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ABSTRACT

Because of the growing worldwide demand for maize grain, new alternatives have been sought for breeding of this
cereal, e.g., development of polyembryonic varieties, which agronomic performance could positively impact the
grain yield per unit area, and nutritional quality. The objectives of this study were to (1) determine the phyto-
chemicals present in the embryo and endosperm of grain from maize families with high, low, and null polyem-
bryony frequency, which were planted at different locations, and (2) state the relationship between these
compounds and seed germination. The extracted phytochemicals from corn were identified by HPLC-MS. The
results showed that the genotype with the highest presence of phytochemicals was the brachytic population with
high polyembryony called “BAP”, which also required less water during the germination process. The number of
phytochemicals in both embryo and endosperm tissues was not related to the sowing location where they came
from or the type of polyembryony. The number of different phytochemicals depended on the grain tissue from
where they were extracted. The chemical compounds found in the different maize tissues were related to the
development of the plant, either in roots or nibs because these are mainly associated with the lignin synthesis.
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1 Introduction

Currently, maize is one of the three most important cereals around the world due to its economic impact,
grain yield per hectare and total grain production, having a grain production of more than 1,147 million tons
in 2018 [1,2]. In developing countries, maize is one of the main sources of protein and carbohydrates [3]. One
of the phenotypic traits that can increase production and nutritional quality of this commodity is
polyembryony [4], since plants with this trait have a prolific seed, which may generate multiple plants per
seed [5], promoting the emission of two to four radicles, and these can come out separately or together
[6]. Polyembryony is classified as single or multiple depending on the number of individuals generated
during development [7]. Furthermore, for genotypes with this trait, the number of seeds necessary to
cover one surface area unit can be reduced [4], which may reduce cropping costs. The expression of
polyembryony has been observed in greenhouse plantings at a frequency greater than 75%, while, in
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direct planting under field conditions, this trait expression is observed between 55% to 60% [8]. It has been
proposed that polyembryony expression can be related to the pollinator type, amount of available pollen,
plant nutrition, environmental temperature, soil moisture, and environmental conditions [9]. However, it
has been reported that inheritance of polyembryony is controlled by two epistatic loci of the duplicate
dominance type. This is in such a way that the phenomenon is manifested by doubly homozygous
recessive genotypes [10–12], which is transferred through sexual reproduction [13]. Maceda-Sánchez
et al. [14] mentioned that the genetic background of the parents may have an effect on polyembryony
penetrance and that in populations with high polyembryony, the expression of this trait was not affected
by the environment.

Grain modifications have been reported in polyembryonic maize families These modifications include
higher nutritional quality, increased portions of lysine and tryptophan [15] and higher content of fiber,
protein, fat and ashes [16]. These grain traits make polyembryonic maize genotypes a viable option for
production of different foods with acceptable physical, chemical and functional characteristics [17]. There
are some reports on the nutritional composition of polyembryonic maize grains. However, there is a lack
of information about the water requirements during the seed germination of these varieties, as well as the
content of phytochemicals according to location and if phytochemicals are related to any other
characteristic such as: geobotanical conditions of the environment and soil characteristics [18]. This is of
utmost importance since polyembryonic varieties could be used for elaboration of functional foods. With
the aforementioned information, the present study was carried out under the following objectives: to
(1) determine the phytochemicals present in the embryo and endosperm of the grain from different maize
genotypes with high, low and no polyembryony, which were planted at two different locations, and
(2) relate the presence of these compounds with seed germination.

2 Materials and Methods

2.1 Vegetal Material
In this research, two different but related studies were carried out as described below.

2.1.1 Polyembryony Effect on Seed Germination
In this trial, seeds of five genotypes were used: (1) 2 families with high polyembryony frequency (both

with a polyembryony frequency greater than 60%, one with short plant height, called “BAP” and another
with normal plant height, called “NAP”) [8], (2) 2 families with low polyembryony (G4.16-2 and G4.1-2,
both with a polyembryony frequency of less than 40%) [12] and (3) a non-polyembryonic maize
genotype used as a control (“Garañón”, a commercial hybrid from Asgrow). All five genotypes will be
referred to as Group 1. Except for the commercial genotype used as the control, all these genotypes were
developed at the Mexican Maize Institute Antonio Narro Agrarian Autonomous University (IMM-
UAAAN) and were sowed at Buenavista, Saltillo, Coahuila (25° 22″ N, 101° 02″ W, 1,756 m.a.s.l. At
this location, the weather is dry, semi-arid, and the soil has a clay loam texture with a low organic matter
content. The experiment was established under a randomized complete block design with three
replications. Row length was 5 m with a distance between rows of 0.80 m. The agronomical practices
were those recommended for this locality [16].

