar et al., 2014). Nitrogen deficiency is one of the main factors
limiting the improvement of quinoa yield, and ammonium nitrogen is a nitrogen
source form suitable for quinoa utilization. AMF symbiosis can significantly
promote quinoa growth and nitrogen accumulation (Yang Shifang et al., 2017).
However, the molecular mechanism by which AMF regulates ammonium uptake
in quinoa remains unclear. To clarify the roles of the AMT gene family in the
direct NH; uptake pathway and the mycorrhizal uptake pathway in quinoa,
this study used techniques including gene-family identification, yeast functional
complementation experiments, qRT-PCR expression analysis, and subcellular
localization to systematically analyze the evolutionary characteristics, transport
functions, tissue expression, and AMF symbiotic response patterns of the quinoa
AMT gene family. The aim is to clarify the functions of quinoa AMT genes in
ammonium uptake and mycorrhizal symbiosis, and to provide a theoretical basis
and genetic resources for revealing the molecular mechanism by which AMF
promote efficient ammonium uptake in quinoa.

1 Materials and Methods

1.1 Plant Materials and Cultivation

Quinoa No. 3 was used as the material and cultivated in the greenhouse of
the Institute of Biotechnology, Guangdong Ocean University. The cultivation
conditions were 28 °C under light for 16 h and 20 °C in darkness for 8 h. After
the culture soil was sterilized at 121 °C for 15 min, a non-inoculated group and
an inoculated group were established; in the inoculated group, on the surface -

Rhizophagus intraradice (laboratory-preserved arbuscular mycorrhizal fungus,
AMF) was inoculated beneath the soil layer, and after spot-sowing the seeds, a
thin layer of soil was used for covering. In the non-inoculated group, seeds were
directly spot-sown and covered with a thin layer of soil.

The plants were cultured with Hoagland nutrient solution (purchased from
Judongli Agricultural Technology) for 30 d. After successful inoculation in the
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inoculated group, normal ammonium and low ammonium (0.1 mmol - L) treat-
ments were set up separately for the two groups. Before the low-ammonium
treatment, the nutrient solution was withheld for 3 d, and nitrogen-deficient
Hoagland nutrient solution supplemented with 0.1 mmol - L't NH,*Cl was used.
Four treatment groups were ultimately obtained: normal ammonium without in-
oculation (NN—), normal ammonium with inoculation (NN+), low ammonium
without inoculation (LN—), and low ammonium with inoculation (LN+). Each
group was subjected to three biological replicates. Samples were collected after
continued cultivation for 20 d and stored at —80°C.

1.2 Gene cloning and sequence analysis

Total RNA from quinoa was extracted using Transzol (Hunan Aikerui Bioengi-
neering Co., Ltd., AG21102). Subsequently, cDNA was synthesized by reverse
transcription using a reagent kit [Sangon Biotech (Shanghai) Co., Ltd., B639252)
and stored at —20°C. Putative Arabidopsis AMT protein sequences were down-
loaded from the TAIR database (https://www.arabidopsis.org/index.Jsp),
and quinoa reference genome sequences were downloaded from the
Chenopodium DB database (https://www.cbrc.kaust.edu.sa/chenopodiumdb/)
(Cq_PI614886_gene V1_ pseudomolecule.gff and CqPI1614886_genome_V1_ pseudomolecule.fas).
Based on the putative Arabidopsis AMT protein sequences (AtAMT1;1
(CAAB3473), AtAMT1;2 (AAD54639), AtAMT1;3 (AAD54638), AtAMT1:4
(CAB81458), AtAMT1;5 (NP_189072), and AtAMT2;1 (NP_181363)), quinoa
AMT candidate proteins were obtained by BLASTP (with the e-value set to
¢10). The online tools NCBI CDD (https://www.ncbi.nlm.nih.gov/cdd/) and
SMART (http://smart.embl-heidelberg.de) were used to analyze conserved
structural domains of AMT proteins and to remove sequences lacking the
characteristic domains of the AMT gene family. The genes were named
according to their order on chromosomes. Primers were designed online using
https://tool.vazyme.com:18002/cetool/singlefragment.html (Table 1).

