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Tissue specific expression
of UMAMIT amino acid transporters
in wheat

ZeTian Fang™?, Rajan Kapoor?3, Aniruddha Datta? & Sakiko Okumoto®**

Wheat grain protein content and composition are important for its end-use quality. Protein synthesis
during the grain filling phase is supported by the amino acids remobilized from the vegetative tissue,
the process in which both amino acid importers and exporters are expected to be involved. Previous
studies identified amino acid importers that might function in the amino acid remobilization in
wheat. However, the amino acid exporters involved in this process have been unexplored so far. In
this study, we have curated the Usually Multiple Amino acids Move In and out Transporter (UMAMIT)
family of transporters in wheat. As expected, the majority of UMAMITs were found as triads in the A,
B, and D genomes of wheat. Expression analysis using publicly available data sets identified groups
of TaUMAMITs expressed in root, leaf, spike, stem and grain tissues, many of which were temporarily
regulated. Strong expression of TaUMAMITs was detected in the late senescing leaves and transfer
cells in grains, both of which are the expected site of apoplastic amino acid transport during grain
filling. Biochemical characterization of selected TaUMAMITs revealed that TaUMAMIT17 shows a
strong amino acid export activity and might play a role in amino acid transfer to the grains.

Amino acids serve as the major carrier of nitrogen within the long-distance transport systems (i.e. xylem and
phloem) of plants. Amino acids, typically synthesized in the photosynthetic leaf tissues from inorganic N, are
carried to heterotrophic tissues such as seeds and roots. Such exchanges of amino acids between organs are
indispensable for the plant growth.

Due to their zwitterionic nature, the passing of amino acids through cellular membranes is mediated by
dedicated carrier proteins. In the past three decades, many of the amino acid transporters involved in such pro-
cesses have been identified. Cellular amino acid importers belonging to the families of Amino Acid Permeases
(AAPs), Lysine and Histidine Transporters (LHTs), Cationic Amino acid Transporters (CATs), Proline and
GABA transporters (ProT/GABAT), Auxin Transporters (AUXs), and Aromatic and Neutral amino acid trans-
porters (ANTs) have been identified, and for some transporters, their physiological roles have been identified,
including amino acid export from source leaves', amino acid loading to the seeds®™*, xylem-to-phloem amino
acid transfer®, amino acid transport from the nodules®, and root uptake of amino acids'’~1°. These transporters
belong to amino acid -polyamine-choline (APC) family and the amino acid/auxin permease (AAAP) family,
and most of them function as amino acid-proton symporters'*2. Another and more recently identified fam-
ily, UMAMITs, encode bidirectional amino acid transporters and vacuolar auxin transporters. Although this
family of transporters has not been studied as extensively as the members of APC and AAAP superfamilies, the
physiological roles of some of the UMAMIT transporters have been identified. In Arabidopsis, UMAMIT11,
14, 18, 24, 25, 28 and 29 have been implicated in seed loading'*'*, UMAMIT14 and 18 in phloem export and
root amino acid secretion'>'%, and WAT1/UMAMITS is involved in vacuolar transport of auxin'’. The major
functional difference between APC/AAAP family transporters and UMAMIT is that UMAMIT is capable of
functioning as cellular amino acid exporters'>!°.

Using bioinformatics and the ever-increasing number of available plant genomes, it has been revealed that
the APC, AAAP, and UMAMIT families of transporters are conserved among all higher plants investigated so
far, the vast majority of which are uncharacterized. An inventory of these amino acid transporters in the crop
of interest can be used as the starting point to modify and optimize the amino acid transport within the plant,
a strategy with a record of success in multiple model and crop species®>'%.

Among cereals, amino acid transport in wheat is of specific interest due to the wheat flour’s end-use. The
dough quality is tightly linked to the quantity and quality of its storage proteins in the endosperm, glutenins
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and gliadins, which determines the viscosity and elasticity’ . Accumulation of glutenins and gliadins relies on
amino acids supplied during the seed filling phase, and increased N supply during the seed filling stage is asso-
ciated with higher grain protein content. Therefore, amino acid transporters expressed during this stage are of
particular interest. Previous publications have already identified members of the APC and AAAP superfamilies
in wheat, and identified the transporters that could be involved in seed loading'®*’. Here we report the identifi-
cation of potential amino acid transporters belonging to the UMAMIT family in wheat. We have identified 213
putative members, and ~ 70% of the members were found as triads on all three (A, B, and D) genomes. Further,
spatio-temporal analysis of UMAMIT expression revealed that many are developmentally controlled, and are
expressed during the seed filling stage in either developing kernels or source leaves, suggesting that the function
of UMAMITs in seed filling might be conserved in wheat.

Results and discussion

Identification of TAUMAMIT genes. Wheat UMAMIT homologs were searched using Interpro and
Pfam programs®"*%. Interpro search of all 44 Arabidopsis UMAMIT genes classified them as WAT1-related
family (IPR30183), and most carried EamA domain (IPR00620). Searching wheat proteins (Ensembl v47) for
IPR30183 and IPR00620 yielded 194 and 192 translated sequences respectively. Among those, 182 sequences
belonged to WAT1-related family (IPR30183) and contained EamA domain (IPR00620). Pfam search of Arabi-
dopsis UMAMIT genes identified two repeats of PF00892 motifs in full-length proteins (EamA domain). Pfam
search of wheat proteins with PF00892 yielded an identical list of 194 proteins with the Interpro search using
IPR00620. Blastp search using all AtUMAMIT genes, at the e-value cutoff of 1e—5, yielded 186 entries, all of
which were included in the list found in the Interpro search. In total, 204 genes have been identified. The domain
structure of full-length UMAMITs is shown in Fig. SI.

