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Introduction: Melatonin, a tryptophan-derived indoleamine metabolite with
important roles in plant growth and defense, has recently been regarded as a
new plant hormone. Maize is one of the most important cereal crops in the world.
Although the melatonin receptor gene, ZmPMTRI, has already been identified, the
genetic basis of melatonin biosynthesis in maize has still not been elucidated.
Serotonin N-acetyltransferase (SNAT) is the enzyme that converts serotonin to N-
acetylserotonin (NAS) or 5-methoxytryptamine (5MT) to melatonin in Arabidopsis
and rice, but no SNAT encoding gene has been identified yet in maize.

Methods: The bioinformatics analysis was used to identify maize SNAT genes and
the enzyme activity of the recombinant proteins was determined through in vitro
assay. The expression levels of ZmMSNAT1 and ZmSNAT3 under drought and heat
stresses were revealed by public RNA-seq datasets and gRT-PCR analysis.

Results: We first identified three maize SNAT genes, ZmSNAT1, ZmSNAT2, and
ZmSNAT3, through bioinformatics analysis, and demonstrated that ZmSNAT2
was present in only eight of the 26 cultivars analyzed. We then determined the
enzyme activity of ZmSNAT1 and ZmSNAT3 using their recombinant proteins
through in vitro assay. The results showed that both ZmSNAT1 and ZmSNAT3
could convert serotonin to NAS and 5-MT to melatonin. Recombinant ZmSNAT1
catalyzed serotonin into NAS with a higher catalytic activity (Kpy, 8.6 mMM; Viax,
4050 pmol/min/mg protein) than ZMSNAT3 (K., 11.51 mM; V4, 142 pmol/min/
mg protein). We further demonstrated that the 228th amino acid Tyr (Y228) was
essential for the enzymatic activity of ZmSNATL. Finally, we revealed that the
expression of ZmSNAT1 and ZmSNAT3 varied among different maize cultivars
and different tissues of a plant, and was responsive to drought and heat stresses.
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Discussion: In summary, the present study identified and characterized the first
two functional SNAT genes in maize, laying the foundation for further research
on melatonin biosynthesis and its regulatory role in plant growth and response to

abiotic stresses.
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Introduction

Melatonin is a tryptophan-derived indoleamine metabolite that
has been extensively studied for its important physiological roles in
animals such as circadian rhythm, sleep, mood and immune response
(Pieri et al., 1994; Rodriguez et al., 2004; Jan et al., 2009; Tan et al.,
2015). Since its discovery in plants, melatonin has been proven to be
involved in a wide range of plant developmental processes, stress
responses, as well as in post-harvest storage, which has led to the
recognition of melatonin as a novel phytohormone (Arnao and
Hernandez-Ruiz, 2020; Tan et al.,, 2012). The melatonin
biosynthesis pathway is thought to be conserved among plants,
consisting of four steps, (i) decarboxylation of tryptophan to form
tryptamine by tryptophan decarboxylase (TDC); (ii) synthesis of
serotonin (5-hydroxytryptamine) from tryptamine by tryptamine 5-
hydroxylase (T5H), (iii) conversion of serotonin to N-acetyl-
serotonin (NAS) by serotonin N-acetyltransferase (SNAT); and (iv)
NAS converted to melatonin catalyzed by NAS methyltransferase
(ASMT) and caffeic acid O-methyltransferase (COMT) (Back, 2021).
Serotonin can also be converted first to 5-methoxytryptamine (5-
MT) and then to melatonin by SNAT.

SNAT is the rate-limiting enzyme in the melatonin biosynthesis
pathway. It belongs to the family of General Control Non-repressible
5 (GCN5)-related N-acetyltransferases (GNAT). Two rice genes
encoding SNAT, OsSNATI (Kang et al., 2012) and OsSNAT2
(Byeon et al,, 2016) have been cloned and their catalytic activity
was validated using recombinant proteins through in vitro assays.
The amino acid sequences of OsSNAT1 and OsSNAT2 are quite
divergent, with only 39% identity and 60% similarity. Phylogenetic
analysis indicates that OsSNAT1 and OsSNAT? are distantly related,
suggesting their independent evolution from cyanobacteria before the
endosymbiotic event (Byeon et al., 2016). In addition, two SNAT-
encoding genes (AtfSNAT1 and AtSNAT2) have also been identified in
Arabidopsis thaliana (Lee et al, 2014, 2019). Based on sequence
alignments with rice and/or Arabidopsis SNATS, one or two SNAT
genes each have been identified in the following plant species:
Hypericum perforatum (Zhou et al., 2021), Pinus taeda (Park et al,
2014), apple (Wang et al,, 2017), grape (Yu et al,, 2019), raspberry
(Zheng et al., 2021), Nicotiana benthamiana (Lee et al., 2021),
soybean (Kumar et al, 2022), and cotton (Zhang et al, 2022).
Recently, Wang et al. (2022) identified a total of nine homologous
genes (named AtSNATI-AtSNATY) in Arabidopsis by searching the
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apple (Malus zumi) SNAT amino acid sequences (Wang et al., 2017),
with AtSNATS being SNATI from Lee et al. (2014), and AtSNAT9
being SNAT2 from Lee et al. (2019). They found that AtSNAT6 was
highly expressed in the dark and its recombinant protein had a high
SNAT activity in vitro assay.

Maize (Zea mays L.) is one of the most important crops
worldwide. The melatonin receptor gene in maize, ZmPMTRI, has
recently been identified (Khan et al., 2023), and the application of
exogenous melatonin has been proven to be beneficial for
ameliorating drought stress in maize via alleviation of growth
inhibition (Guo et al., 2021), increase of photosynthetic activity and
reduction of oxidative damage (Huang et al., 2019). However, not a
single gene in the melatonin biosynthesis pathway has been identified
in maize. In this study, we first identified SNAT homologous genes
and investigated their presence across different cultivars of maize; we
then investigated the enzymatic activity of two maize SNATSs and the
amino acid critical for substrate recognition by using their
recombinant proteins; and finally, we investigated their
transcriptional response to drought and heat stresses.

Results

Identification of maize SNAT
candidate genes

Because SNAT belongs to the GNAT family, we hence first
searched the GNAT members in the genome of maize cultivar Ki3.
We then constructed a phylogenetic tree for the ZmGNAT genes
together with OsSNAT1, OsSNAT2, AtSNATI1, AtSNAT2 and
AtSNAT®6 (Figure 1A).

A total of 37 GNATS were identified in the Ki3 genome. Among
them, ZmGNAT15, ZmGNAT34, and ZmGNAT16 are closely
aligned to OsSNATI1/AtSNATI1, OsSNAT2/AtSNAT2, and
AtSNATS, respectively (Figure 1A). Hence, we designated them
as ZmSNATI1, ZmSNAT2, and ZmSNAT3 hereafter.