MEGA11 was used to align AMT protein sequences from multiple species, and a
phylogenetic tree was constructed using the maximum likelihood (ML) method
(bootstrap = 1 000). The phylogenetic tree was visualized online using Evolview
(https:/ /evolgenius.info/ /evolview-v2/).

1.3 Yeast functional complementation assay

The CqAMTs-pESC-Ura expression vector was constructed, and the recombi-
nant vector was transformed into the ammonium-transport-defective yeast mu-
tant 31019b. Dilution spotting was performed under conditions in which dif-
ferent concentrations of NH,Cl (0.01, 0.025, 0.05, 0.1, 0.5, 1, 5, and 10 mmol -
L!) and 2 mmol - L't Arg served as the sole nitrogen source, and the growth
phenotypes on the plates were observed.
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1.4 Expression pattern analysis
1.4.1 Tissue specificity analysis

Quinoa roots, stems, young leaves, mature leaves, and flowers that had not been
treated at the same developmental stage were selected. RNA was extracted
using the transzol method, normalized to the same concentration, and reverse-
transcribed to synthesize cDNA for qRT-PCR analysis. Tissue-specific primers
were designed using Primer-Blast on the NCBI website (Table 1). Quantita-
tive analysis was performed using the Bio-Rad CFX Real-Time PCR System.
2xSYBR Green Pro Taq HS Premix was purchased from Aikerui Bioengineer-
ing Co., Ltd. Relative gene expression was calculated using the 2° ©* method.
Graphs were drawn using GraphPad Prism 10.1.2, and data are presented as
means + standard deviations.

1.4.2 Detection of AM colonization and mycorrhiza-induced response

Trypan blue was used to stain the roots of the inoculated group. Specifically, a
1 cm cleaned quinoa root segment was taken and cleared in 5% KOH at 90°C
in a water bath for 10 min, bleached with alkaline H,O, for 15 min, acidified
with 2% HCI for 5 min, and then stained with 0.05% trypan blue solution at
90°C for 60 min. The sample was destained at room temperature for 2 d, and
AMF colonization of the roots was observed under an optical microscope.

Roots and leaves were selected from the four treatment groups, and RNA ex-
traction and calculation of relative expression levels were performed using the
method described in 1.4.1. Each group included three biological replicates.

1.4.3 Subcellular localization

WoLF PSORT (https://www.genscript.com/wolf-psort.html) online software
was used for localization prediction. A CqAMTs-GFP fusion expression vector
was constructed, and tobacco leaves were transiently infected via Agrobac-
terium-mediated transformation. GFP fluorescence signals were observed using
a confocal microscope 48-72 h after infection. The excitation wavelength for
GFP was 488 nm.

2 Results and Analysis

2.1 Systematic evolutionary analysis of the quinoa CqAMT gene fam-
ily

Protein sequence alignment results showed that the AMT protein sequences
of quinoa and Arabidopsis are highly conserved in regions such as FAM and
CAGSVRAKN (Fig. 1), suggesting that these regions are key active centers
for ammonium-ion binding or transport; CqAMT1I;j contains relatively many
sequence deletions, which may lead to changes in its function. The systematic
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phylogenetic tree (Fig. 2) showed that quinoa AMTs are divided into two sub-
families: CqAMT1;1-CqAMT1;10 belong to Cluster I (the AMT! subfamily),
while CqgAMT2;1 and CqAMT2;2 belong to Cluster II (the AMT2 subfamily),
and are relatively closely related to soybean GmAMTS3;1 and rice OsAMTS;2.

Table 1 Primers used in this study

Primer name

Forward primer Backward primer
(5"(=)3") (5"(=)3")

pESC-Ura-CqAMT1;1
pESC-Ura-CqAMT1;2
pESC-Ura-CqAMT1;3
pESC-Ura-CqAMT1;4
pESC-Ura-CqAMT1;6
pESC-Ura-CqAMT1;7
pESC-Ura-CqAMT1;8
pESC-Ura-CqAMT2;1
pESC-Ura-CqAMT2;2
CqAMT1;1-GFP
CqAMT1;2-GFP
CqAMT1;4-GFP
CqAMT1;8-GFP
qPCR-CqAMT1;1
qPCR-CqAMT1;2
qPCR-CqAMT1;3
qPCR-CqAMT1;4
qPCR-CqAMT1;6
qPCR-CqAMT1;7
qPCR-CqAMT1;8
qPCR-~-CqAMT?2;1
qPCR-CqAMT2;2
qPCR-CqActin