In addition, low confidence genes in the Refseq v1.1 cDNA annotation have also been mined. A tblastn
search using all AtUMAMIT protein sequences at e-value cutoff of 1e-5, yielded an additional 28 genes, of which
12 were partial genes. Corresponding intervals for all low confidence proteins were identified in IWGSCv1.0
genome, and gene models were examined using the reads mapped to the corresponding intervals in CRAM
files for 308 publicly available RNAseq datasets (Table S1). Of the 28 low confidence genes, 10 were significantly
expressed, allowing the gene models to be examined. The longest isoform for each was chosen and searched for
conserved domains with Interpro. Nine out of 10 included domain IPR30184 (WAT1-related). These proteins
were added to the list of high confidence proteins, resulting in the list of 213 TaAUMAMIT genes. As expected
for hexaploidy wheat, the majority of genes were found in all three subgenomes; among 213 proteins, 153 were
found as triads, whereas 60 were not found in at least one of the three genomes (Table S2). In total, 98 distinct
groups of homeologs were identified, among which 51 were found in triads (Table S3).

Most of the UMAMIT family proteins analyzed so far are broad specificity amino acid transporters, except for
Arabidopsis WAT1, which is a vacuolar auxin transporter'”?. To identify the clades to which the TaUMAMIT
proteins belong, a phylogenetic tree including the sequences from six representative species (sequences found
in Table S4) was constructed (Fig. 1). Previously published phylogenetic analyses of AtUMAMITs identified
seven clades'*?*, and a more recent study identified three additional clades while merging the previously identi-
fied clades I, I1, and VI into a single clade (D)*. Genes belonging to clades I to IV, VII, IX, and X were found in
both Arabidopsis and wheat. Clades I and III includes previously characterized amino acid transporters'*-¢. Two
other clades include previously documented genes; clade V includes Arabidopsis WAT1'7?, and clade IX includes
RTP1/UMMAIT36, which has been identified as a negative regulator of SA-mediated pathogen response®. Clade
VI, which contains many wheat and rice UMAMIT members, did not contain any Arabidopsis members. Clade
IX, on the other hand, did not contain any UMAMIT from wheat, confirming the previous report showing that
this clade is dicot-specific. In summary, all but one clade of UMAMITs found in Arabidopsis were conserved
in wheat. TAUMAMIT genes were distributed on all 21 chromosomes and the unassigned scaffold. Some of the
TaUMAMITs were found in multiple tandem duplications, such as the lower arm of chromosome 6, where 6 or
7 tandem repeats of TAUMAMITs belonging to clade III are found (Fig. 2). In some cases, subgenome-specific
duplication was also observed. Overall, the results suggest that UMAMITs have been mostly conserved since
the formation of hexaploidy in wheat.

According to the positions in the phylogenetic trees, we have assigned names to the gene models (Tables S2
and S3).

Tissue expression of UMAMITs. In order to understand the tissue specificity of TAUMAMITs, an RNAseq
dataset prepared from grain, leaf, root, spike and stem tissues at three different developmental stages each* was
aligned to the IWGSCv1.0 genome. Reads mapped to the UMAMIT genes annotated in the published tran-
scriptome (v. 47), as well as to the manually annotated UMAMITs identified in this study were counted. In
total, the expression of 91 out of 98 homeologous groups was detected in at least one tissue. The largest cluster
of genes (cluster 1 in Fig. 3) was mainly expressed in the roots. Some genes such as T"UMAMIT22 and 23 were
specific to an early stage of development (Z10, first leaf through coleoptile), whereas the majority of genes in
this group showed higher expression at later stages (213, three leaves stage; Z39, flag leaf stage) of development.
The homeologous groups expressed the most were TaUMAMIT17 and 39 (average TPM through three stages
at 968.4 and 676.9, respectively), which were expressed highly in all three developmental stages. Homeologous
groups belonging to cluster 2 are largely specific to stem tissues, most of which were expressed higher in the
later stage (Z65, during anthesis) compared to the earlier stage (Z32, second node detectable). Likewise, many
genes that are mainly expressed in leaves (cluster 3) are induced during the grain filling (Z71), as observed for
TaUMAMITS50 and TaUMAMIT42. Together, these TatUMAMITs induced during reproductive growth in the
vegetative tissues could be involved in nitrogen remobilization. Clusters 4 and 5 genes are expressed mainly
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Figure 1. Phylogneitc relationship between UMAMITSs of wheat and other species. The wheat gene IDs are
abbreviated as; TraesCS1A02G019700=TalA019700, indicated by blue dots. UMAMITs from other species are
indicated as follows: Arabidopsis thaliana, no abbreviations (UMAMIT); Physco, Physcomitrella patens; Selagi,
Selaginella moellendorffii; Pinus, Pinus pinaster; Picea, Picea abies; Os, Oryza sativa. Arabidopsis UMAMITs
are indicated with triangles. The clade IDs have been assigned according to the numbers based previous
publications'***. The corresponding clade in Zhao et al. is indicated in parenthesis®.

in the reproductive tissues (spikes and grains, respectively). Multiple homeologous groups belonging to clade
III (Figs. 1, 3, TaUMAMIT11, 18, 20 and 21) are highly specific to the spikes at Z65 (mid anthesis, early grain
development). Clade III genes in Arabidopsis have been previously shown to be involved in grain filling™S,
therefore the function of clade III UMAMITs might be conserved between Arabidopsis and wheat. Likewise,
TaUMAMITI, 4, 5, 6, 8 and 9, belonging to clade II that includes previously characterized AtUMAMITs involved
in grain filling’, were found to be expressed at water ripe, medium milk and soft dough stages of grain filling
(271 Z75,and Z85 respectively).