To determine the evolution of maize SNAT genes, we
constructed a phylogenetic tree with a cyanobacteria SNAT as the
outgroup (Figure 1B). Based on this phylogenetic tree, we reason
that ZmSNATI probably evolved earlier than ZmSNAT2, and
ZmSNAT3 was the latest evolved one (Figure 1B).
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Phylogenetic tree of ZMGNATSs and other cloned SNATs. (A) ZmGNATSs of the Ki3 genome and SNATSs in Arabidopsis and rice; (B) Phylogenetic tree

of ZMSNATs and SNATSs in other species.

Structural characteristics of maize
SNAT genes

The three maize SNAT genes have very different structures in
terms of the number and length of exons, as well as the length of
encoded proteins (Figure 2A). ZmSNATI harbors 8 exons while
ZmSNAT2 contains only one. The proteins encoded by all three genes
contain an acetyltransferase domain of different lengths (Figure 2A,
right). Prediction of protein tertiary structure using AlphaFold2
(AlphaFold Protein Structure Database (ebi.ac.uk) showed the three
maize SNATs had strikingly different structures, especially the
orientation and helix-sheet-helix architecture (Figure 2B).

Pan-genome-wide presence of ZmSNATSs

With the sequencing of more and more maize genomes, the
maize pan-genome has been composed of genomes up to 26 maize
cultivars (Hufford et al., 2021). To figure out the presence of
ZmSNAT genes in different maize cultivars, we first performed a
search of the ZmGNATSs in each of the 26 cultivars (Figure 3;
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Supplementary File 1). The results show that there was a total of 71
ZmGNAT homologous genes across the 26 cultivars, each with 30
(B73) to 38 (CML322, P39) genes (Figure 3). Thirty GNAT genes
are highly conserved across the 26 cultivars, they are present at least
in 24 cultivars; Twenty GNAT genes (ZmGNAT52-71) are present
only in one cultivar, while others are present in two or more
cultivars. While ZmSNATI and ZmSNAT3 are present in all the
cultivars, ZmSNAT2 (ZmGNAT34) is present in only eight
cultivars (Figure 3).

Enzymatic activity of ZmSNAT1
and ZmSNAT3

Because ZmSNAT?2 is present in merely eight cultivars,
enzymatic activity assay was performed only for ZmSNAT1
and ZmSNAT3.

Recombinant ZmSNAT1 and ZmSNAT3 were tested in vitro
using either serotonin or 5-MT as substrate. As shown in Figure 4,
both proteins catalyzed the production of NAS from serotonin or
melatonin from 5-MT. The activity of ZmSNAT1 was 83 (serotonin
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Gene and protein structures of ZmSNATSs. (A) Gene structures (left) and domains (right) of ZmSNATs. Untranslated region (UTR) and exon are
indicated by the green rectangle and yellow rectangle, respectively. The purple rectangle indicates the predicted chloroplast transit peptide; (B)
Tertiary structures of ZmSNAT proteins. The structures were constructed on AlphaFold2 with ID in parentheses.

to NAS) and 68 (5-MT to melatonin) fold higher than that
of ZmSNATS3.

The recombinant ZmSNAT1 with the MBP tag had a low
enzymatic activity, with a K, value of 4.90 mM and a V. value
of 173.8 pmol/min/mg, for catalyzing the conversion of serotonin to
NAS (Supplementary Figure S1). To exclude the MBP tag effect,
ZmSNAT1 and ZmSNAT3 were fused with a smaller His-tag for
testing for their enzyme kinetics. The results showed that His-
ZmSNAT]I had a K, of 8.6 mM and a V,,,x of 4.05 nmol/min/mg
protein (Figure 5A). Correspondingly, His-ZmSNAT3 had a K, of
11.51 mM) and a V.., of 142 pmol/min/mg protein (Figure 5B), in
consistent with the above observation that ZmSNAT3 had a weaker
catalytic activity of converting serotonin to NAS than ZmSNAT]I.

The amino acid essential for the enzymatic
activity of ZmSNAT1

It was reported that the amino acid Y233 of OsSNATI is
essential for its function during acetyl-transfer reaction because
the replacement of Y233 with Ala or Phe could result in the
abolishment of enzymatic activity (Liao et al., 2021). To identify
the amino acids in ZmSNAT]1 essential for its enzymatic activity, we
first performed a tertiary structure comparison between OsSNAT1
and ZmSNAT]1, the results showed the tertiary structures of the two
proteins are almost identical with an RMSD of 0.312 (Figure 6A).
Further analysis revealed that Y228 of ZmSNAT1 corresponds to
Y233 of OsSNAT1 in the CML228 cultivar (Figure 6B).
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Enzymatic activity of the recombinant ZmSNAT1 and ZmSNAT3, with the substrate of serotonin (A) and 5-MT (B). All assays were performed in a
total volume of 100 pL PBS (pH = 8.0) with 50 ug the recombinant ZmSNAT1 or ZmSNAT3, and 0.5 mM serotonin (A) or 5-MT (B), the reaction was

performed at 45°C for 3 hours. Data are shown as mean + SD, n=3.

To test whether Y228 is truly important, site-directed
mutagenesis was applied to generate a mutated ZmSNATI-
Y228A protein. In vitro analysis showed that the Y228A mutation
almost abolished its enzymatic activity both for converting
serotonin to NAS and for 5-MT to melatonin (Figure 7). These
results indicate that the Y228 is essential for ZmSNAT1.

Transcription of ZMSNAT1 and ZmSNAT3
varied among maize cultivars and in
various tissues

To have a general view of the transcription of ZmSNATI and
ZmSNAT3 in maize, we first investigated the RNA-seq data of 26
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maize cultivars generated by Hufford et al. (2021). Overall, ZmSNAT1
seemed to have a greater transcription level than ZmSNAT3. For
instance, the FPKM of ZmSNAT1 was ~1.7-6.9 fold greater than that
of ZmSNAT3 in the eleventh leaves (Figure 8). Furthermore, there
were also variations of transcription of both ZmSNATI and
ZmSNAT3 among the 26 cultivars tested, with the FPKM value
varied from 23.41 to (CML277) to 95.12 (CML232) for ZmSNAT]I,
and from 6.35 (B73) to 31.45 (Oh43) for ZmSNAT3 (Figure 8).

We also determined the expression pattern of ZmSNATI and
ZmSNAT3 across various tissues using the RNA-seq data of the
cultivar B73 collected in the ZEAMAP database. Overall, both genes
were highly expressed in leaves, particularly in mature leaves, and to
a lesser extent in other tissues (embryos, silk, developing and
mature seeds, etc.). They are barely expressed in mature pollen
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Kinetic parameters of the recombinant ZmSNAT1 and ZmSNAT3. The reaction was performed in PBS buffer (pH = 8.8) with 0.5 mmol/L acetyl-CoA
and a series of the concentrations of serotonin for 30 minutes at 45°C. The K,, and the V. were determined using Michaelis-Menten kinetics.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2024.1478200
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Guo et al.