aagaagacctcgagt ATGGCT RCIRAAGHEEIAETGATACATTTGCTTGTCTACCGTC
aagaagacctcgagt ATGTCGRGEAAEGETECCATACATTTCTTCCACCATTTTG
aagaagacctcgagt ATGTCT TR ECCeAEIELTAATCAAAGTTGACCCATATCCATC
aagaagacctcgagt AT GGCAEREHICA TG HCARPENTRBACGCATCTGTATATAGTC.,
aagaagacctcgagt ATGCA AGHGEEHCEeISEUCETTATGAAGTTGACCCATATCCATC
aagaagacctcgagt ATGTCGRCEAAEUGETLECCGATACATTTCTTCCACCGTTTTG
aagaagacctcgagt AT GT CT I¥atRakg g et ice CCGABAMCATTTGCTTGTCTACCATC.
aagaagacctcgagt ATGGTA @A AAGACTIAGTTATAGAACTTGAGTAGCACCAAT
aagaagacctcgagt AT GGTA @A AAGHAGIAGCTARAGACCAGCACCAGGAGTAAT
taattaagacccgggacATGGCRIGIMAMCGEEEBGC sGI CATACATTTGCTTGTCTAC
taattaagacccggeacATGTCETEGESPAACEESEGHENGt TCATACATTTCTTCCACCAT
taattaagacccgggac AT GGC AgEREEREIAREK Gt CEATANGEC TACGCATCTGTATAT!
taattaagacccgggac AT GT CHEtadee A tagiacépENCATACATTTGCTTGTCTAC
TGGGTTAGTGCCTTAATGGGACCCTTGTCATTGCAAAG
GTCAGTAGATGGATGGAATAATATGGACCACACCAGAC
CTTGGACTCCACCTTCAGHAGTTGGTAAGCATGATGT
ATAGACTTTGCTGGGAABAGTGAAACCAACCAAACCAG
ACATCATGCTTACCAACHICEATGAAGGGGTTACTAGGT
GTGATAGATGTGTGCAAMAGGCACAAACAATAGCAGCC
GGGGTCCGCTTTTCTTTACCATCLCTTGTCATTGCAAAG
GGTCGGATGAATATAAGAACGBAACAAGAACCCTCCAC
GGTCGGATGAATATAAGAGAGTAATCCAACACACCCCA
GGTATTGGAACGGTGCGE&ATCTCGTGGTGCATCTCAA

Notes: pESC-Ura-CqAMTs is used to construct a yeast expression vector;
CqAMTs-GFP is used to construct a plant fusion expression vector for subcellu-
lar localization; qPCR-CqAMTs and qPCR-CqActin are used for quantitative

detection.

At. Arabidopsis thaliana; Cq. Chenopodium quinoa.

Fig. 1 Sequence alignment analysis of Chenopodium quinoa and Arabidopsis

thaliana AMT proteins

Yellow circle indicates Chenopodium quinoa; white circle indicates Sorghum bi-
color; blue star indicates Arabidopsis thaliana; cyan star indicates Oryza sativa;
white star indicates Capsicum annuum; orange triangle indicates Zea mays; dark
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Fig.3 Functional validation of CqAMTs in defective yeast 31019b
Figure 1: Fig.3 Functional validation of CqAMTs in defective yeast 31019b
Fig.4 Expression analysis of quinoa CqAMTs in different tissues

Figure 2: Fig.4 Expression analysis of quinoa CqAMTs in different tissues

purple triangle indicates Triticum aestivum; light purple square indicates Mani-
hot esculenta; pink square indicates Glycine maz; in the figure, red and green
represent Group I and Group II, respectively.

