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Abstract: Root system architecture is pivotal for the acquisition of water and nutrients in maize,
serving as an essential foundation for achieving high and stable yields. Identification of the genetic
components and natural variations determining root traits may facilitate molecular breeding of
maize varieties with better root traits. Melatonin plays an important role in plant physiology and
development. In this study, nine melatonin biosynthesis genes were re-sequenced in 348 inbred lines,
68 landraces, and 32 teosintes to investigate variations related to maize root traits. The analysis of
nucleotide diversity suggested that these genes may have undergone selection, particularly within
their promoter regions. Marker—trait association analysis identified 26 variants significantly associated
with six root traits. Five variations within the ZmTDC4 promoter were significantly correlated with
both total root length (TRL) and lateral root length (LRL). Among these, SNP-1784 explained the most
phenotypic variation of root traits, including TRL and LRL, that has undergone selection throughout
maize domestication and improvement. Furthermore, knockout of ZmTDC4 in maize resulted in a
pronounced reduction in root length, underscoring its critical role in root development. Collectively,
these findings elucidate the role of melatonin synthesis genes in root development and identified
favorable alleles, thus providing key loci for breeding maize varieties with superior root systems.

Keywords: maize; root traits; melatonin; natural variation; ZmTDC4

1. Introduction

Maize (Zea mays L.) is an important cereal crop and the most produced crop culti-
vated worldwide, providing vital resources for human food, livestock feed, and industrial
materials [1]. The optimal root system architecture of maize is a prerequisite for superior
productivity. The root system serves not only as an anchor for the plant, securing it within
the soil and enabling the absorption of essential mineral nutrients and water, but it also
plays a crucial role in sensing and responding to the ever-shifting environmental condi-
tions [2]. Nevertheless, the root system remains an underutilized resource with significant
potential for maize improvement [3-5]. A comprehensive understanding of the genetic
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basis and natural variation underlying root development is essential for the development
of superior root system architectures in maize varieties.

The intricate maize root system is typically composed of two principal components:
the embryonic and post-embryonic root systems [6-8]. The embryonic root system encom-
passes a primary root and a variable number of seminal roots essential for the vigor of maize
seedlings [9]. The post-embryonic root system includes aerial nodal roots sprouting above
ground and crown roots originating below, collectively forming the dominant component
of the adult plant’s root system [5]. All root types also produce post-embryonic lateral
roots, which are pivotal in shaping the root architecture. These lateral roots significantly
increase overall root length, biomass, and surface area, enhancing the contact area with the
soil and improving the capacity to explore and access the soil environment for essential
water and nutrients [10].

Melatonin (N-acetyl-5-methoxytryptamine) is a highly conserved bioactive molecule
found in a nearly ubiquitous range of eukaryotic organisms, including fungi, mosses,
plants, and animals [11-14]. In animals, it serves as a neurohormone that regulates circa-
dian rhythms and seasonal behavior [15,16]. Recent studies have revealed that melatonin
is widely distributed in the plant kingdom, where it acts as a growth promoter and an-
tioxidant, as well as participating in a variety of physiological and biochemical metabolic
processes [17-21]. Melatonin not only promotes seed germination but also regulates carbon
assimilation and ATP accumulation. Moreover, it plays a crucial role in the response to biotic
and abiotic stresses by regulating stomatal closure, hormonal production, stress-responsive
gene expression, and antioxidant systems, and maintaining osmotic balance [22-24]. Strik-
ingly, accumulating evidence has demonstrated its role in controlling root growth and
development. For example, melatonin promotes adventitious root formation by inducing
IAA levels in apple [25]. Melatonin acts synergistically with auxin to facilitate the growth
of lateral roots in Arabidopsis, which is achieved through the modulation of the auxin
transport mechanism [26]. In rice, melatonin can modulate the auxin signaling pathway, ei-
ther directly or indirectly, to regulate root architecture [27]. In tomato, melatonin facilitates
lateral root development by orchestrating the balance between hydrogen peroxide and
superoxide radicals [28]. The exogenous application of melatonin significantly increases
the primary root length and root biomass of maize [29].