2.1.2 Determination of Phytochemicals in Different Structures of Maize Kernel
Six families of corn were used from two different populations (3 families from each population). These

populations were planted and harvested in 2017. The first population was made up of plants with normal
height and high polyembryony (NAP), and the second population with plants with normal height, but
without polyembryony or non-polyembryony (NBP). These populations were developed at the Mexican
Maize Institute-the Antonio Narro Agrarian Autonomous University (IMM-UAAAN). The 3 NAP
families were identified as C-1, C-2, and C-3. These genotypes together will be hereinafter called
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Group 2, while the 3 NBP families such as A-1, A-2, and A-3 genotypes will be called hereinafter Group 3. In
addition, the 5 genotypes mentioned in the previous study, named as Group 1, were also used. Just to
remember, this group was composed of 2 families of high polyembryony (BAP and NAP), 2 families of
low polyembryony (G4.16-2 and G4.1-2), and the non-polyembryonic commercial hybrid “Garañón”–
Asgrow (GON).

The 6 families were planted under irrigation conditions, in Río Bravo, Tamaulipas (25° 57″ N, 98° 01″
W, 26 m.a.s.l, where the weather is semi-arid, subtropical warm with vertisol soil with clay texture) and
Buenavista, Coahuila (25° 22″ N, 101° 02″ W, 1,756 m.a.s.l., where the weather is dry, semi-arid, the soil
has a clay loam texture with low organic matter content). In this last location, Group 1 was also planted.
Each experiment was established under a randomized complete block design with three replications, with
a row length of 5 m, a distance between rows of 0.80 m, and a distance between plants of 15 and 17 cm
for NBP and NAP, respectively. Agronomic practices were those recommended for each location [16].

2.2 Evaluated Variables

2.2.1 Viability and Imbibition of Seeds
Seeds (BAP, NAP, GON, G4.16-2 and G4. 1-2) which structure did not show any type of physical

damage were selected, and twenty seeds were placed on germination paper. The paper was watered by
spraying distilled water added with a Tecto 60% solution (thiabendazole), the paper was rolled up and
formed into a roll. The rolls were placed vertically in bags supported by a container, which was placed in
an Ecoshel bioclimatic chamber. The chamber was programmed under two cycles with the following
conditions: 12 h, 25°C, 80% Hw (relative humidity), alternating the amount of light in each cycle from
0 to 3 lux (0 lux during darkness period and 3 lux during the light period). After 7 days, the seed
germination percentage was documented, which showed root and plumule development. Later, another
study about the water requirements of polyembryonic genotypes (BAP, NAP, GON, G4.16-2 and G4.
1-2) during germination was carried out. The genotypes were placed in a germination chamber (with two
cycles: 12 h, 25°C, 80% Hw and alternating the amount of light in each cycle from 0 to 3 lux) and using
a kinetics study [19], the water absorption by the seed was observed over time. In this step, the individual
weight of 20 seeds from each genotype was initially evaluated. Thereafter, the amount of water absorbed
by each seed was determined by the difference in weights using an analytical balance and taking the
initial weight as a reference. This was performed every 2 h during a period of 28 h. The amount of water
absorbed by the seed was expressed as a percentage of increase in the weight of the seed, by absorption
of water, in comparison to the initial weight [19].

2.2.2 Determination of Phytochemicals
The maize kernels were softened by placing them in water for 12 h. After this, the tip was cut with a

scalpel and the embryo, pericarp, and endosperm were removed. Subsequently, embryo and endosperm
were ground, using a blender for grinding embryos. Meanwhile, a mortar was used for grinding the
endosperm. Later, embryo and endosperm powders were used to prepare extracts in a 1:7 ratio (grams of
the sample: milliliters of the solvent). The solvent was a 70:30 mixture of methanol-water. For the
phytochemical determination of each sample, first, 1.8 mL of the sample extract wasfiltered using nylon
filters (0.45 μm) and the filtrate was placed into the equipment vials. Samples were sent for analysis using
an HPLC (Varian Prostar, model 330), which has a UV-visible diode array detector (280 nm), and is
coupled to a mass detector (Varian, model 500-MS). Compounds separation was carried out on a Grace
Denali C-18 column (5 μm, 250 mm × 4.6 mm) at 30°C. Methanol was used as a washing solution and
the different relations of acetonitrile (B) and acetic acid 3% (C) were used in the mobile phase (initial 3%
B and 97% C, 0–5 min 9% B and 91% C, 5–15 min 16% B and 84% C, 15–30 min 33% B and 67% C,
30–33 min 90% B and 10% C, 33–35 min 90% B and 10% C, 35–42 min 3% B and 97% C). The flow
rate was 1 mL/min, and the injection volume was 10 μL. Mass analysis was performed using a Varian
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500-MS ion trap kit, electrospray ionization (ESI), capillary voltage 90 V, negative mode ([MH]-m/z), and
mass acquisition range 100–2000 m/z.