Grain development. Amino acids are the main carrier of N delivered to the developing seeds via the
phloem®. In wheat, amino acids are released from the nucellar projection on the maternal side to be picked up
by the filial tissues such as the embryo, transfer cells and the aleurone layer surrounding the endosperm’. To
identify the UMAMITs involved in the amino acid transfer process described above, a publicly available RNAseq
data set derived from whole endosperm at 10 days post-anthesis (DPA), starchy endosperm at 20 and 30 DPA,
aleurone layer at 20 and 30 DPA, and transfer cells at 20DPA!® were queried as described above. The cell type that
expressed the largest number of UMAMIT genes was transfer cells (Fig. 4, cluster 3), with 18 genes being largely
specific to this cell type. Cluster 4 genes were also expressed in transfer cells, with expression detected in 10DPA
whole endosperm. TAtUMAMIT92 and 17 were the most highly expressed triads in the transfer cells (average
TPM 264.5 and 96.1, respectively). Another cell type with prominent UMAMIT expression was aleurone layer
cells, with 14 genes largely specific to this cell type (Fig. 4 cluster 5). TatUMAMIT51 and 43 were the most abun-
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Figure 2. Chromosomal locations of TaUMAMIT genes. The gene IDs are color coded by the clades as
indicated in the inset. Low confidence genes identified in this study are indicated with _M. Un represents the
unassigned scaffold.

dant triads in aleurone cells (72.9 and 45.9 TPM, respectively in 20 DPA). Starchy endosperm cells also expressed
several UMAMITs, most of which were also developmentally regulated (Fig. 4 clusters 2 and 5).

Previous studies found transfer cells and aleurone layer cells to be also expressing multiple amino acid
importers, signifying the potential role for these cell types in amino acid transport!. The expression of con-
centrative amino acid importers and UMAMITs within the same tissue type begs a question; since UMAMITs
characterized so far function as bidirectional transporters®~”'2, the co-expression of UMAMIT transporters and
concentrative amino acid importers could potentially lead to a futile cycle in which amino acid entering the
cell through an amino acid importer is lost through UMAMIT transporters. However, the currently available
data set does not allow for cellular resolution. Likely, the tissues examined consist of more than one cell type
with distinct functions, as revealed by recent single-cell RNAseq studies showing that the cells in the vascular
bundle expressing mainly sugar and amino acid importers are distinct from those expressing the exporters'>.
In addition, polar localization of transporters within the same cell type might allow for the directional transport,
as previously found for both plant'>!'¢!® and animal'®*?° systems. Some of the UMAMITs might also be involved
in amino acid transport across the intracellular membranes, analogous to AtUMAMIT247. Additional studies
of UMAMIT localization within this tissue type will help to understand the path of amino acid transport and
the roles of UMAMIT.

Senescence. During grain filling, as much as 90% of nitrogen is remobilized from the leaves to the develop-
ing grains?', and remobilized N accounts for~70% of total grain N*2. During reproductive growth, RuBisCO
and other chloroplastic proteins in the source leaves are degraded to amino acids, which are transported to
the grains®. Therefore, high amino acid export activity is expected at the source leaves during grain filling.
To identify the TaUMAMITs potentially involved in amino acid export from senescing leaves, RNAseq data
set including post-anthesis leaves was queried'”. Among 55 homeologous groups expressed, 16 groups (Fig. 5,
cluster 2) were induced at the 23 and 26 days after anthesis (DAA), at which stage chlorophyll contents decrease
significantly’. The second cluster (Fig. 5, cluster 1) on the other hand, showed higher expression in the earlier
stages and was downregulated during senescence.

These results, therefore, seem to show that the UMAMIT genes involved in the amino acid export from
actively photosynthesizing leaves are likely different from those mediating the export at the later stage of senes-
cence. Those TAUMAMITs upregulated in the late senescence stage might be a part of the gene network mediated
by a NAC transcription factors such as NAM-BI1, which promotes senescence and increases N transfer to the
grains?”?%, or other pathways induced during cell death?. Interestingly, an ectopic expression of Arabidopsis
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Figure 3. Expression of UMAMIT genes in different organs. The heatmap is scaled by row (each gene). For
each gene, expression values were averaged for all representing wheat subgenomes. Growth stages are expressed
in Zadoks growth scale (i.e. Z71 represents Zadoks stage 71). UMAMIT genes without expression in any of the

cell type has been excluded from the figure.

UMAMIT has been shown to induce SA-mediated stress response and cell death®. Whether TaUMAMITs are
expressed in response to senescence, or involved in promoting cell death in the senescing tissues remains to be

seen.