In plants, tryptophan is initially converted by the enzymatic activity of tryptophan
decarboxylase (TDC) into tryptamine, which subsequently undergoes hydroxylation by
tryptamine 5-hydroxylase (T5H) to form serotonin [30]. There are two distinct pathways
for the synthesis of melatonin. The first pathway mirrors the latter steps in animals:
serotonin is acetylated by serotonin-N-acetyltransferase (SNAT) into N-acetylserotonin,
which is then methylated by N-acetylserotonin methyltransferase (ASMT) and caffeic acid
O-methyltransferase (COMT) to produce melatonin. An alternative pathway exists with
a reversed order of melatonin synthesis compared to that in animals: serotonin is first
methylated to 5-methoxytryptamine by ASMT/COMT and then acetylated by SNAT to
yield melatonin [31]. It is noteworthy that while these two pathways are parallel in plants,
the former predominates in melatonin synthesis under normal conditions, whereas the
latter becomes the primary route under stress conditions [32]. Thus far, the functionality
of structural genes associated with melatonin biosynthesis in model plants has been well
characterized. The TDC gene family in rice, comprising OsTDC1, OsTDC2, and OsTDC3,
has been identified and studied [33,34]. Elevated expression of OsTDC1 and OsTDC2
correlates with increased serotonin levels in the leaves and seeds of rice. In contrast,
RNAi-mediated suppression of TDC genes results in a significant decrease in melatonin
production and a semidwarf phenotype in rice [35]. While T5H is highly active in rice roots,
its role in the biosynthesis of melatonin has been less explored [34]. T5H-deficient rice
is unable to produce serotonin or melatonin. OsASMT and OsCOMT are responsible for
encoding O-methyltransferase family proteins, which are integral to melatonin synthesis in
rice [36,37]. Nonetheless, the function and natural variation of genes within the melatonin
synthesis pathway in the morphogenesis of the maize root system remains to be clarified.
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Gene-based association analysis is a prevalent technique for delineating the genetic
underpinnings of complex traits and has been extensively applied in the identification of
variations associated with agronomic traits [38—40]. To investigate the natural variation in
melatonin synthesis genes and identify favorable allelic variations for genetic improvement
of root traits, gene-based association analysis was conducted. Specifically, 17 significantly
associated variation sites in the promoter region of the ZmTDC4 have been identified, which
are linked to multiple root traits. This suggests that the gene may play a potential role in
root development. Furthermore, the generation of transgenic materials has substantiated its
capacity to positively regulate a range of root traits. The goals of this research were: (1) to
discern the genetic variations within the melatonin synthesis-related genes correlated with
root morphology; (2) to identify the favorable alleles and haplotypes that are associated
with root traits; and (3) to evaluate the role of key genes in root development.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Phenotyping

A total of 448 accessions derived from an extensive range of sources, including
32 teosintes, 68 landraces, and 348 inbred lines, were selected in this study (Table S1).
The 348 maize inbred lines were collected from different heterotic groups, including Reid,
Lvdahonggu, Lancaster, Tang Si Ping Tou, P group, Tropic, and the mixed group. The seeds
of 348 inbred lines were sterilized using a 10% hydrogen peroxide solution for 20 min to
ensure aseptic conditions, followed by a soak for 6 h in saturated calcium sulfate. The
seeds were then placed on moistened filter paper and maintained at 28 °C and 80% relative
humidity in darkness for 48 h. From these, eight seeds exhibiting uniform germination
were selected and carefully rolled in germination paper (Anchor Paper Company, St Paul,
MN, USA). These paper rolls were then positioned in dark incubators, each containing
7.5 L of nutrient solution. The composition and concentration of the nutrient solution were
based on previous reports [41]. The pH was carefully adjusted to 6.0 & 0.05 using NaOH.
The solution was refreshed every three days, aerated continuously by a pump, and the
seedbed position was rotated during each renewal to ensure uniform nutrient distribution.

The experimental setup followed a completely randomized design, with two replicates
for each line to ensure statistical rigor. The plants were grown in a greenhouse at Yangzhou
University from July to August in 2019. After a 14-day post-germination period, the plants
were carefully harvested. Then, a detailed assessment of root morphology was conducted,
including the measurements of root number, as well as the lengths of the primary and
seminal roots. The root systems were scanned to create digital images, which were analyzed
using WinRHIZO software (Pro 2004b, Montreal, Canada), a state-of-the-art tool for root
phenotyping. A total of 9 distinct root traits was obtained, encompassing the primary
root length (PRL), the total root length (TRL), the length of lateral roots (LRL), crown root
number (CRN), seminal root length (SRL), seminal root number (SRN), root surface area
(RA), root volume (RV), and average diameter of root (ARD).

2.2. DNA Isolation and Re-Sequencing of Genes Involved in Melatonin Synthesis

Genomic DNA of 448 accessions was extracted from fresh young leaves using a
modified CTAB protocol. The sequences of nine melatonin synthesis-related genes from all
tested lines were determined via targeted sequence capture on the NimbleGen platform,
performed by BGI Life Tech Co. (Shenzhen, China). The sequences in B73 were used as
reference sequences for capture [42]. Sequence alignment was conducted using MAFFT
software (v 7.313) and refined manually [43]. DNASP 6.0 software was utilized for the
analysis of sequence polymorphism, genetic diversity, and neutrality tests [44].