FIGURE 6

10.3389/fpls.2024.1478200

Ratyl 228 TYR
Y. SN e

» 25T

Tertiary structure alignment of OsSNAT1 and ZmSNATL. (A) The overall alignment of OsSNAT1 (cyan) and ZmSNAT1 (white) proteins; (B) The
enlarged view of 233 TYR (in red) of OsSNAT1 overlapping 228 TYR (in black) of ZmSNATL. The structure of OsSNAT1 was downloaded from PDBe

with ID code 7DAI. The alignment was performed in Pymol.

and roots (Figure 9). Comparatively, ZmSNATI had greater
expression than ZmSNAT3 in most tissues except roots.

Transcription of ZmMSNAT1 and ZmSNAT3
was responsive to drought and heat stress

It is known that melatonin content is increased upon certain
stresses in maize (Colombage et al., 2023). Therefore, we
investigated the expression levels of ZmSNATI and ZmSNAT3 in
the leaves of plants subjected to drought and heat stresses. First, we
analyzed the RNA-seq data of three cultivars available in the GEO
database. The results showed that ZmSNATI was significantly
upregulated in the cultivars DH4866 and W22, but downregulated
in BI04 when subjected to a 5-day drought stress (Figure 10A).
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FIGURE 7

Relative catalytic activities of wild-type ZmSNAT1 and its variant
Y228A converting serotonin (dark) to NAS and 5-MT (gray) to
melatonin. The activities of the ZMmSNAT1 are set to 100%. Each bar
represents the mean value of triplicate experiments + SD (n=3).
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ZmSNAT3 was also significantly upregulated in DH4866 and
downregulated in B104, but no significant changes were observed
in W22 (Figure 10B). After being subjected to heat stress (39°C,
1 hour), both ZmSNATI and ZmSNAT3 were significantly down-
regulated in leaves of the W22 cultivar (Figures 10C, D).

We further performed indoor experiments to investigate the
transcriptional responses to drought and heat stresses, using three-
leaf seedlings of W22. QRT-PCR analysis showed that, after being
subjected to drought stress, ZmSNATI was significantly up-
regulated, with a 5.5-folder increase of transcript abundance,
while ZmSNAT3 was not (Figure 11A). After being subject to
heat stress (45°C), ZmSNATI was first significantly down-
regulated (1, 3 h), then significantly upregulated (6 h), and again
downregulated (12, 24 h) (Figure 11B). ZmSNAT3 was significantly
up-regulated soon after heat stress (1 h, +110%), and significantly
downregulated afterwards, with mRNA abundance being reduced
to 40.2%, 24.6%, 4. 7% and 8.7% that of the control at 3, 6, 12 and 24
h, respectively (Figure 11C).

Discussion

Previous studies have already shown that the application of
exogenous melatonin could promote plant growth and
development, and ameliorate damages caused by abiotic stresses.
However, little is known about melatonin biosynthesis, and its
regulation and response to abiotic stresses in maize plants. The
present study first identified three maize SNAT genes that are
homologous to cloned SNAT genes of either rice or Arabidopsis or
both. Two of them, ZmSNATI and ZmSNATS3, are present in all 26
maize cultivars, while ZmSNAT?2 is present only in eight cultivars.
This study further demonstrated that while both ZmSNAT1 and
ZmSNATS3 could catalyze melatonin biosynthesis, ZmSNAT1 had
an enzymatic activity far greater than ZmSNAT3. Furthermore, this
study determined an amino acid in ZmSNAT1 essential for its
enzymatic activity. At last, this study demonstrated that
transcription of ZmSNATI and ZmSNAT3 varied among different
maize cultivars and different tissues, and was responsive to drought
and heat stresses. The above findings hence laid a solid foundation
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The expression levels of ZMSNAT1 and ZmSNAT3 in 26 maize cultivars. Data were extracted from ENA AaaryExpress E-MTAB-8633 and E-MTAB-
8628 generated by Hufford et al. (2021).
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FIGURE 9
Transcription of ZMSNAT1 and ZmSNAT3 in different tissues of a maize plant (cultivar B73, unit: FPKM). Data were extracted from the
ZEAMAP database.
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The relative expression levels of ZmMSNAT1 and ZmSNAT3 in plants of maize cultivar W22 subjected to drought stress (A) and heat stress (B, C). Each
bar represents the mean value of triplicate experiments + SD (n=3). The maize TUB-ribosylation factor gene was used as an internal control. The
relative expression levels were calculated using the comparative 2724t method (Livak and Schmittgen, 2001).

for further research on the genetics, biology and evolution of
melatonin in maize.

More SNAT genes in maize

Through the homolog search of rice and Arabidopsis SNAT
genes, we identified 3 SNAT homologs in maize in this study.
However, we believe that there might be more SNAT genes in
maize to be identified. The plant SNAT gene was first identified in
rice (Kang et al., 2012), which was later used directly for the search for
homologs in other plant species including Arabidopsis (Lee et al,
2014, 2019). The Arabidopsis SNATSs were also later used for search
of homologs in dicots (Wang et al., 2017). Because the two rice
SNATSs had a low identity and similarity, suggesting that there might
be more SNATSs to be identified in rice and other plant species.
Indeed, Wang et al. (2022) identified 9 SNAT genes in Arabidopsis
(including two that had already been functionally validated) through
a homolog search of an apple SNAT, though they only validated the
anticipated enzymatic function for one of them.

The results of the present study also suggest there might be more
SNAT genes in maize based on the following evidence. Firstly, only
ZmSNATI1 and ZmSNAT2 were aligned to rice SNATS, while
ZmSNAT3 was aligned to a newly identified Arabidopsis SNAT6
(Figure 1), suggesting that it is likely to identify the new SNATS in
maize when new SNAT genes identified in other plants are used for
search. Secondly, the presence of ZmSNAT? in only 8 of the 26 maize
cultivars, together with the presence of various GNATSs only in a
single cultivar (Figure 3), also suggests that more cultivar-specific
SNATs might exist. Thirdly, it is known that melatonin is in
mitochondria in animals (Reiter et al.,, 2022). However, this study
only identified SNATs with a chloroplast transit peptide (Figure 2B),
and hence presumably to be located in chloroplast (see Materials and
Methods). Because mitochondrion is known to be an important
organelle, particularly in stress response, where melatonin plays an
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important role, it is quite plausible that there are new genes encoding
mitochondrial SNATS in maize yet to be identified.