Earlier studies examining the leaf N content after anthesis showed a gradual decline in N throughout the

filling stage and not a sharp decline at the late senescing stage

31-33

, and phloem amino acid content remains

high (~900 mM detected in aphid stylet exudation) throughout early and mid grain filling stages despite some
changes in composition®*. Therefore, it is likely that amino acid export out of the flag leaf is also a continuous
process, and is mediated not only by those expressed in the late senescence stage but also by those expressed in
the earlier stages. Understanding the main players in leaf N export will require additional biochemical analysis
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Figure 4. Expression of UMAMIT genes in different cell types of developing grains. The heatmap is scaled by
row (each gene). For each gene, the expression values were averaged for all representing wheat subgenomes.
WE Whole endosperm, WE Starchy endosperm, AL Aleurone layer, TC Transfer cells. UMAMIT genes without
expression in any of the cell type has been excluded from the figure.
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Figure 5. TAUMAMIT expression in senescing leaves. The heatmap is scaled by row (each gene). For each gene,
the expression values were averaged for all representing wheat subgenomes. DAA Days after anthesis.
to identify the active amino acid exporters, as well as detailed temporal analysis of leaf N loss and the expression
profile of TAUMAMITs.
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Figure 6. Expression of selected TAUMAMITS in grain tissues. (a) Expression of T"UMAMIT17, 30, 51, 92

in various grain tissues. The TPM values for each subgenome are indicated. AL Aleurone layer, CE Central
endosperm, SE Starchy endosperm, TC Transfer cells, WE Whole endosperm, DPA Days after anthesis. (b)
Expression of selected TAtUMAMIT: in developing grains, leaf, stem and root. The mRNA levels detected with
RT-qPCR are expressed as the relative amount to the reference gene, TaGAPDH. Statistical difference according
to Student’s t-test is indicated by asterisk (p <0.05). All experiments were conducted at n=3. DAF Days after
flowering.

Expression and amino acid transport activity of selected TaUMAMITs expressed in grains. To
validate the expression of some of the TAUMAMITS in grains, four strongly expressed T"UMAMIT genes were
selected (Fig. 6a). The expression pattern of TAUMAMIT17 (clade III), 30 (clade IV), 51 (clade VII), and 92
(clade VI) was examined using qRT-PCR, using a primer set that detects all three homeologs. As expected, all of
them were significantly expressed in grains at both 5 and 14 days after flowering (DAF), representing early- and
mid-grain filling stages, respectively (Fig. 6b). TaUMAMIT17 accumulation was similar between five and 14
DAF. For TaUMAMIT30, 51, and 92, the expression levels differed between the two time points; TaUMAMIT30
and 51 expression was higher at 5SDAF whereas the level of TAUMAMIT92 was higher at 14DAF (Fig. 6b). In
addition, TAUMAMIT17, 30 and 51 were expressed in leaf, stem and root tissues. The expression level of TaUM-
AMIT17 and 51 in the stem was higher at 14 DAF compared to 5 DAF (Fig. 6b).

To test their functions as amino acid exporters, one homeolog each of TAUMAMIT17, 30, 51, 92 were selected
(Table S5) and expressed in the yeast strain 22A10a which lacks all known endogenous amino acid importers'%
The cells were grown in a minimal medium containing ammonium as the sole nitrogen source, and the excretion
of L-amino acids to the medium was measured using a colorimetric assay. The results indicated that TaUM-
AMIT17 has a strong activity for amino acid export, resulting in > 100 fold concentration of amino acids in the
growth media compared to the control expressing the empty vector, and higher than cells expressing previously
characterized AtUMAMIT14 and 18 genes (Fig. 7). TaUMAMIT17 belongs to clade III, to which many Arabi-
dopsis UMAMITs with known amino acid export activity belong>®'% Expression of TaUMAMIT30 (clade IV)
and 51 (clade VII) did not result in a statistically significant increase in amino acid excretion compared to the
WT, despite them belonging to the clades that include Arabidopsis members that show some activity as amino
acid exporters®.The amino acid secretion from yeast expressing clade I, V, and VII transporters was lower than
those expressing clade III genes from Arabidopsis in the yeast expression system. T"UMAMIT92 belongs to
clade VI, which largely consists of monocot members. TaUMAMIT92 did not show a significant amino acid
transport activity in our assay. Therefore, whether transporters in these clades indeed function as amino acid
exporters remain to be seen.

Scientific Reports |

(2022) 12:348 | https://doi.org/10.1038/s41598-021-04284-7

nature portfolio



www.nature.com/scientificreports/

S
© 200
o ok ok ¥
o
()
©° 1504
€
£
* ok kK
.-8 100
% Hkk ol
2 50 T
£
©
,._g 0- T T T
o AWM ©
NY (N 4N
? S

Figure 7. TaUMAMIT17 exports amino acid secretion in yeast. Amino acid secretion from 22A10a cells
expressing TatUMAMIT17D, AtUMAMIT14 and AtUMAMIT18, compared the vector control (pDR196).
Statistical difference according to Student’s t-test is shown with asterisks (n>5).

Methods

Phylogenetic analysis. The longest isoforms of wheat UMAMIT genes (213 total) and Arabidopsis
UMAMIT genes (44 total) were used for the analysis. Additionally, UMAMIT genes in four representative spe-
cies (Physcomitrella patens, Selaginella moellendorffii, Arabidopsis thaliana, Oryza sativa) previously published
were included?!. The sequences were aligned using MUSCLE®*, with gap open penalty of — 2.9, gap extend 0 and
hydrophobicity multiplier 1.2, UPGMA clustering option. The aligned sequence was used to build a phyloge-
netic tree with RAXML version 8.2%, using rapid bootstrap analysis (1000 iterations) and GAMMA model of rate
heterogeneity using empirical base frequencies and the LG substitution model.