2.3 Statistical Analysis
Firstly, the presence or absence of a specific phytochemical was coded in a binary system (0 = absence

and 1 = presence). Then, a categorical analysis of data was performed using S × R tables to determine the
effect of tissue (embryo and endosperm), location (BV or RB) and level of polyembryony (high, low and
null) on the number of different kernel phytochemicals. The analyzes were performed using SAS
software version 9.0. Experiment for polyembryony effect on seed germination was established under a
complete randomized block design with three replications, data were transformed by arcsine (square root
(y + 0.5)) then ANOVAwas performed, the significance level was P < 0.05.

3 Results and Discussion

3.1 Polyembryony Effect on Seed Germination (Seed Viability and Imbibition)
A seed germination percentage above 95% was observed in all genotypes (Table 1), which suggests that

seed production and storage conditions were adequate. These high percentages of germination observed
under laboratory conditions could be attributed to the fact that the germination process developed in the
absence of stress conditions (water, light, physical, thermal stress, etc.), which could also justify the high
polyembryony frequency observed. It has been documented that environmental conditions have an effect
on the expression of polyembryony. A higher frequency of polyembryony has been observed when
sowing under greenhouse than under field conditions [8]. One possibility because of the less
polyembryony frequency observed under more adverse environments is that (although this characteristic
is genetically determined) the possibility that the shoots are free from stress conditions is not exempt. If
this is the case, it limits the germination or growth of some twin seed buds reducing the percentage of PEm.

There are three phases in germination. In the first phase, there is a rapid absorption of water, in phase
two, there is a decrease in absorption, and this is when the seed metabolic processes are activated, while
in the third phase, tissue synthesis is promoted for the development of the radicle (the primary root of the
seminal root system), again requiring considerable water absorption [20].

Imbibition of seeds (from five genotypes) was determined according to the method reported by Rosabal-
Ayan et al. [20]. In this study, it was observed a rapid increase in the water absorption of grains, later, it was
possible to observe, how this absorption level begins to decrease almost completely, and then, water is
absorbed again. During the germination process, the beginning of Phase 1 was observed, increasing the

Table 1: Percentage of seed germination and polyembryony of 5 maize genotypes after 7 days of sowing

Genotype PEm (%) Germination (%)

BAP 80 100

NAP 80 100

G4. 16-2 70 100

G4. 1-2 63.2 95

GON 0 100
Note: BAP = Corn with high polyembryony frequency and short plant height. NAP = Corn with
high polyembryony frequency and normal plant height. G4. 1–2 = Corn with low polyembryony
frequency. G4. 16-2 = Corn with low polyembryony frequency. GON = Commercial non-
polyembryonic maize hybrid from Asgrow.
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absorption of water during the first 4 h, after this time, Phase ll began as shown in Fig. 1, in the NAP,
G416-2 and G4. 1-2 genotypes, while in BAP and GON this phase begins around the 8th-h. The G. 16-2
and G4. 1-2 genotypes showed similar behavior, and at the process end, both of these genotypes, and the
high-polyembryonic families reduced their water absorption again between the 20th and 25th-hour.
Matilla [21] mentions that after the first two stages of germination, the seed resumes an increase in water
absorption which corresponds to the elongation phase, after observing the variations in water absorption
allows us, to suppose that the process of lengthening in these families slows down to carry out metabolic
processes, this could occur since multiple developments are required.

The BAP genotype required less water as shown in Fig. 2, this genotype needed up to 23% less water
than other genotypes. Fenner et al. [22] reporter that the amount of water absorbed by the seed and the
absorption speed is due not only to environmental factors during germination, but also to seed membrane
permeability, chemical composition, and genotype characteristics. This trait is a great advantage for
production, as BAP is a brachytic maize genotype, which during its growth maintains a short size,
compared to those of normal size, in addition to the results obtained in the laboratory, we could
appreciate that this genotype requires a lower amount of water during its germination process. Despite the
data obtained, it cannot be guaranteed that this variety is a viable option as a crop in regions with low
rainfall, or with little availability of irrigation water, due to the fact that the study was carried out under
controlled conditions, it is recommended more research under field conditions.