The nucleotide sequence polymorphism was quantified using the parameter 7, which
denotes the mean pairwise differences between nucleotide sequences [45]. Neutral evo-
lution within the selected population and regions was assessed employing Tajima’s D
and the Fu and Li tests as implemented in DNASP 6.0 [46,47]. Nucleotide diversity and
Tajima’s D values were calculated under a 100 bp sliding window and a 25 bp step. Linkage
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disequilibrium (LD) between polymorphic sites was evaluated with TASSEL 5.0 software,
where 12 was applied as the metric for LD strength [48].

2.3. Association Analysis between Nine Melatonin Synthesis Genes and Root Traits

The association between genetic variations in melatonin synthesis-related genes and
9 distinct root traits was investigated using a mixed linear model (MLM) in TASSEL 5.0. This
approach incorporated the top five principal components and a kinship matrix to mitigate
the risk of false positives, accounting for population structure and genetic relatedness.
We conducted a marker—trait association analysis using SNPs and insertions/deletions
(InDels) with a minor allele frequency (MAF) > 0.05, setting the significance threshold at
1/n, where n represents the total number of variants across nine melatonin synthesis genes,
totaling 2209.

2.4. Generation of ZmTDC4 Transgenic Maize Plants and Phenotypic Analysis

To construct the CRISPR/Cas9 knockout vector for ZmTDC4, two exon sequence target
sites were designed: target 1 (5-CCGCTGCGTTCGACGCCGACTCC-3') and target 2 (5'-
CCCGTGCTCCCGAGCGTCGAGC-3'). The target sequences were cloned into the pCXB053
vector, driven by the maize ubiquitin 1 promoter. The resulting CRISPR-Cas9 knockout construct
was introduced into KN5585 through Agrobacterium tumefaciens-mediated transformation.
Genomic DNA was extracted, and PCR (primer-F: 5-GTCAGATAACGAGCATCAGGTC-3';
primer-R: 5-GAAGAAGGCGAAGAAGTTGG-3') was performed with primers specific to the
target sites. Sequencing of the PCR products confirmed the genotypes of the transgenic lines.
Two independent knockout lines were selected for further functional analysis. The wild-type
accession KN5585 and the ZmTDC4 transgenic lines were cultivated using the paper roll system,
as previously described. At 14 days post-germination, the plants were carefully harvested for
phenotypic analysis. The TRL, LRL, RA, and RV of the knockout plants and wild type were
measured according to the methods described in 2.1.

3. Results
3.1. Sequence Polymorphisms of Genes Involved in Melatonin Biosynthesis

A total of nine melatonin biosynthesis genes—four TDC genes, one T6H gene, one
SNAT gene, two ASMT genes, and one COMT gene—were identified in maize (Figure 1). To
determine sequence polymorphisms, we re-sequenced the full-length sequences, including
the ~2000 bp upstream region, coding regions (including introns), and ~500 bp downstream
region from 32 teosintes, 68 landraces, and 348 diverse maize inbred lines. Multiple
sequence alignment showed polymorphisms among these genes across all tested lines. The
full-length sequences of ZmTDCs varied from 3832 to 4628 base pairs (bp), with a range
of 437 to 591 for variations. ZmTDC1 exhibited the highest frequency of polymorphisms,
with 12.1 bp for SNPs and 45.2 bp for InDels. Among the ZmTDCs, nucleotide diversity ()
across the full-length region was 6.51, 8.54, 4.97, and 14.5, respectively (Table 1).

For ZmT5H, 343 variants were identified, 286 SNPs and 57 InDels, with an average
distance between variants of every 12 bp for SNPs and 60.3 bp for InDels. ZmSNAT featured
the longest full-length sequence, with 11 exons and 10 introns, totaling 10,152 bp. This
sequence included 1093 SNPs and 312 InDels. The nucleotide diversity (7 = 16.22) of Zm-
SNAT was higher than that of the ZmTDCs and ZmT5H. For the ZmASMTs, ZmASMT1 and
ZmASMT?2 had a total of 400 and 767 variants, respectively. The frequency of these variants
was highly variable, ranging from 6.22 to 9.8. The nucleotide diversity of ZmASMTI1 and
ZmASMT2 was 14.24 and 19.25, respectively. For ZmCOMT, 294 variants were identified,
including 223 SNPs and 71 InDels, with an average distance between variants of every
19.1 bp for SNPs and 60.1 bp for InDels. The nucleotide diversity of ZmCOMT was 7.59
(Table 1).
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Figure 1. Identification and gene structure analysis of nine melatonin synthesis genes in maize.
(A) Melatonin biosynthesis pathway in plants. TDC, tryptophan decarboxylase; T5H, trypto-
phan 5-hydroxylase; SNAT, serotonin-N-acetyltransferase; ASMT, N-acetylserotonin methyltrans-
ferase; COMT, caffeic acid O-methyltransferase (B) A schematic diagram of the genomic region
of nine melatonin synthesis genes. ZmTDC1, GRMZM2G021277; ZmTDC2, AC196412.3_FG001;
ZmTDC3, GRMZM2G021388; ZmTDC4, GRMZM?2G441632; ZmT5H, GRMZM2G102662; ZmSNAT,
GRMZM2G701207; ZmASMT1, GRMZM?2G059465; ZmASMT2, GRMZM?2G140996.