Expression analysis of TaUMAMIT genes. Wheat RNAseq projects publicly available on NCBI Sequence
Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra)36 were surveyed and datasets with the follow-
ing SRA study IDs were selected for further processing: ERP004714 (spatiotemporal development), ERP004505
(grain development), and SRP166963 (leaf senescence). For each SRA study, the read counts for high confidence
UMAMI genes were obtained from iRAP pipeline (v1.0.1)* —mapped data available at European Nucleotide
Archive (ENA)*® (https://www.ebi.ac.uk/ena/browser/home), obtained using RNASeq-er REST API*. The pipe-
line uses FASTX (v0.0.13) for filtering and adapter trimming, FASTQC (v0.11.7) for quality check, HISAT2
(v2.1.0)* for alignment and featureCounts (v1.6.2)* for quantification. The mapping quality for every dataset
was confirmed to be above 75%. For determining counts of low confidence UMAMIT genes, the HISAT2%
mapped CRAM alignment and corresponding CRAI index files from the ENA database were used to count the
reads within the corresponding intervals identified in this study. The wheat genome assembly and GTF version
41 were downloaded from the Ensembl Plants website (ftp://ftp.ensemblgenomes.org/pub/plants/release-41).
SAMTools (v1.9)** was used to extract the reads within gene boundaries for the low confidence UMAMIT genes.
FeatureCounts*' from Subread package (version 1.6.2) was then used with the GTF file corresponding to the
low confidence UMAMIT genes to count the mapped reads. The read counts for the high- and low-confidence
genes were processed in featureCounts, then normalized using GeTMM*, where gene length was obtained by
summing lengths of unique exons for each gene from the GTF files. Mean was taken across replicates and the
resulting expression was summed for each gene in the triad. For triads missing one or more genes in the triad,
only the mean expression of available genes was added. This was followed by log2 transformation in GeTMM
with an offset of 1 to reduce the dynamic range for creating the heatmap. The R-package pheatmap (v1.0.12)*
was used to generate the heatmaps by scaling the mean sample expression by row to show peak tissue expression.
The row clustering was performed using the ward.D method and Euclidean distance!'. The genes with zero vari-
ance across all samples were removed to resolve errors resulting from clustering in pheatmap.

Yeast amino acid export assay. TaUMAMIT sequences were synthesized (Twist Bioscience, USA) and
cloned into the pTwist_ENTR vector. TAUMAMIT17 and 92 were codon-optimized to avoid GC-rich sequences.
The sequences of synthesized fragments are found in Table S5. All TatUMAMITs were introduced into the yeast
expression vector pDR196-flGW* via gateway cloning (Invitrogen, USA).
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TaUMAMITs amino acid export activity was determined via yeast cell secretion in liquid media according
to the procedure previously described”'?. Briefly, 22A10a (genotype MATa gapl-1 put4-1 uga4-1 canl:HisG
lyp1-alpl::HisG hip1::HisG dip5::HisG gnplA agplA ura3-1) expressing individual UMAMIT proteins were
grown in a minimum medium* overnight at 28C. On the next day, the cultures were diluted to ODgy,=0.1 in
5 mL of minimal medium, then incubated at 28C for 5.5 h. The cultures were spun down and the supernatant
was flitered using a 10 kDa exclusion membrane. Amino acid concentration of the supernatants was determined
using L-Amino Acid Quantitation Kit (Sigma-Aldrich, USA) following the manufacturer’s instruction.

Plant materials and growth. Wheat (Triticum aestivum cv. TAM114"7) plants were grown in 2018 at
Texas A&M Research and Extension Center in Bushland, TX (35° 06’ N, 102° 27’ W). Standard agronomic prac-
tices were performed according to Texas A&M AgriLife extension recommendations. Spikes at five and 14 days
after flowering were harvested and stored in liquid N,. The grains were mechanically isolated from the glumes
while soaking in liquid N,, and stored at — 80 °C until use. Flag leaves and stems were harvested from plants
grown at 28 °C with a 12 h light cycle in a greenhouse, at five and 14 days after flowering. Root tissues were col-
lected from 10 day-old seedlings germinated on filter paper moistened with distilled water.

RT-qPCR analysis. Total RNA was extracted using a modified method described previously*, followed by
a clean-up using Qiagen RNeasy® Plant Mini Kit column and DNasel (Qiagen, USA) following the manufac-
turer’s instruction. Complementary DNA synthesis was performed using iScript™ Advanced cDNA Synthesis Kit
(Bio-rad, USA), using 2 ug of total RNA as a template. Quantitative PCR was performed using SsoAdvanced™
Univseral SYBR® Green Supermix (Bio-rad, USA) on the CFX96™ Real-Time System platform, using the primers
listed in Table S6. Relative expression to the reference gene was calculated as E,"°9/E ~°%, where E, and E, are
the efficiencies of the primer set for the target and the reference genes, respectively, and Cqt and Cqr are the Cq
values for the target and the reference, respectively. E, and E, values were calculated using LinRegPCR software®.

Data availability
The raw RNAseq data used for this publication are publicly available. The list of accession numbers is found in
Table S1. The constructs used for this publication are available on request.