Fig. 2 Phylogenetic tree of AMT proteins from other plants and Chenopodium
quinoa

2.2 Yeast functional verification of quinoa CqAMTs

The results of yeast functional verification showed that, under low-ammonium
(NH; < 5 mmol - L) conditions, yeast mutants transformed with the empty
vector could not grow normally, whereas yeast transformed with CqAMT1;1,
CqAMT1;2, and CqAMT1;8 grew normally; among them, the ammonium trans-
port activity of CgAMT1;1 was weaker than that of the latter two (Fig. 3).
Notably, transformants of CqAMT1;/ grew more poorly at relatively high ammo-
nium concentrations, suggesting that sequence loss led to functional differentia-
tion (Fig. 3). These results indicate that CqAMT1;1, CqAMT1;2, CqAMT1;/,
and CqAMT1;8 can transport NH; ions under low-ammonium conditions, me-
diate the permeation of NH across the plasma membrane of yeast cells, and
belong to high-affinity ammonium transporter genes among the AMTs.

2.3 Expression analysis of quinoa CqAMTs in different tis-
sues

The qRT-PCR results (Fig. 4) showed that CqAMT1;1, CqAMT1;2, CqAMT1;7,
and CqAMT1;8 had the highest expression levels in roots; CqAMT1;3,
CqAMT1;4, and CqAMT?2;2 had the highest expression levels in mature leaves;
CqAMT1;6 had the highest expression level in young leaves; and CqAMT2;1
had the highest expression level in flowers, indicating that different AMTs in
quinoa have tissue specificity.

Figure 3 Functional validation of CqAMTs in defective yeast 31019b
Fig.3 Functional validation of CqAMTs in defective yeast 31019b

S, F, YL, ML, and R represent stem, flower, young leaf, mature leaf, and root,
respectively.

Figure 4 Expression analysis of quinoa CqAMTs in different tissues

Fig.4 Expression analysis of quinoa CqAMTs in different tissues
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2.4 Analysis of colonization by arbuscular mycorrhizal fungi
and their induced expression

Trypan blue staining showed that vesicles and hyphae could be observed in the
root system of the inoculated group, indicating successful AMF inoculation
(Fig. 5). The qRT-PCR results (Fig. 6) showed that, in leaves, under low-
ammonium inoculation (LN+) treatment, the expression levels of CqAMT1;2,
CqAMT1;3, CqAMT1;4, CeAMT1;6, CqAMT1;7, CqAMT2;1, and CqAMT?2;2
were significantly higher than those under low-ammonium non-inoculation
(LN—); under normal-ammonium inoculation (NN+) treatment, only the
expression level of CqAMT1;3 was significantly higher than that under
normal-ammonium non-inoculation (NN—), while the remaining genes showed
no significant differences. The expression levels of CqAMTI1;1, CqAMT1;2,
CqAMT1;7, CqAMT1;8, CqAMT2;1, and CqAMT2;2 under low-ammonium in-
oculation (LN+) were significantly higher than those under normal-ammonium
inoculation (NN+). In roots, CqAMT1;6 was not expressed; the expression
levels of CqAMT1;1, CqAMT1;7, CqAMT1;8, and CqAMT2;2 decreased after
inoculation; the expression levels of CqAMT1;2, CqAMT1;3, CqAMT1;4, and
CqAMT?2;1 under low-ammonium inoculation (LN+) treatment were higher
than those under low-ammonium non-inoculation (LN—), but CqgAMT1;2 was
not significant, whereas the expression levels of CqAMT1;8 and CqAMT1;4
under low-ammonium inoculation (LN+) and normal-ammonium inoculation
(NN+) treatments were significantly higher than those in the corresponding
non-inoculated groups; the expression levels of CqAMT1;1, CqAMT1;8,
CqAMT2;1, and CqAMT2;2 under low-ammonium inoculation (LN+) were
also significantly higher than those under normal-ammonium inoculation
(NN+). CqAMT?2;1 showed the highest expression level under low-ammonium
inoculation (LN+) treatment, indicating that, under ammonium-deficient
conditions, AMF mycorrhizae may play a dominant role.

H. Hyphae; V. Vesicles.
Fig.5 Observation of inoculation using trypan blue staining

NN- Normal ammonium concentration without inoculation; NN+ Normal am-
monium concentration with inoculation; LIN- Low ammonium concentration
without inoculation; LN+ Low ammonium concentration with inoculation. Val-
ues = = + s (n = 3). Different lowercase letters indicate significant differences
between treatments (P < 0.05).