Table 1. Sequence variation of nine melatonin synthesis genes.

Parameters ZmTDC1 ZmTDC2 ZmTDC3 ZmTDC4 ZmT5H  ZmSNAT ZmASMT1 ZmASMT2 ZmCOMT
Total length of amplicons (bp) 4161 3832 4628 4109 3437 10,152 3919 4771 4270
Number of all the sequence 437 527 554 591 343 1405 400 767 294
variants
Frzg;sgzeoi :rlila‘;ft;he 9.52 7.27 8.35 6.95 10.02 7.23 9.8 6.22 14.52
Number of polymorphic sites 345 439 443 465 286 1093 306 621 223
Frequency of polymorphic 12.1 8.7 10.4 8.8 12 9.3 12.8 7.7 19.1
sites per bp
Number of InDel sites 92 88 111 126 57 312 94 146 71
Average InDel length 41 3.6 4.68 2.9 2.75 3.65 3.23 2.6 3.66
Frequency of InDels per bp 45.2 43.5 41.7 32.6 60.3 325 41.7 327 60.1
IT x 1000 6.51 8.54 497 14.5 11.43 16.22 14.24 19.25 7.59
0 x 1000 21.2 24.71 21.18 2991 25.24 29.47 27.37 31.46 16.9
Tajima’s D —2.101 ** —1.990 * —2.327 ** —1.568 —1.654 —1.376 —1.453 —1.184 —1.658
Fuand Li's D —7.420*  —7.418*  —8.610*  —5295* —6.781* —6.491* —6.384* —6.112*  —8.466**
Fuand Li’s F —5.288* —-5169* —6.015* -3.776* —4700* —4.193* = —4335* -3.924* 5673 **

* means a significant difference at 0.05 levels; ** means a significant difference at 0.01 levels.

3.2. Nucleotide Diversity of Melatonin Biosynthesis Genes in Teosintes, Landraces, and
Inbred Lines

Nucleotide diversity largely reflects the historical processes involved in crop domesti-
cation and artificial selection. To explore the evolutionary history of nine melatonin-related
genes, their nucleotide polymorphism variations were compared among teosintes, lan-
draces, and inbred lines. In general, the majority of genes exhibit the highest degree of
nucleotide polymorphism in their promoter and downstream regions. Introns show a
relatively higher degree of polymorphism compared to exons, which display the lowest.
Notably, the ZmASMT2 and ZmCOMT genes demonstrate a higher degree of nucleotide
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(A)
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polymorphism specifically within their intronic regions. The analysis across different popu-
lations revealed that the nine genes demonstrated highest nucleotide diversity in teosintes.
Specifically, ZmTDC1, ZmTDC2, ZmTDC3, ZmT5H, ZmASMT1, ZmASMT2, and ZmCOMT
exhibit minimal nucleotide polymorphism variation across landraces and inbred lines,
which suggests that they were primarily selected during the domestication. In contrast,
a significant reduction in nucleotide polymorphisms was observed for ZmTDC4 and Zm-
SNAT as they transitioned from landraces to inbred lines, indicating that these genes have
been under selection throughout both the domestication and the improvement (Figure 2,

Table 2).
— Teosintes — Landraces — Inbreds
ZmTDC1 (B) ZmTDC2 (©) ZmTDC3
0.06 0.06
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Figure 2. Nucleotide diversity of nine melatonin synthesis genes across inbred lines, landrace, and
teosintes. (A-I) The results of the nucleotide diversity of ZmTDC1 (A), ZmTDC2 (B), ZmTDC3 (C),
ZmTDC4 (D), ZmT5H (E), ZmSNAT (F), ZmASMT1 (G), ZmASMT2 (H), and ZmCOMT (I) in all test
lines. 7t was estimated with a sliding window technique, utilizing a 200 bp window and a 50 bp step.
The structural diagrams of each gene are presented, including upstream and downstream regions
(gray), coding regions (black), 5'-UTR, and 3’-UTR (blue).
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Table 2. Nucleotide polymorphism and neutrality test of 9 melatonin synthesis genes across different