Received: 4 June 2021; Accepted: 20 December 2021
Published online: 10 January 2022

References

1. Hirner, A. et al. Arabidopsis LHT1 is a high-affinity transporter for cellular amino acid uptake in both root epidermis and leaf
mesophyll. Plant Cell 18, 1931-1946. https://doi.org/10.1105/tpc.106.041012 (2006).

2. Ji, Y,, Huang, W,, Wu, B., Fang, Z. & Wang, X. The amino acid transporter AAP1 mediates growth and grain yield by regulating
neutral amino acid uptake and reallocation in Oryza sativa. J. Exp. Bot. 71, 4763-4777. https://doi.org/10.1093/jxb/eraa256 (2020).

3. Peng, B. et al. OsAAP6 functions as an important regulator of grain protein content and nutritional quality in rice. Nat. Commun.
5, 4847. https://doi.org/10.1038/ncomms5847 (2014).

4. Sanders, A. et al. AAP1 regulates import of amino acids into developing Arabidopsis embryos. Plant J. 59, 540-552. https://doi.
org/10.1111/j.1365-313X.2009.03890.x (2009).

5. Tan, Q, Zhang, L., Grant, ]., Cooper, P. & Tegeder, M. Increased phloem transport of S-methylmethionine positively affects sulfur
and nitrogen metabolism and seed development in pea plants. Plant Physiol. 154, 1886-1896 (2010).

6. Garneau, M. G., Tan, Q. & Tegeder, M. Function of pea amino acid permease AAP6 in nodule nitrogen metabolism and export,
and plant nutrition. J. Exp. Bot. 69, 5205-5219. https://doi.org/10.1093/jxb/ery289 (2018).

7. Guo, N., Gu, M,, Hu, J., Qu, H. & Xu, G. Rice OsLHT1 functions in leaf-to-panicle nitrogen allocation for grain yield and quality.
Front. Plant Sci. 11, 1150. https://doi.org/10.3389/fpls.2020.01150 (2020).

8. Lee, Y. H. et al. AAP1 transports uncharged amino acids into roots of Arabidopsis. Plant J. 50, 305-319. https://doi.org/10.1111/j.
1365-313X.2007.03045.x (2007).

9. Perchlik, M., Foster, J. & Tegeder, M. Different and overlapping functions of Arabidopsis LHT6 and AAP1 transporters in root
amino acid uptake. J. Exp. Bot. 65, 5193-5204. https://doi.org/10.1093/jxb/eru278 (2014).

10. Svennerstam, H., Ganeteg, U., Bellini, C. & Nasholm, T. Comprehensive screening of Arabidopsis mutants suggests the lysine
histidine transporter 1 to be involved in plant uptake of amino acids. Plant Physiol. 143, 1853-1860. https://doi.org/10.1104/pp.
106.092205 (2007).

11. Dinkeloo, K., Boyd, S. & Pilot, G. Update on amino acid transporter functions and on possible amino acid sensing mechanisms
in plants. Semin. Cell Dev. Biol. 74, 105-113. https://doi.org/10.1016/j.semcdb.2017.07.010 (2018).

12. Tegeder, M. Transporters for amino acids in plant cells: Some functions and many unknowns. Curr. Opin. Plant Biol. 15, 315-321
(2012).

13. Ladwig, E et al. Siliques are Red1 from Arabidopsis acts as a bidirectional amino acid transporter that is crucial for the amino acid
homeostasis of siliques. Plant Physiol. 158, 1643-1655. https://doi.org/10.1104/pp.111.192583 (2012).

14. Muller, B. et al. Amino acid export in developing Arabidopsis seeds depends on UmamiT facilitators. Curr. Biol. 25, 3126-3131.
https://doi.org/10.1016/j.cub.2015.10.038 (2015).

15. Besnard, J. et al. UMAMIT14 is an amino acid exporter involved in phloem unloading in Arabidopsis roots. J. Exp. Bot. 67,
6385-6397. https://doi.org/10.1093/jxb/erw412 (2016).

16. Besnard, J. et al. Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading. J. Exp. Bot. 69, 5221-5232.
https://doi.org/10.1093/jxb/ery302 (2018).

17. Ranocha, P. et al. Arabidopsis WAT1 is a vacuolar auxin transport facilitator required for auxin homoeostasis. Nat. Commun.
https://doi.org/10.1038/ncomms3625 (2013).

18. Perchlik, M. & Tegeder, M. Improving plant nitrogen use efficiency through alteration of amino acid transport processes. Plant
Physiol. 175, 235-247. https://doi.org/10.1104/pp.17.00608 (2017).

19. Tian, R. Z,, Yang, Y. & Chen, M. H. Genome-wide survey of the amino acid transporter gene family in wheat (Triticum aestivum
L.): Identification, expression analysis and response to abiotic stress. Int. J. Biol. Macromol. 162, 1372-1387. https://doi.org/10.
1016/j.ijbiomac.2020.07.302 (2020).