Enzymatic characteristics of ZmSNATs

The present study demonstrated that both ZmSNAT1 and
ZmSNAT3 could use serotonin or 5-MT as the substrate to
produce NAS or melatonin, which is consistent with the
characteristics of other plant SNATs (Lee et al, 2014). It was
revealed that ZmSNAT1 had an enzymatic activity far higher
than ZmSNATS3, although the underlying mechanism remains to
be investigated.

The kinetic parameters of the recombinant proteins showed
that ZmSNAT1 and ZmSNAT3 had the enzymatic activity similar
to those of rice and Arabidopsis. For instance, ZmSNAT1 had a K,
value (8.60 mM), which is ~ 20 folder greater than that of AtSNAT1
(309 uM) (Lee et al,, 2014) and OsSNAT1 (385 uM) (Kang et al,,
2012), but its V.« value (4.05 nmol/min/mg) (Figure 5A) is also
greater than that of AtSNAT1 (1.4 nmol/min/mg) (Lee et al., 2014)
and OsSNAT]1 (282 pmol/min/mg) (Kang et al., 2012). Based on the
K., value ZmSNAT3 (K,, 11.51 mM) seemed to have weaker
substrate binding ability than AtSNAT6 (K, = 5 mM), however,
its Vinax value (142 pmol/min/mg) is very similar to that of
AtSNAT6 (147 pmol/min/mg) (Figure 5B), indicating ZmSNAT3
also had a catalytic rate similar to AtSNAT6. The reasons why the
maize SNATSs had higher K, values than rice and Arabidopsis
homologs but still had greater or similar V,,,, values remain to
be investigated.

We further determined Y228 in ZmSNAT1 to be the amino acid
essential for its enzymatic activity. This was achieved by the
alignment of the protein tertiary structures between ZmSNAT1
and OsSNAT]I, of which the crystal structure and the essential
amino acids were already reported (Liao et al, 2021). Further
analysis revealed that Y228 is well conserved in all 26 maize
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cultivars analyzed (Supplementary Figure S2), which also
corroborates the importance of this key residue.

Responsive transcription of ZmSNATSs to
abiotic stresses

Due to climate change, plants are experiencing more and ever-
increasing stresses such as heat and drought (Li et al., 2023; Wang
et al.,, 2023). It has already been well proven that melatonin could
alleviate growth inhibition and damage caused by drought and
other abiotic stresses (Huang et al., 2019). Application of exogenous
melatonin can reduce ROS accumulation and improve the efficiency
of photosystem and stomatal conductance to enhance drought
tolerance (Ye et al., 2016; Fleta-Soriano et al., 2017; Huang et al.,
2019; Su et al., 2019) and thermotolerance (Ahammed et al., 2019).
By analyzing the public available maize transcriptome datasets, we
revealed that the transcription of ZmSNATI and ZmSNAT3 was
responsive to drought and heat stresses (Figure 11). When subject
to drought stress, the transcription of ZmSNATI and ZmSNAT3
was significantly downregulated in one cultivar but upregulated in
the other two cultivars. A similar observation was reported in
Hypericum perforatum, where the expression level of HpSNATI
reached the highest at 8 h after drought stress (Zhou et al., 2021). In
one cultivar tested for heat stress, both genes were significantly
downregulated (Figure 10).

We further determined the transcription of ZmSNATI and
ZmSNAT3 in the W22 cultivar subjected to heat or drought
stresses by qRT-PCR analysis. Drought stress activated the
transcription of ZmSNATI but not ZmSNAT3 (Figure 11A), which
is consistent with the results of transcriptome analysis. On the other
hand, we observed time-dependent effect of heat stress on the
transcription of ZmSNATI and ZmSNAT3 (Figures 11B, C). All
these observations suggest the transcription of ZmSNATI and
ZmSNATS3 is responsive to heat and drought stresses, suggesting
melatonin biosynthesis is finely regulated through the transcription of
ZmSNATI and ZmSNAT3. However, the mechanism(s) underlying
this phenomenon and the key players remain to be investigated.

In a few plants, it is already known that the crosstalk between
melatonin and other hormones such as SA and ABA is involved in
the melatonin-mediated tolerance to drought stress (Li et al., 2015;
Wei et al,, 2015; Prakash et al, 2019; Arnao and Hernandez-Ruiz,
2019; Moustafa-Farag et al., 2020; Tiwari et al., 2021). In tomato
seedlings, it was observed that melatonin enhances drought tolerance
by stimulating sugar metabolism and negatively regulating ABA
synthesis (Jahan et al., 2024). Melatonin biosynthesis under stress
could also be regulated through protein interactions. In cotton, for
instance, GhSNAT3D might interact with GhASMT and
GhSNAT25D to regulate the biosynthesis of melatonin when
subjected to different stresses (Zhang et al., 2022). In tomato, a
chaperone HSP40 in chloroplasts could stabilize SISNAT against heat
shock-induced degradation (Wang et al., 2020). These findings of
melatonin biosynthesis regulation provide useful clues to uncover the
mechanisms of melatonin biosynthesis regulation in response to heat
and drought stress in maize.
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Maize is a worldwide crop and has spread across the world. We
observed that there is a great variation of the ZmSNATI and
ZmSNATS3 transcription level among the 26 cultivars (Figure 8).
It is worthwhile to further investigate whether it is a result of their
local adaptation. It is also very intriguing to identify the genetic
basis underlying the transcriptional variation for enhancing the
resilience of maize cultivars to environmental stresses. Since
melatonin has recently been considered as a new plant hormone,
it will be worthwhile to dissect the pathways of its biosynthesis,
regulation and signaling in maize. The identification and
characterization of ZmSNAT1 and ZmSNAT3, though very
preliminary, lay the foundation for further studies on identifying
new SNATSs in maize and other plants as Wang et al. (2022) did in
Arabidopsis. The functions of melatonin in maize growth,
development, environmental stresses and other biological
processes could be investigated by producing knockout/edited/
silenced/overexpressed plants, such as in rice (Byeon and Back,
2016; Hwang and Back, 2019, 2020).

Conclusions

In this study, we identified and validated two maize SNAT
genes, ZmSNATI and ZmSNAT3, that encode proteins with the
function of converting serotonin to NAS or 5-MT to melatonin.
ZmSNATI appears to have a greater transcription level and to
encode a protein having the enzyme activity greater than that
encoded by ZmSNAT3. The Y228 residue in ZmSNATI1 is
essential for its enzymatic activity and is conserved across maize
cultivars. Another maize SNAT gene, ZmSNAT?2 is only present in
8 of 26 cultivars analyzed. We also determined the transcription of
both ZmSNATI and ZmSNAT3 is responsive to drought and
heat stresses.