populations.
Gene Population 7T x 1000 0 x 1000 Tp D F
ZmTDC1 Inbreds (A) 4.09 4.47 -0.251 —7.537 ** —4.689 **
Landraces 5.16 8.32 —2.134* —3.039 % —3.044 **
Teosintes 23.65 31.67 —0.976 —1.632 —1.52
ZmTDC2 Inbreds (A) 8.58 6.9 0.731 —1.573 —0.465
Landraces 9.15 12.66 —0.967 —3.281 ** —2.655 *
Teosintes 23.33 38.76 —1.538 —1.739 —1.795
ZmTDC3 Inbreds (A) 3.18 2.9 0.286 —5.033 ** —2.972 **
Landraces 3.77 7.07 —1.611 —3.458 ** —3.088 **
Teosintes 21.31 30.44 —1.158 —1.786 —1.698
ZmTDC4 Inbreds (A) 14.55 12.08 0.625 1.022 1.026
Landraces 23.53 24.81 —0.181 —0.501 —0.357
Teosintes 42.75 53 —0.748 —0.815 —0.845
ZmT5H Inbreds (A) 12.01 8.32 1.327 0.564 1.132
Landraces 12.71 14.71 —0.473 —1.442 —1.202
Teosintes 23.61 32.45 —1.05 —1.54 —1.498
ZmSNAT Inbreds (A) 15.54 10.92 1.305 1.486 1.68
Landraces 21.9 23.89 —0.294 —1.369 —0.973
Teosintes 34.62 46.25 —0.975 —1.195 —1.169
ZmASMT1 Inbreds (A) 16.08 13.2 0.663 0.659 0.786
Landraces 19.63 21.38 —0.286 0.169 0.083
Teosintes 34.3 50.42 —1.234 —1.872 —1.799
ZmASMT?2 Inbreds (A) 21.09 12.64 2.05 1.118 1.881 *
Landraces 22.46 20.78 0.284 0.33 0.395
Teosintes 33.12 49.33 —-1.271 —1.588 —1.609
ZmCOMT Inbreds (A) 10 6.19 1.827 —0.839 0.568
Landraces 12.36 11.49 0.262 —0.603 —0.275
Teosintes 19.29 32.15 —1.541 —2.382 —2.319

* Indicates statistical significance at p < 0.05; ** Indicates statistical significance at p < 0.01.

Neutrality tests such as Tajima’s D and Fu and Li D and F tests were performed across
the three genetic populations. The results indicated that most neutrality tests were not
significant. An analysis of LD among nine biosynthesis genes was also performed within
the genetic populations of teosintes, landraces, and inbred lines. The results showed a
gradient in LD levels, with teosintes having the lowest levels, followed by landraces, and
inbred lines showing the highest levels of LD. Notably, the genes ZmASMT1, ZmTDC1,
ZmTDC3, and ZmT5H showed particularly strong LD patterns (Figure S1). Collectively,
these findings suggest that these genes have likely undergone indirect or direct selection
during the domestication and improvement of maize.

3.3. Association Analysis Identifies Genetic Determinants of Root Traits

To gain insights into the natural variations in multiple root traits associated with
melatonin biosynthesis genes in maize, we conducted an association analysis in 348 inbred
lines. In total, we identified 26 statistically significant genetic variations within three genes
associated with root traits, including 8 with CRN, 1 with PRL, 5 with TRL, 5 with LRL,
2 with RA, and 5 with RV (Table 3). ZmTDC4 showed the highest number of genetic
variations, with 17 identified in total (Figure 3A).
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Table 3. A summary of the association analysis of nine melatonin biosynthesis genes with root traits.