Scientific Reports |

(2022) 12:348 | https://doi.org/10.1038/s41598-021-04284-7 nature portfolio


https://doi.org/10.1105/tpc.106.041012
https://doi.org/10.1093/jxb/eraa256
https://doi.org/10.1038/ncomms5847
https://doi.org/10.1111/j.1365-313X.2009.03890.x
https://doi.org/10.1111/j.1365-313X.2009.03890.x
https://doi.org/10.1093/jxb/ery289
https://doi.org/10.3389/fpls.2020.01150
https://doi.org/10.1111/j.1365-313X.2007.03045.x
https://doi.org/10.1111/j.1365-313X.2007.03045.x
https://doi.org/10.1093/jxb/eru278
https://doi.org/10.1104/pp.106.092205
https://doi.org/10.1104/pp.106.092205
https://doi.org/10.1016/j.semcdb.2017.07.010
https://doi.org/10.1104/pp.111.192583
https://doi.org/10.1016/j.cub.2015.10.038
https://doi.org/10.1093/jxb/erw412
https://doi.org/10.1093/jxb/ery302
https://doi.org/10.1038/ncomms3625
https://doi.org/10.1104/pp.17.00608
https://doi.org/10.1016/j.ijbiomac.2020.07.302
https://doi.org/10.1016/j.ijbiomac.2020.07.302

www.nature.com/scientificreports/

20.

21.
22.

23.

24.
25.
26.
27.
28.
29.
30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
. Loque, D., Lalonde, S., Looger, L. L., von Wiren, N. & Frommer, W. B. A cytosolic trans-activation domain essential for ammonium
46.
47.
48.

49.

Wan, Y. E, King, R., Mitchell, R. A. C., Hassani-Pak, K. & Hawkesford, M. J. Spatiotemporal expression patterns of wheat amino
acid transporters reveal their putative roles in nitrogen transport and responses to abiotic stress. Sci. Rep. https://doi.org/10.1038/
$41598-017-04473-3 (2017).

El-Gebali, S. et al. The Pfam protein families database in 2019. Nucleic Acids Res 47, D427-D432. https://doi.org/10.1093/nar/
gky995 (2019).

Hunter, S. et al. InterPro: The integrative protein signature database. Nucleic Acids Res 37, D211-215. https://doi.org/10.1093/nar/
gkn785 (2009).

Ranocha, P. et al. Walls are thin 1 (WAT1), an Arabidopsis homolog of Medicago truncatula NODULINZ21, is a tonoplast-localized
protein required for secondary wall formation in fibers. Plant J. 63, 469-483. https://doi.org/10.1111/j.1365-313X.2010.04256.x
(2010).

Denance, N., Szurek, B. & Noel, L. D. Emerging functions of nodulin-like proteins in non-nodulating plant species. Plant Cell
Physiol. 55, 469-474. https://doi.org/10.1093/pcp/pct198 (2014).

Zhao, C. et al. Detailed characterization of the UMAMITs proteins provides insight into their evolution, amino acid transport
properties, and role in the plant. J. Exp. Bot. https://doi.org/10.1093/jxb/erab288 (2021).

Pan, Q. N. et al. RTP1 encodes a novel endoplasmic reticulum (ER)-localized protein in Arabidopsis and negativelyregulates
resistance against biotrophic pathogens. New Phytol 209, 1641-1654. https://doi.org/10.1111/nph.13707 (2016).

Borrill, P, Harrington, S. A., Simmonds, J. & Uauy, C. Identification of transcription factors regulating senescence in wheat through
gene regulatory network modelling. Plant Physiol. 180, 1740-1755. https://doi.org/10.1104/pp.19.00380 (2019).

Uauy, C,, Distelfeld, A., Fahima, T., Blechl, A. & Dubcovsky, J. A NAC Gene regulating senescence improves grain protein, zinc,
and iron content in wheat. Science 314, 1298-1301. https://doi.org/10.1126/science.1133649 (2006).

Sonawala, U,, Dinkeloo, K., Danna, C. H., McDowell, J. M. & Pilot, G. Review: Functional linkages between amino acid transporters
and plant responses to pathogens. Plant Sci. 277, 79-88. https://doi.org/10.1016/j.plantsci.2018.09.009 (2018).

Besnard, J. et al. Increased expression of UMAMIT amino acid transporters results in activation of salicylic acid dependent stress
response. Front. Plant Sci. 11, 606386. https://doi.org/10.3389/fpls.2020.606386 (2020).

Simpson, R. J., Lambers, H. & Dalling, M. J. Nitrogen redistribution during grain growth in wheat (Triticum aestivum L.): IV.
Development of a quantitative model of the translocation of nitrogen to the grain. Plant Physiol. 71, 7-14. https://doi.org/10.1104/
pp.71.1.7 (1983).

Waters, B. M., Uauy, C., Dubcovsky, J. & Grusak, M. A. Wheat (Triticum aestivum) NAM proteins regulate the translocation of
iron, zing, and nitrogen compounds from vegetative tissues to grain. J. Exp. Bot. 60, 4263-4274. https://doi.org/10.1093/jxb/erp257
(2009).

Zhang, X. et al. Amino acid composition of leaf, grain and bracts of japonica rice (Oryza Sativa ssp japonica) and its response to
nitrogen fertilization. Plant Growth Regul. 82, 1-9. https://doi.org/10.1007/s10725-016-0232-5 (2017).

Palmer, L. J. et al. Metabolite profiling of wheat (Triticum aestivum L.) phloem exudate. Plant Methods 10, 27. https://doi.org/10.
1186/1746-4811-10-27 (2014).

Edgar, R. C. MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 5, 113.
https://doi.org/10.1186/1471-2105-5-113 (2004).

Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30,
1312-1313. https://doi.org/10.1093/bioinformatics/btu033 (2014).