Materials and methods
Identification of maize GNAT family genes

The genomes of 26 maize cultivars sequenced and assembled by
Hufford et al. (2021) were downloaded from maizeGDB (Welcome
to MaizeGDB). The hidden Markov model of GNAT domain
(PF00583) was used as a query to search the proteins in the
genomes of maize cultivars (Yu et al., 2019), with a threshold of
e < 1e” and the length of protein < 500 aa (amino acid).

Phylogenetic analysis and presence/
absence assay of ZmGNAT genes

The protein sequences of ZmGNAT identified above and
verified OsSNAT1 (Kang et al., 2012), OsSNAT2 of rice (Byeon
etal, 2016) and AtSNAT1 (Kang et al,, 2012), AtSNAT2, AtSNAT6
of Arabidopsis (Lee et al., 2014, 2019; Wang et al., 2022) were used
for phylogenetic analysis. Multiple sequence alignments were
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performed using MAFFT version 7 [MAFFT alignment and NJ/
UPGMA phylogeny (cbrc.jp)] and the phylogenetic tree was
constructed by IQ-TREE web server [IQTREE Web Server: Fast
and accurate phylogenetic trees under maximum likelihood
(univie.ac.at)] with the default parameter. The presence/absence
of ZmGNATS across 26 maize cultivars was generated by TBtools
v2.112 (Chen et al., 2023). The heatmap was generated by TBtools
v2.112 (Chen et al., 2023).

Production of ZmSNAT recombinant
proteins in Escherichia coli

Both ZmSNAT1 and ZmSNAT3 contain a short chloroplast transit
peptide (cTP) sequence as predicted by ChloroP (Emanuelsson et al,,
1999). To exclude this cTP sequence in recombinant proteins, PCR
primers were designed to amplify ZmSNATI or ZmSNAT3 coding
sequences without the ¢TP portion from maize cultivar CML322
(Supplementary Table SI). The PCR amplicons thus amplified from
ZmSNATI and ZmSNAT3 cDNA were then inserted into the pMAL-
C6T vector linearized by Alwnl or pET-45b vector linearized by Kpnl.
The recombinant vectors were then transformed into E. coli Transetta
(DE3) (TransGen Biotech, Beijing, China). To produce recombinant
ZmSNATS proteins, the transformed E.coli were cultured on the Luria-
Bertani (LB) broth agar (10 g/L Tryptone, 5 g/L yeast extract, 10 g/L
NaCl and 15 g/L agar) containing 100 mg/L ampicillin and picked up
one colony into 5 mL of Luria-Bertani (LB) broth (10 g/L Tryptone, 5
g/L yeast extract, 10 g/L NaCl) containing 100 mg/L ampicillin and 34
mg/L chloramphenicol and incubated at 37°C overnight. 3 mL
overnight culture was inoculated into 300 mL LB broth containing
100 mg/L ampicillin and 34 mg/L chloramphenicol until the optical
density of the E.coli culture at 600 nm (ODg) reached 0.6-0.8. after the
addition of 100 pM isopropyl-B-D-thiogalactopyranoside (IPTG;
Sigma, St.Louis, MO, USA), the culture was grown at 23°C and
shaken at 160 rpm for 14 hours. After breaking up the cells of E.coli
by the high-pressure homogenizer, the following purification steps
using Ni-NTA or amylose resin were performed according to the
manufacturer’s instructions (Vazyme, Nanjing, China; NEB, Beijing,
China). Purified protein was concentrated through an Amicon ultra-4
centrifugal filter (Merck Millipore, Carrigtwohill, Ireland) and
dissolved in PBS (pH 8.0) (Supplementary Figure S3).

Measurement of SNAT enzyme activity

Purified recombinant SNATs were used for enzymatic activity
assay. The reaction was performed in a total volume of 100 pL
containing 0.5 mM of serotonin or 5-MT as substrate, and 0.5 mM of
acetyl-CoA in a PBS buffer (pH 8.0), the mixture was then incubated
at 45°C for 3 hours (or various other time periods for the
determination of K;;, and V,,.,,) and stopped by the addition of 200
uL methanol (MeOH). The reaction buffers were then centrifuged at
10,000 rpm for 2 min and the supernatants were passed through a
PTFE membrane (0.22 pm). A 5 pL aliquot was used for the
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determination of NAS or melatonin on an HPLC with the
fluorescence detector system (LC-20, Shimadzu). All chemicals’
separations were performed at a flow rate of 1 mL/min and
separated on the Ultimate XB-C18 column (4.6 x 150 mm; Welch,
Shanghai, China) with an isocratic elution with 30% MeOH in 0.1%
formic acid for 20 min. NAS and melatonin were detected at 280 nm
(excitation) and 348 nm (emission). All measurements were
reproduced in triplicate. The enzymatic activities were calculated by
subtracting the value of nonenzymatic reaction controls, i.e., reactions
with only substrate and 0.5 mM of acetyl-CoA but without ZmSNAT
recombinant proteins. The data were fit to the Michaelis-Menten
equation using Prism 9 (GraphPad) to obtain the kinetic parameters.
All assays were run in triplicate. The concentration of recombinant
proteins was determined by the Bradford method using a protein
assay dye (Bio-Rad, Hercules, CA, USA).

Comparison and visualization of protein
tertiary structures

The crystal structure of OsSNAT1 (PDBe ID: 7DAI) was
downloaded from PDBe [Homepage | Protein Data Bank in Europe
(ebiac.uk)]. The tertiary structures of ZmSNATSs were downloaded
from AlphaFold2 (AlphaFold Protein Structure Database (ebi.ac.uk)).
The tertiary structure alignment of OsSNAT1 and ZmSNAT1 was
performed and the RMSD was calculated by Pymol 2.5.2.

Source of transcriptomes and visualization
of transcription profile

For analysis of the expression profile of ZmSNATI and
ZmSNAT3, the revelation of tissue-specific expression profile was
performed in ZEAMAP [ZEAMAP: a comprehensive database
adapted to the maize multi-omics era. (cngb.org)], using the
RNA-seq data of B73. The dataset of drought stress was
downloaded from GSE137780 and the dataset of heat stress from
GSE268429. The FPKM values were averaged per treatment per
cultivar for ZmSNATI1 and ZmSNAT3. The expression datasets of
26 maize cultivars were obtained from Hufford et al. (2021).

Plant growth conditions and
stress treatment

The maize W22 cultivar was used in this experiment. Seeds were
germinated and grown in Hoagland solution at 28°C for 14 days. Then
the plants were grown in pots with the nutritional soil (Peilei, Jiangsu,
China) with a soil moisture of ~30% in a greenhouse with an average
temperature of 28°C. For drought treatment, three-leaf seedlings were
grown in two groups, one group with normal watering (control) and
another without watering for 10 days. For heat treatment, three-leaf
seedlings were incubated in a phytotron under 45°C and leaves were
collected at 0, 1, 3, 6,12 and 24 h, respectively. The plants grown under
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28°C were used as the control of each time point. The leaf samples were
collected in due time of treatment and were immediately frozen in
liquid nitrogen and stored at —80°C until use for RNA extraction.