Trait Marker Alleles Gene Pos p-Value 2 Region

LRL SNP-1824 T/A ZmTDC4 —1824 0.000127 0.052999 Upstream
LRL SNP-1784 C/T ZmTDC4 —1784 2.31 x 107° 0.065923 Upstream
LRL SNP-1621 C/T ZmTDC4 —1621 0.00025 0.047588 Upstream
LRL InDel-1559 G/— ZmTDC4 —1559 0.000426 0.044274 Upstream
LRL InDel-1558 A/— ZmTDC4 —1558 0.000426 0.044274 Upstream
TRL SNP-1824 T/A ZmTDC4 —1824 0.000142 0.051605 Upstream
TRL SNP-1784 C/T ZmTDC4 —1784 3.25 x 107° 0.062842 Upstream
TRL SNP-1621 C/T ZmTDC4 —1621 0.00022 0.048104 Upstream
TRL InDel-1559 G/— ZmTDC4 —1559 0.000317 0.045821 Upstream
TRL InDel-1558 A/— ZmTDC4 —1558 0.000317 0.045821 Upstream
RA SNP-1824 T/A ZmTDC4 —1824 9.60 x 10~° 0.054849 Upstream
RA SNP-1784 C/T ZmTDC4 —1784 1.71 x 1072 0.067742 Upstream
RV SNP-1824 T/A ZmTDC4 —1824 0.000128 0.053491 Upstream
RV SNP-1784 C/T ZmTDC4 —1784 3.04 x 107° 0.064379 Upstream
RV SNP-1729 A/T ZmTDC4 —1729 0.000319 0.047004 Upstream
RV SNP-1478 C/T ZmTDC4 —1478 0.000256 0.048183 Upstream
RV SNP-559 C/T ZmTDC4 —559 0.000432 0.045902 Upstream
PRL InDel1305 --/AT ZmASMT1 1305 0.000142 0.050241 3'UTR

CRN SNP-1642 G/A ZmASMT?2 —1642 3.29 x 107° 0.052575 Upstream
CRN SNP-987 T/C ZmASMT?2 —987 8.23 x 107> 0.046927 Upstream
CRN SNP1047 T/C ZmASMT?2 1047 0.000186 0.058105 Intronl

CRN SNP1055 T/C ZmASMT2 1055 0.00024 0.056122 Intron1

CRN SNP1283 A/G ZmASMT?2 1283 0.000439 0.037222 Intronl

CRN SNP1285 C/T ZmASMT2 1285 0.000439 0.037222 Intronl

CRN SNP1299 C/A ZmASMT2 1299 0.000404 0.038014 Intronl

CRN SNP2028 C/T ZmASMT?2 2028 0.000284 0.03973 Exon2

Five variations in the promoter region, including three SNPs (—1824, —1784, —1621)
and two InDels (—1559, —1558), were significantly correlated with both TRL and LRL,
explaining 4.42% to 6.59% of the phenotypic variance (Table 3). Based on these five
polymorphisms, the 348 maize genotypes were grouped into three haplotypes (Figure 3B,C).
Statistically, the LRL and TRL of Hap1 inbred lines were significantly longer than that of
Hap2 and Hap3 lines, whereas the accessions with the Hap3 allele exhibited the shortest
LRL and TRL (Figure 3D). These results indicate that Hap1 possesses the most potent
alleles, while Hap3 has the weakest. Among the five variant sites, SNP-1784 stands out,
with the highest contribution to phenotypic variance (r*> = 6.21%). Accessions with the C
allele show significantly greater lengths in both TRL and LRL than those with the T allele
(Figure 3E). SNP-1824 and SNP-1784 are also significantly correlated with RA, enabling
the classification of the 348 inbred lines into two distinct haplotypes (Figure S2A). Hap1
demonstrates a markedly higher RA compared to Hap?2 (Figure S2B). Furthermore, the SNP
sites, including —1824, —1784, —1729, —1478, and —559, are associated with RV. Utilizing
these SNPs, the inbred lines are stratified into three haplotypes, with Hap1 emerging as the
preeminent haplotype (Figure S2C,D). Notably, SNP-1784 contributed the most phenotypic
variation across TRL, LRL, RA, and RV. Analysis of the allele frequency of SNP-1784 across
teosinte, local maize varieties, and inbred lines indicates a marked decline in the frequency
of the C allele and a corresponding rise in the T allele, suggesting that SNP-1784 has
undergone selection throughout maize domestication and improvement (Figure 3F).

Eight SNPs significantly correlated with CRN were identified in ZmASMT?2, two of
which were located in the promoter region and six within the coding sequence (Table 3).
Detailed analysis showed that five of these SNPs reside in introns, and one, a synonymous
mutation, is in the second exon (Figure S3A). The two promoter SNPs, which explain 5.26%
and 4.69% of the phenotypic variance, form blocks of LD (Figure S3B). The 348 inbred lines
could be divided into two distinct haplotypes based on the two SNPs (Figure S3C). Notably,
the CRN of the lines with Hap2 was significantly higher than that with Hap1 (Figure S3D).
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Moreover, analysis of haplotype frequencies based on the most significant SNP (SNP-1642)
showed a significant increase in the frequency of the favorable haplotype (A, conferring
higher CRN) during maize breeding, thus validating ZmASMT?2 as a target of selection in
modern breeding practices (Figure S3E).
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Figure 3. Genetic variations in ZmTDC4 were significantly associated with multiple root traits.
(A) Manhattan plot of trait-marker association between ZmTDC4 and TRL, LRL, RA and RV. (B) Hap-
lotype detection based on five variations in promoter of ZmTDC4. (C) Linkage disequilibrium plot for
five significant variants associated with TRL and LRL. (D) Comparison of TRL and LRL of the three
haplotypes. (E) Significant differences in TRL and LRL between the two haplotypes (C/T) defined by
SNP-1784. (F) Distribution of SNP-1784 alleles in teosintes, landraces, and inbred lines.