Fig.6 Analysis of Induced Responses in Arbuscular Mycorrhizal Fungi

2.5 Subcellular localization of quinoa CqAMTs

Based on the yeast experimental results, CqAMT1;1, CqAMT1;2, CqAMT1;4,
and CqAMT1;8 were selected for localization prediction (Table 2). The results
showed that all four identified CqAMTs proteins were predicted to be targeted
to the plasma membrane. Subcellular localization also showed (Fig. 7) that
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Figure 7. Subcellular localization of CqAMT1;1, CQAMT1;2, CqAMT1;4, and
CqAMT1;8. Column labels: GFP, Bright Field, Merged. Row labels: GFP;
CqAMT1;1-GFP; CqAMT1;2-GFP; CqAMT1;4-GFP; CqAMT1;8-GFP.

Figure 3: Figure 7. Subcellular localization of CqAMT1;1, CqAMT1;2,
CqAMT1;4, and CqAMT1;8. Column labels: GFP, Bright Field, Merged. Row
labels: GFP; CqAMT1;1-GFP; CqAMT1;2-GFP; CqAMT1;4-GFP; CqAMT1;8-
GFP.

CqAMT1;1, CqAMT1;2, CqAMT1;4, and CqAMT1;8 were all localized to the
plasma membrane, consistent with the prediction results, indicating that these
genes play important roles in mediating the transport of ammonium ions from
soil or the external environment into plant cells.

Table 2 Subcellular localization prediction

Number of amino  Subcellular

Gene ID Gene name acids localization
AUR62006988- CqAMT1;1 434 Plasma

RA membrane
AUR62006987- CqAMT1;2 499 Plasma

RA membrane
AURG62001658- CqAMT1; 412 Plasma

RA membrane
AUR62000635- CqAMT1;8 495 Plasma

RA membrane

Fig. 7 Subcellular localization of CqAMT1;1, CqAMT1;2,

CqAMT1;4, CqAMT1;8

3 Discussion and Conclusion

NH/ is the principal nitrogen source that plants can directly utilize. Am-
monium transporter proteins (AMTs) are responsible for the uptake, trans-
port, and distribution of ammonium, and play a core role in plant adapta-
tion to low-nitrogen environments and in the exchange process of arbuscu-
lar mycorrhizal fungal (AMF) symbiotic nutrients. This study identified 12
CqAMT genes in quinoa. Sequence alignment showed that they are highly con-
served with the AMT proteins of Arabidopsis thaliana in motifs such as FAM
and CAGSVRAKN; these conserved motifs have been confirmed to be core
functional regions for ammonium-ion binding and transport by AMT proteins
(Loque et al., 2006). Sequence deletions exist in CqAMT1;4, and functional
validation in yeast has shown that its transport activity is better under low-
ammonium conditions, whereas growth is inhibited under high-ammonium con-
ditions. This phenomenon suggests that structural loss may lead to functional
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differentiation of this protein. Similar phenomena have been reported in fungi
(Geosiphon pyriformis) and in millet AMT genes (Ellerbeck et al., 2013; Han
et al., 2026). Phylogenetic analysis divided quinoa AMT into two subfamilies,
AMTI1 and AMT2, among which AMT1 contains 10 members, significantly more
than AMT?2 (2 members). It is inferred that expansion of the AMT1 subfamily
is an evolutionary strategy by which quinoa adapts to the nitrogen-poor soils of
its native Andean habitats (Yazar et al., 2014).