Quantitative real-time PCR

For quantitative real-time PCR (qRT-PCR), total RNAs were
extracted from maize leaves with the RNAprep Pure Plant Kit
(Tiangen, Beijing, China). According to supplier instructions, cDNAs
were synthesized using PrimeScriptTM RT Reagent Kit with gDNA
Eraser (Tiangen, Beijing, China). The Primer Premier 5.0 was used to
design the primers for qRT-PCR (Supplementary Table S1), and the
maize TUB-ribosylation factor gene was used as an internal control.
The reaction was performed on Bio-Rad CFX ConnectTM using
SYBR-Green to detect gene expression levels. For all qRT-PCR
analyses, triplicate biological samples were collected. Data were
analyzed using Bio-Rad CFX Manager software.

Statistical analysis

Student’s t-test and one-way ANOVA were used for the
statistical evaluations.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

XG: Writing - original draft, Writing - review & editing,
Formal analysis, Investigation, Methodology, Validation,
Visualization. LR: Writing - original draft, Validation,
Visualization. XH: Investigation, Methodology, Writing - original
draft. XW: Resources, Writing — original draft. JZ: Supervision,

References

Ahammed, G. J., Xu, W,, Liu, A,, and Chen, S. (2019). Endogenous melatonin
deficiency aggravates high temperature-induced oxidative stress in Solanum
lycopersicum L. Environ. Exp. Bot. 161, 303-311. doi: 10.1016/j.envexpbot.2018.06.006

Arnao, M. B, and Hernandez-Ruiz, J. (2019). Melatonin: a new plant hormone and/
or a plant master regulator? Trends Plant Sci. 24, 38-48. doi: 10.1016/
j-tplants.2018.10.010

Arnao, M. B, and Hernandez-Ruiz, J. (2020). Melatonin in flowering, fruit set and
fruit ripening. Plant Reprod. 33, 77-87. doi: 10.1007/s00497-020-00388-8

Back, K. (2021). Melatonin metabolism, signaling and possible roles in plants. Plant J.
105, 376-391. doi: 10.1111/tpj.v105.2

Byeon, Y., and Back, K. (2016). Low melatonin production by suppression of either
serotonin N-acetyltransferase or N-acetylserotonin methyltransferase in rice causes
seedling growth retardation with yield penalty, abiotic stress susceptibility, and

Frontiers in Plant Science

11

10.3389/fpls.2024.1478200

Writing - review & editing. YT: Resources, Supervision, Writing —
review & editing. QS: Conceptualization, Funding acquisition,
Project administration, Resources, Supervision, Writing — original
draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. National
Nuclear Energy Exploitation Program -Nuclear Irradiation for Crop
Improvement and Insect Eradication.

Acknowledgments

We thank Hongying Shen from the Core Facilities, Zhejiang
University School of Medicine for their HPLC technical support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1478200/
full#supplementary-material

enhanced coleoptile growth under anoxic conditions. J. Pineal Res. 60, 348-359.
doi: 10.1111/jpi.2016.60.issue-3

Byeon, Y., Lee, H. Y., and Back, K. (2016). Cloning and characterization of the
serotonin N-acetyltransferase-2 gene (SNAT2) in rice (Oryza sativa L.). ]. Pineal Res.
61, 198-207. doi: 10.1111/jpi.2016.61.issue-2

Chen, C., Wu, Y., Li, J., Wang, X., Zeng, Z., Xu, ]., et al. (2023). TBtools-II: A “one for
all, all for one” bioinformatics platform for biological big-data mining. Mol. Plant 16,
1733-1742. doi: 10.1016/j.molp.2023.09.010

Colombage, R., Singh, M. B., and Bhalla, P. L. (2023). Melatonin and abiotic stress
tolerance in crop plants. Int. J. Mol. Sci. 24, 7447. doi: 10.3390/ijms24087447

Emanuelsson, O., Nielsen, H., and Heijne, G. V. (1999). ChloroP, a neural network-
based method for predicting chloroplast transit peptides and their cleavage sites.
Protein Sci. 8, 978-984. doi: 10.1110/ps.8.5.978

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1478200/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1478200/full#supplementary-material
https://doi.org/10.1016/j.envexpbot.2018.06.006
https://doi.org/10.1016/j.tplants.2018.10.010
https://doi.org/10.1016/j.tplants.2018.10.010
https://doi.org/10.1007/s00497-020-00388-8
https://doi.org/10.1111/tpj.v105.2
https://doi.org/10.1111/jpi.2016.60.issue-3
https://doi.org/10.1111/jpi.2016.61.issue-2
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.3390/ijms24087447
https://doi.org/10.1110/ps.8.5.978
https://doi.org/10.3389/fpls.2024.1478200
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Guo et al.

Fleta-Soriano, E., Diaz, L., Bonet, E., and Munne-Bosch, S. (2017). Melatonin may
exert a protective role against drought stress in maize. J. Agron. Crop Sci. 203, 286-294.
doi: 10.1111/jac.2017.203.issue-4

Guo, Q., Li, X, Niu, L., Jameson, P. E., and Zhou, W. (2021). Transcription-
associated metabolomic adjustments in maize occur during combined drought and
cold stress. Plant Physiol. 186, 677-695. doi: 10.1093/plphys/kiab050

Huang, B., Chen, Y. E., Zhao, Y. Q, Ding, C. B,, Liao, J. Q., Hu, C,, et al. (2019).
Exogenous melatonin alleviates oxidative damages and protects photosystem II in
maize seedlings under drought stress. Front. Plant Sci. 10, 677. doi: 10.3389/
fpls.2019.00677

Hufford, M. B., Seetharam, A. S., Woodhouse, M. R., Chougule, K. M., Ou, S,, Liu, J.,
et al. (2021). De novo assembly, annotation, and comparative analysis of 26 diverse
maize genomes. Science 373, 655-662. doi: 10.1126/science.abg5289

Hwang, O. ]., and Back, K. (2019). Melatonin deficiency confers tolerance to multiple
abiotic stresses in rice via decreased brassinosteroid levels. Int. J. Mol. Sci. 20, 5173.
doi: 10.3390/ijms20205173

Hwang, O. J.,, and Back, K. (2020). Simultaneous suppression of two distinct
serotonin N-acetyltransferase isogenes by RNA interference leads to severe decreases
in melatonin and accelerated seed deterioration in rice. Biomolecules 10, 141.
doi: 10.3390/biom10010141

Jahan, M. S,, Yang, J. Y., Althaqafi, M. M., Alharbi, B. M., Wu, H. Y., and Zhou, X. B.
(2024). Melatonin mitigates drought stress by increasing sucrose synthesis and
suppressing abscisic acid biosynthesis in tomato seedlings. Physiologia Plantarum
176, e14457. doi: 10.1111/ppl.v176.4