3.4. ZmTDC4 Is Significantly Associated with Root Development

The association analysis results demonstrated that multiple loci within ZmTDC4 are
significantly associated with various root traits, suggesting its potentially pivotal role in
root development. To further validate its role in regulating root development, we generated
ZmTDC4-knockout plants in the KN5585 background using CRISPR/Cas9 technology,
and obtained two knockout lines with specific genetic modifications. The KO-1 mutation
involves a single base insertion coupled with the deletion of seven bases, resulting in an
amino acid frameshift. In contrast, the KO-2 mutation involves a single base insertion and
deletion, leading to premature termination (Figure 4A). As expected, phenotypic analysis
revealed that knockout of ZmTDC4 led to significant reductions in both TRL and LRL
compared to wild-type (WT) plants. Moreover, zmtdc4 mutants showed reduced RA and
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RV compared to WT plants (Figure 4B,C). Collectively, these findings suggest that ZmTDC4
functions as a positive regulator in maize root development.
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Figure 4. ZmTDC4 positively regulates maize root development. (A) The gene structure of ZmTDC4
and sequence analysis of CRISPR/Cas9 gene-edited plants at the target sites. (B) Growth phenotype
from two independent knockout lines and the wild type. Bars = 5 cm. (C) Comparison of TRL, LRL,
RA and RV from the wild type and the zmtdc4 mutants. Significant differences were determined
using two-tailed Student’s ¢ test.

4. Discussion

Maize (Zea mays L.) is an extremely versatile crop, essential for global food security,
animal nutrition, and the production of bio-based materials. The distinctive root system of
maize is of paramount importance to its growth and development, as it enables efficient
absorption of essential mineral nutrients and water from the soil. The characteristics of
root number, length, angle, diameter, and surface area are integrated to form a complex,
dynamic three-dimensional RSA, which is a crucial prerequisite for ensuring high yields in
maize [49]. Hence, deciphering the molecular mechanisms underlying root development
and identifying key genes as well as excellent variations are crucial for driving genetic
improvement and increasing the yield of maize.

In plants, an expanding body of evidence suggests that melatonin markedly enhances
the growth and development of the root system [28,50,51]. Here, we re-sequenced nine
melatonin synthesis genes across 348 inbred lines, 68 landrace lines, and 32 teosinte lines.
Notably, nucleotide diversity and LD analysis uncovered evidence of a selective sweep
in these genes (Figure 2, Figure S1). Over the last 100 years, maize breeding has pri-
marily concentrated on enhancing yield and aboveground traits, with the root system
receiving comparatively less attention due to its subterranean nature [52]. Breeders have
indirectly selected genetic alleles associated with root traits through the root system’s
influence on yield [53]. For example, flowering time played a key role in shaping nodal
root number via indirect selection during maize domestication [54]. Currently, two QTL
genes, DRO1 and PSTOL1, which control root architecture, have been identified in landrace
germplasm [55,56]. This highlights the value of teosinte and landraces as resources for
identifying elite natural variations to improve root traits in maize. The ectopic expression of
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the NAT gene from ovine sources in rice has been observed to result in a notable elevation
in melatonin levels, which correlates with enhanced development of both the radicle and
adventitious roots [27]. However, the current scope of investigations into the roles of genes
implicated in melatonin biosynthesis in the context of root development is limited. In
this study, we identified 17 variants in ZmTDC4 associated with LRL, TRL, RA and RV
(Table 3, Figure 3A). To further investigate the role of ZmTDC4 in root development, we
generated knockout lines. Phenotypic analysis of the knockout lines revealed significant
reductions in TRL and LRL, as well as decreases in RA and RV, underscoring the essential
role of ZmTDC4 in regulating root architecture (Figure 4). Overexpression of VoASMT1
in tobacco has been demonstrated to result in a significant increase in melatonin content.
In addition, the transgenic lines exhibit longer roots and enhanced resistance to abiotic
stress [57]. Similarly, overexpression of the MzASMT1 from apple in Arabidopsis has been
observed to result in a two- to fourfold increase in melatonin content within transgenic
plants. This increase in melatonin is associated with accelerated root development and
enhanced drought tolerance [58]. We identified eight variations in ZmASMT?2 that are
associated with CRN, indicating that ZmASMT2 may play a crucial role in regulating
CRN (Table 3, Figure S3A). Collectively, our results reveal the likely function of melatonin
synthesis genes in regulating RSA.