Fonseca, N. A., Robert, P., Marioni, J. C. & Alvis, B. iRAP—An integrated RNA-seq analysis pipeline. bioRxiv https://doi.org/10.
1101/005991 (2014).

Leinonen, R., Sugawara, H., Shumway, M. & International Nucleotide Sequence Database, C. The sequence read archive. Nucleic
Acids Res. 39, D19-D21, https://doi.org/10.1093/nar/gkq1019 (2011).

Petryszak, R. et al. The RNASeq-er API—A gateway to systematically updated analysis of public RNA-seq data. Bioinformatics 33,
2218-2220. https://doi.org/10.1093/bioinformatics/btx143 (2017).

Kim, D., Paggi, ]. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 37, 907-915. https://doi.org/10.1038/s41587-019-0201-4 (2019).

Liao, Y., Smyth, G. K. & Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930. https://doi.org/10.1093/bioinformatics/btt656 (2014).

Li, H. et al. The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079. https://doi.org/10.1093/bioinforma
tics/btp352 (2009).

Smid, M. et al. Gene length corrected trimmed mean of M-values (GeTMM) processing of RNA-seq data performs similarly
in intersample analyses while improving intrasample comparisons. BMC Bioinform. https://doi.org/10.1186/s12859-018-2246-7
(2018).

Kolde, R. Pheatmap: Pretty Heatmaps. R Package Version 1.0.12. https://CRAN.R-project.org/package=pheatmap (2019).

uptake. Nature 446, 195-198. https://doi.org/10.1038/nature05579 (2007).

Jacobs, P, Jauniaux, J. C. & Grenson, M. A cis-dominant regulatory mutation linked to the argB-argC gene cluster in Saccharomyces
cerevisiae. J. Mol. Biol. 139, 691-704. https://doi.org/10.1016/0022-2836(80)90055-8 (1980).

Rudd, J. C. et al. “TAM 114’ wheat, excellent bread-making quality hard red winter wheat cultivar adapted to the Southern High
Plains. J. Plant Regist. 12, 367-372 (2018).

Li, Z. W. & Trick, H. N. Rapid method for high-quality RNA isolation from seed endosperm containing high levels of starch.
Biotechniques 38, 872-+. https://doi.org/10.2144/05386bmO05 (2005).

Ramakers, C., Ruijter, J. M., Deprez, R. H. & Moorman, A. F. Assumption-free analysis of quantitative real-time polymerase chain
reaction (PCR) data. Neurosci. Lett. 339, 62-66. https://doi.org/10.1016/s0304-3940(02)01423-4 (2003).

Acknowledgements

We thank the Texas A&M X-grant Program (SO, AD), National Science Foundation MCB 1052048 (SO), IOS
135336 (SO), ECCS-1917166 (AD) and TEES-AgriLife CBGSE Startup Funds (AD) for funding. We would also
like to thank Dr. Shuyu Liu for kindly providing the materials for RT-qPCR assays.

Author contributions
S.0. and D.A.: conceived the experiments, R.K. and Z.F.: conducted the experiments, R.K., Z.F. and S.O.: ana-
lyzed the results.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:348 | https://doi.org/10.1038/s41598-021-04284-7 nature portfolio


https://doi.org/10.1038/s41598-017-04473-3
https://doi.org/10.1038/s41598-017-04473-3
https://doi.org/10.1093/nar/gky995
https://doi.org/10.1093/nar/gky995
https://doi.org/10.1093/nar/gkn785
https://doi.org/10.1093/nar/gkn785
https://doi.org/10.1111/j.1365-313X.2010.04256.x
https://doi.org/10.1093/pcp/pct198
https://doi.org/10.1093/jxb/erab288
https://doi.org/10.1111/nph.13707
https://doi.org/10.1104/pp.19.00380
https://doi.org/10.1126/science.1133649
https://doi.org/10.1016/j.plantsci.2018.09.009
https://doi.org/10.3389/fpls.2020.606386
https://doi.org/10.1104/pp.71.1.7
https://doi.org/10.1104/pp.71.1.7
https://doi.org/10.1093/jxb/erp257
https://doi.org/10.1007/s10725-016-0232-5
https://doi.org/10.1186/1746-4811-10-27
https://doi.org/10.1186/1746-4811-10-27
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1101/005991
https://doi.org/10.1101/005991
https://doi.org/10.1093/nar/gkq1019
https://doi.org/10.1093/bioinformatics/btx143
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/s12859-018-2246-7
https://CRAN.R-project.org/package=pheatmap
https://doi.org/10.1038/nature05579
https://doi.org/10.1016/0022-2836(80)90055-8
https://doi.org/10.2144/05386bm05
https://doi.org/10.1016/s0304-3940(02)01423-4

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-04284-7.

Correspondence and requests for materials should be addressed to S.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:348 | https://doi.org/10.1038/s41598-021-04284-7 nature portfolio


https://doi.org/10.1038/s41598-021-04284-7
https://doi.org/10.1038/s41598-021-04284-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tissue specific expression of UMAMIT amino acid transporters in wheat
	Results and discussion
	Identification of TaUMAMIT genes. 
	Tissue expression of UMAMITs. 
	Grain development. 
	Senescence. 
	Expression and amino acid transport activity of selected TaUMAMITs expressed in grains. 

	Methods
	Phylogenetic analysis. 
	Expression analysis of TaUMAMIT genes. 
	Yeast amino acid export assay. 
	Plant materials and growth. 
	RT-qPCR analysis. 

	References
	Acknowledgements