Jan, J. E., Reiter, R. J., Wasdell, M. B., and Bax, M. (2009). The role of the thalamus in
sleep, pineal melatonin production, and circadian rhythm sleep disorders. J. Pineal Res.
46, 1-7. doi: 10.1111/j.1600-079X.2008.00628.x

Kang, K., Lee, K., Park, S., Byeon, Y., and Back, K. (2012). Molecular cloning of rice
serotonin N-acetyltransferase, the penultimate gene in plant melatonin biosynthesis. J.
Pineal Res. 55, 7-13. doi: 10.1111/jpi.12011

Khan, D., Cai, N., Zhu, W., Li, L., Guan, M., Pu, X,, et al. (2023). The role of
phytomelatonin receptor 1-mediated signaling in plant growth and stress response.
Front. Plant Sci. 14, 1142753. doi: 10.3389/fpls.2023.1142753

Kumar, G., Arya, M., Radhika, P., and Giridhar, P. (2022). Genome-wide
identification, characterization of Serotonin N-acetyltransferase and deciphering its
importance under development, biotic and abiotic stress in soybean. Int. J. Biol.
Macromolecules 220, 942-953. doi: 10.1016/j.ijbiomac.2022.08.126

Lee, H. Y., Byeon, Y., Lee, K., Lee, H. J., and Back, K. (2014). Cloning of Arabidopsis
serotonin N-acetyltransferase and its role with caffeic acid O-methyltransferase in the
biosynthesis of melatonin in vitro despite their different subcellular localizations. J.
Pineal Res. 57, 418-426. doi: 10.1111/jpi.2014.57 issue-4

Lee, H. Y., Hwang, O. ]., and Back, K. (2021). Functional characterization of tobacco
(Nicotiana benthamiana) serotonin N-acetyltransferases (NbSNAT1 and NbSNAT?2).
Melatonin Res. 4, 507-521. doi: 10.32794/mr112500109

Lee, H. Y., Lee, K., and Back, K. (2019). Knockout of Arabidopsis serotonin N-
acetyltransferase-2 reduces melatonin levels and delays flowering. Biomolecules 9, 712.
doi: 10.3390/biom9110712

Li, X, Ma, Z,, Song, Y., Shen, W, Yue, Q., Khan, A,, et al. (2023). Insights into the
molecular mechanisms underlying responses of apple trees to abiotic stresses.
Horticulture Res. 10, uhad144. doi: 10.1093/hr/uhad144

Li, C, Tan, D. X,, Liang, D., Chang, C,, Jia, D., and Ma, F. (2015). Melatonin mediates
the regulation of ABA metabolism, free-radical scavenging, and stomatal behaviour in
two Malus species under drought stress. J. Exp. Bot. 66, 669-680. doi: 10.1093/jxb/
eru476

Liao, L., Zhou, Y., Xu, Y., Zhang, Y., Liu, X,, Liu, B,, et al. (2021). Structural and
molecular dynamics analysis of plant serotonin N-acetyltransferase reveal an acid/base-
assisted catalysis in melatonin biosynthesis. Angewandte Chemie Int. Edition 60,
12020-12026. doi: 10.1002/anie.202100992

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2- AACT method. methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Moustafa-Farag, M., Mahmoud, A., Arnao, M. B., Sheteiwy, M. S., Dafea, M., Soltan,
M., et al. (2020). Melatonin-induced water stress tolerance in plants: Recent advances.
Antioxidants 9, 809. doi: 10.3390/antiox9090809

Frontiers in Plant Science

12

10.3389/fpls.2024.1478200

Park, S., Byeon, Y., Lee, H. Y., Kim, Y. S., Ahn, T., and Back, K. (2014). Cloning and
characterization of a serotonin N-acetyltransferase from a gymnosperm, loblolly pine
(Pinus taeda). J. Pineal Res. 57, 348-355. doi: 10.1111/jpi.2014.57.issue-3

Pieri, C., Marra, M., Moroni, F., Recchioni, R., and Marcheselli, F. (1994). Melatonin:
a peroxyl radical scavenger more effective than vitamin E. Life Sci. 55, PL271-PL276.
doi: 10.1016/0024-3205(94)00666-0

Prakash, V., Singh, V. P., Tripathi, D. K., Sharma, S., and Corpas, F. J. (2019).
Crosstalk between nitric oxide (NO) and abscisic acid (ABA) signaling molecules in
higher plants. Environ. Exp. Bot. 161, 41-49. doi: 10.1016/j.envexpbot.2018.10.033

Reiter, R. J., Sharma, R., Rosales-Corral, S., de Campos Zuccari, D. A. P., and de
Almeida Chuffa, L. G. (2022). Melatonin: A mitochondrial resident with a diverse skill
set. Life Sci. 301, 120612. doi: 10.1016/j.1fs.2022.120612

Rodriguez, C., Mayo, J. C,, Sainz, R. M., Antolin, I, Herrera, F., Martin, V., et al.
(2004). Regulation of antioxidant enzymes: a significant role for melatonin. J. Pineal
Res. 36, 1-9. doi: 10.1046/j.1600-079X.2003.00092.x

Su, X, Fan, X,, Shao, R, Guo, J., Wang, Y., Yang, ], et al. (2019). Physiological and
iTRAQ-based proteomic analyses reveal that melatonin alleviates oxidative damage in
maize leaves exposed to drought stress. Plant Physiol. Biochem. 142, 263-274.
doi: 10.1016/j.plaphy.2019.07.012

Tan, D. X., Hardeland, R., Manchester, L. C., Korkmaz, A., Ma, S., Rosales-Corral, S.,
etal. (2012). Functional roles of melatonin in plants, and perspectives in nutritional and
agricultural science. J. Exp. Bot. 63, 577-597. doi: 10.1093/jxb/err256

Tan, D. X., Manchester, L. C., Esteban-Zubero, E., Zhou, Z., and Reiter, R. J. (2015).
Melatonin as a potent and inducible endogenous antioxidant: synthesis and
metabolism. Molecules 20, 18886-18906. doi: 10.3390/molecules201018886

Tiwari, R. K., Lal, M. K., Kumar, R., Chourasia, K. N,, Naga, K. C., Kumar, D, et al.
(2021). Mechanistic insights on melatonin-mediated drought stress mitigation in
plants. Physiologia Plantarum 172, 1212-1226. doi: 10.1111/ppl.v172.2

Wang, L., Feng, C., Zheng, X, Guo, Y., Zhou, F,, Shan, D, et al. (2017). Plant
mitochondria synthesize melatonin and enhance the tolerance of plants to drought
stress. J. Pineal Res. 63, €12429. doi: 10.1111/jpi.2017.63.issue-3