qRT-PCR results showed that quinoa AMT genes exhibit differentiated expres-
sion patterns in roots, stems, leaves, and flowers, suggesting that they under-
take different physiological functions in nitrogen nutrition in quinoa. The genes
highly expressed in roots (CqgAMT1;1, CqAMT1;2, CQAMT1;7, CqAMT1;8) are
mainly involved in direct absorption of ammonium from soil by the root system,
which is consistent with the expression patterns of Arabidopsis AtAMT1;1 and
AtAMTI;3 in root hairs and root epidermis (Loque et al., 2006). The genes
highly expressed in mature leaves (CqAMT1;3, CqAMT1;4, CqAMT2;2) may
participate in ammonium redistribution and reutilization in leaves, consistent
with functional reports that birch BpAMTs participate in nitrogen redistribu-
tion in leaves (Yang Hai’ e et al., 2023). The specifically high expression of
CqAMT1;6 in young leaves may meet the high nitrogen demand of rapidly grow-
ing tissues. CqAMT2;1, which is highly expressed in flowers, may play a key role
in nitrogen supply during reproductive growth. The tissue-specific expression
differentiation of quinoa is similar to the AMT expression patterns in spinach
(Zhao Minhua et al., 2022), indicating that Chenopodiaceae plants may have
formed unique nitrogen allocation strategies during evolution.

This study found that low ammonium and AMF inoculation significantly
induced the upregulation of multiple CqAMT genes in quinoa roots and leaves,
and that the response patterns differed between roots and leaves. In leaves,
CqAMT1;2, CqAMT1;8, CqAMT1;4, CqAMT1;6, CeAMT1;7, CqAMT2;1, and
CqAMT2;2 responded significantly to AMF induction; in the root system,
CqAMT1;2, CqAMT1;8, CqAMT1;4, and CqAMT2;1 showed the highest
expression under low-ammonium inoculation. In particular, CqAMT2;1 was
the most sensitive to low-nitrogen mycorrhizal signals. AMF extraradical
hyphae can efficiently capture ammonium from the soil and transport it to
the intraradical symbiotic interface, where release of NH, induces differential
expression of host plant AMT genes, thereby forming a mycorrhizal pathway for
ammonium uptake (Jean-Patrick et al., 2004; Hui et al., 2022). The response
pattern of CqAMT2;1 is highly consistent with that of validated symbiotic
ammonium transporters such as rice OsAMTS3;1 (Perez-Tienda et al., 2014),
indicating that the CqAMT2;1 gene may also mediate ammonium transport
from AMF to the host plant. In the root system, the expression of CqAMT1;1,
CqAMT1;7, CqAMT1;8, and CqAMT2;2 was downregulated after inoculation,
suggesting a functional division of labor between the mycorrhizal pathway
and the root direct-uptake pathway; that is, when AMF provide sufficient
ammonium, plants downregulate their own uptake, thereby reducing energy
consumption. This mechanism has been confirmed in Lotus japonicus roots
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and alfalfa: in L. japonicus, expression of LjAMT?2;2 decreases significantly
after mycorrhizal symbiosis is established (Boussageon et al., 2023), LiAMT2;4
mutants show a de-repressed phenotype (Xie et al., 2025); and in alfalfa,
AMT2;8 and AMTZ2;} regulate symbiotic efficiency and are controlled by plant
nitrogen status (Breuillin-Sessoms et al., 2015). Overall, under low-ammonium
conditions, the induction effect of mycorrhizae on CqAMTs is stronger than
under normal ammonium supply, indicating that “nitrogen starvation” signals
can amplify the inductive effect of AMF on quinoa AMT genes; this regulation
may be a key reason why quinoa can survive in nutrient-poor soils.

In summary, this study identified a total of 12 quinoa AMT family mem-
bers, clarified their sequence characteristics, phylogenetic relationships, and
the ammonium-transport functions of some members (CgAMT1;1, CqAMT1I;2,
CqAMT1;4, CqAMT1;8), and analyzed the tissue-specific expression of this
family and the expression regulatory mechanism induced by AMF inoculation.
Among them, CqAMT2;1 responds significantly to AMF and may undertake
the core function of ammonium transport in arbuscular mycorrhizal symbiosis,
making it a key gene for quinoa adaptation to low-nitrogen environments. This
study clarifies the role of the CqAMT family in nitrogen nutrient uptake during
quinoa-arbuscular mycorrhizal symbiosis, provides a foundation for subsequent
in-depth analysis of the molecular mechanism of ammonium transport in quinoa-
arbuscular mycorrhizal symbiosis, and also offers an important theoretical basis
for improving the nitrogen-use efficiency of quinoa through mycorrhizal symbio-
sis.
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