Of the 26 variants significantly associated with root traits (CRN, PRL, LRL, TRL, RA,
RV) identified, 17 are located in the promoter region (Table 3). A series of studies have
demonstrated that variant sites in the promoter region can influence gene expression,
thereby giving rise to phenotypic variation. For instance, natural variations within the
OsMYBS promoter have resulted in differential gene expression, which in turn influences
the divergence in diurnal floret opening times between the indica and japonica rice sub-
species [59]. In maize, variations in the promoter region of ZmKW1I have been observed to
result in differences in promoter activity, which contribute to variations in kernel weight
and size [60]. A 108 bp insertion in the promoter of the wheat TaNAC071-A contains two
MYB cis-regulatory elements that can be directly bound by TaMYBL1, thereby enhancing
the expression of TaNAC071-A and drought tolerance [61]. The MYB-binding sequence
within the 366 bp insertion in the ZmVPP1 promoter is the causal region responsible for the
enhanced ZmVPP1 expression and drought tolerance [62]. A total of 17 SNPs were identi-
fied within the ZmTDC4 promoter region. Notably, five of these SNPs were significantly
associated with both TRL and LRL. The haplotype Hap1, which aggregates superior allelic
variations, is associated with the longest TRL and LRL (Figure 3). Specifically, we identified
two SNPs significantly correlated with CRN on the promoter of ZmASMT2. Haplotype
analysis revealed that Hap2, which carries all favorable variants, was significantly asso-
ciated with a higher CRN in inbred lines compared to those with Hap1 (Figure S3A-D).
Furthermore, gene frequency analysis based on the SNP-1784 and SNP-1642 showed that
the beneficial allele varied across teosintes, landraces, and inbred lines, suggesting these
loci as targets of selection in maize demonstration and improvement (Figures 3F and S3E).
We speculated that the variations identified in this study within these promoter regions may
lead to alterations in regulatory regions or cis-regulatory elements, thereby causing changes
in gene expression that ultimately affect phenotypes. Although the knockout of ZmTDC4
has established its substantial influence on various root traits, further research is imperative.
This research should encompass the development of transgenic plants overexpressing
ZmTDC4 and a thorough phenotypic evaluation to elucidate the phenotypic implications
of alterations in ZmTDC4 expression. Furthermore, exploring the molecular mechanisms
by which variant sites within the promoter region modulate ZmTDC4 gene expression and
influence root traits may be an interesting theme for future research. This could be achieved
by analyzing promoter activity and conducting targeted mutagenesis of the variant sites.
Taken together, modulating the transcription level of genes by manipulating the promoter
region is a moderate and flexible strategy for crop improvement, with significant potential
to improve important agronomic traits.
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5. Conclusions

In conclusion, our study investigated the genetic evolution of nine melatonin synthesis
genes and conducted association analyses to identify significant loci associated with root
traits in maize. We pinpointed key allelic variations and haplotypes that are advantageous
for root traits. Functional validation through ZmTDC4-knockout mutants confirmed its
pivotal role in root development. Nevertheless, further research is necessary to determine
the precise molecular mechanisms by which variant sites in the promoter affect gene
expression and root traits. These findings offer a rich repository of genetic resources and
favorable alleles, which can be leveraged to enhance maize root system architecture for
improved water and nutrient acquisition, ultimately supporting higher and more stable
yields.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy14092031/s1. Figure S1: LD heatmap of nine melatonin
synthesis genes across inbred lines, landraces, and teosintes. It indicates LD between pairs of sequence
polymorphic sites. The R? values are indicated using the color bar. Figure S2: Natural variations in
ZmTDC4 were significantly associated with RA and RV. (A,B) Haplotype analysis based on two SNPs
associated with RA and comparison of RA between the two haplotypes. (C,D) Haplotype analysis
defined by the five SNPs associated with RV and comparison of RV between the three haplotypes.
Figure S3: Natural variations in ZmASMT2 were significantly associated with CRN. (A) Manhattan
plot of trait-marker association between ZmASMT2 and CRN. (B) Linkage disequilibrium plot for
8 significant variants associated with CRN in ZmASMT?2. (C) Haplotype analysis based on two
variations in promoter of ZmASMT?2. (D) Comparison of CRN of the two haplotypes. (E) Proportions
of the SNP-1784 alleles in teosintes, landraces. and inbred lines. Table S1: List of 348 inbred lines,
68 landraces, and 32 teosintes used in this study.
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