Wang, C,, Shen, X,, Yang, T., Yao, H., Peng, X., Xiong, C., et al. (2023). Genome-wide
characterization and identification of root development and stress-related CsMYB36
genes. Vegetable Res. 3, 19. doi: 10.48130/VR-2023-0019

Wang, X,, Zhang, H., Xie, Q,, Liu, Y., Lv, H,, Bai, R, et al. (2020). SISNAT interacts
with HSP40, a molecular chaperone, to regulate melatonin biosynthesis and promote
thermotolerance in tomato. Plant Cell Physiol. 61, 909-921. doi: 10.1093/pcp/pcaa018

Wang, L., Zhou, F,, Liu, X, Zhang, H.,, Yan, T., Sun, Y., et al. (2022). ELONGATED
HYPOCOTYL 5-mediated suppression of melatonin biosynthesis is alleviated by darkness
and promotes cotyledon opening. J. Exp. Bot. 73, 4941-4953. doi: 10.1093/jxb/erac176

Wei, L., Wang, L., Yang, Y., Wang, P., Guo, T., and Kang, G. (2015). Abscisic acid
enhances tolerance of wheat seedlings to drought and regulates transcript levels of
genes encoding ascorbate—glutathione biosynthesis. Front. Plant Sci. 6, 458.
doi: 10.3389/fpls.2015.00458

Ye, J., Wang, S., Deng, X, Yin, L., Xiong, B., and Wang, X. (2016). Melatonin
increased maize (Zea mays L.) seedling drought tolerance by alleviating drought-
induced photosynthetic inhibition and oxidative damage. Acta Physiologiae Plantarum
38, 48. doi: 10.1007/s11738-015-2045-y

Yu, Y., Bian, L, Jiao, Z., Yu, K,, Wan, Y., Zhang, G., et al. (2019). Molecular cloning
and characterization of a grapevine (Vitis vinifera L.) serotonin N-acetyltransferase
(VVSNAT2) gene involved in plant defense. BMC Genomics 20, 1-13. doi: 10.1186/
§12864-019-6085-3

Zhang, Y., Rui, C,, Fan, Y., Xu, N, Zhang, H., Wang, ], et al. (2022). Identification of
SNAT family genes suggests GRSNAT3D functional response to melatonin synthesis
under salinity stress in cotton. Front. Mol. Biosci. 9, 843814. doi: 10.3389/
fmolb.2022.843814

Zheng, S., Zhu, Y., Liu, C., Fan, W,, Xiang, Z., and Zhao, A. (2021). Genome-wide
identification and characterization of genes involved in melatonin biosynthesis in
Morus notabilis (wild mulberry). Phytochemistry 189, 112819. doi: 10.1016/
j.phytochem.2021.112819

Zhou, W, Yang, S., Zhang, Q., Xiao, R,, Li, B.,, Wang, D., et al. (2021). Functional
characterization of serotonin N-acetyltransferase genes (SNAT1/2) in melatonin
biosynthesis of Hypericum perforatum. Front. Plant Sci. 12, 781717. doi: 10.3389/
fpls.2021.781717

frontiersin.org


https://doi.org/10.1111/jac.2017.203.issue-4
https://doi.org/10.1093/plphys/kiab050
https://doi.org/10.3389/fpls.2019.00677
https://doi.org/10.3389/fpls.2019.00677
https://doi.org/10.1126/science.abg5289
https://doi.org/10.3390/ijms20205173
https://doi.org/10.3390/biom10010141
https://doi.org/10.1111/ppl.v176.4
https://doi.org/10.1111/j.1600-079X.2008.00628.x
https://doi.org/10.1111/jpi.12011
https://doi.org/10.3389/fpls.2023.1142753
https://doi.org/10.1016/j.ijbiomac.2022.08.126
https://doi.org/10.1111/jpi.2014.57.issue-4
https://doi.org/10.32794/mr112500109
https://doi.org/10.3390/biom9110712
https://doi.org/10.1093/hr/uhad144
https://doi.org/10.1093/jxb/eru476
https://doi.org/10.1093/jxb/eru476
https://doi.org/10.1002/anie.202100992
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/antiox9090809
https://doi.org/10.1111/jpi.2014.57.issue-3
https://doi.org/10.1016/0024-3205(94)00666-0
https://doi.org/10.1016/j.envexpbot.2018.10.033
https://doi.org/10.1016/j.lfs.2022.120612
https://doi.org/10.1046/j.1600-079X.2003.00092.x
https://doi.org/10.1016/j.plaphy.2019.07.012
https://doi.org/10.1093/jxb/err256
https://doi.org/10.3390/molecules201018886
https://doi.org/10.1111/ppl.v172.2
https://doi.org/10.1111/jpi.2017.63.issue-3
https://doi.org/10.48130/VR-2023-0019
https://doi.org/10.1093/pcp/pcaa018
https://doi.org/10.1093/jxb/erac176
https://doi.org/10.3389/fpls.2015.00458
https://doi.org/10.1007/s11738-015-2045-y
https://doi.org/10.1186/s12864-019-6085-3
https://doi.org/10.1186/s12864-019-6085-3
https://doi.org/10.3389/fmolb.2022.843814
https://doi.org/10.3389/fmolb.2022.843814
https://doi.org/10.1016/j.phytochem.2021.112819
https://doi.org/10.1016/j.phytochem.2021.112819
https://doi.org/10.3389/fpls.2021.781717
https://doi.org/10.3389/fpls.2021.781717
https://doi.org/10.3389/fpls.2024.1478200
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Identification and functional analysis of two serotonin N-acetyltransferase genes in maize and their transcriptional response to abiotic stresses
	Introduction
	Results
	Identification of maize SNAT candidate genes
	Structural characteristics of maize SNAT genes
	Pan-genome-wide presence of ZmSNATs
	Enzymatic activity of ZmSNAT1 and ZmSNAT3
	The amino acid essential for the enzymatic activity of ZmSNAT1
	Transcription of ZmSNAT1 and ZmSNAT3 varied among maize cultivars and in various tissues
	Transcription of ZmSNAT1 and ZmSNAT3 was responsive to drought and heat stress

	Discussion
	More SNAT genes in maize
	Enzymatic characteristics of ZmSNATs
	Responsive transcription of ZmSNATs to abiotic stresses

	Conclusions
	Materials and methods
	Identification of maize GNAT family genes
	Phylogenetic analysis and presence/absence assay of ZmGNAT genes
	Production of ZmSNAT recombinant proteins in Escherichia coli
	Measurement of SNAT enzyme activity
	Comparison and visualization of protein tertiary structures
	Source of transcriptomes and visualization of transcription profile
	Plant growth conditions and stress treatment
	Quantitative real-time PCR
	Statistical analysis

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



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

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