3.2 Determination of Phytochemicals in Different Structures of Maize Kernel
The 15 compounds detected in grain tissues from genotypes with different degrees of polyembryony

(Group 1), using HPLC mass analyses, were identified according to their molecular mass (g mol−1 and
retention time (min) (Table 2).
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Figure 1: Water absorbed during the germination process by grains from 5 genotypes with different levels of
polyembryony. BAP = Corn with high polyembryony frequency and short plant height. NAP = Corn with
high polyembryony frequency and normal plant height. G4. 1-2 = Corn with low polyembryony
frequency. G4. 16-2 = Corn with low polyembryony frequency. GON = Commercial and non-
polyembryonic maize hybrid from Asgrow
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Figure 2: Grain weight from 5 genotypes with different levels of polyembryony, after being imbibed in
water during the germination process. BAP = Corn with high polyembryony frequency and short plant
height. NAP = Corn with high polyembryony frequency and normal plant height. G4. 1-2 = Corn with
low polyembryony frequency. G4. 16-2 = Corn with low polyembryony frequency. GON = Commercial
and non-polyembryonic hybrid maize from Asgrow. Only BAP was statistically different from the others
genotypes

Table 2: Compounds were found in different grain tissues from 5 genotypes with different levels of
polyembryony. BAP = Corn with high polyembryony frequency and short plant height. NAP = Corn
with high polyembryony frequency and normal plant height. G4. 1-2 = Corn with low polyembryony
frequency. G4. 16-2 = Corn with low polyembryony frequency. GON = Commercial and non-
polyembryonic maize hybrid from Asgrow

Tissue Compound Family BAP NAP G4. 1-2 G4. 16-2 GON

Embryo

3,4-DHPEA-EA Tyrosols 1 1 1 1 1

Scopoletin Hydroxycoumarins 1 1 0 0 1

p-coumaroil tartaric acid Hydroxycoumarins 1 1 0 0 0

5-5’-dehydrodiferulic acid Hydroxycinnamic acids 1 1 0 0 0

Apigenin 6-C-glucoside Methoxycinnamic acid dimers 0 0 0 1 0

Transfertaric acid Methoxycinnamic acids 1 1 1 1 1

3-Feruloylquinic Acid Methoxycinnamic acids 1 1 1 1 0

1-caffeoylquinic acid Hydroxycinnamic acids 1 0 0 0 1

Isorhamnetin 3-O-glucuronide Methoxyflavonols 1 1 1 0 1

Quercetin 3-O-(6"-malonyl-glucoside) Tyrosols 0 0 0 1 0

3-caffeoylquinic acid Flavonols 1 1 0 0 0

Phloridzin Hydroxycinnamic acids 1 0 1 1 1

Luteolin 7-O-diglucuronide Dihydrochalcones 1 0 0 1 0

(+)-Catechin 3-O-gallate Flavones 1 1 0 1 0

Endosperm

3,4-DHPEA-EA Catechins 1 1 1 1 ud

Caffeic acid 4-O-glucoside Tirosoles 0 1 0 0 ud

3-Feruloylquinic Acid Hydroxycinnamic acids 0 0 1 0 ud

Phloridzin Hydroxycinnamic acids 1 1 0 1 ud

(+)-Catechin 3-O-gallate Dihydrochalcones 1 1 0 1 ud
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Embryo. In grains from Group 1 genotypes, 3,4-DHPEA-EA and feruloyl tartaric acid were found in all
genotypes, Isorhamnetin 3-O-was found in most of the genotypes. While, glucuronide was found in most of
the genotypes, except for the G4. 16-2 genotype, 3-feruloylquinic acid, except for the genotype (control) and
Phloridzin, except for the NAP genotype. In addition, p-coumaroyl tartaric acid, 5-5′-dehydrodiferulic acid,
scopoletin, (+)-Catechin 3-O-gallate, and 3-caffeoylquinic acid were found in the high polyembryonic
genotypes (BAP and NAP). While in G4. 16-2 in addition to those already mentioned, Apigenin 6-C-
glucoside, Luteolin 7-O-diglucuronide, and Quercetin 3-O-(6"-malonyl-glucoside) were found, the latter
was also found in the BAP genotype.

By HPLC, the presence of twelve different phytocompounds (Table 2) was detected in the BAP
genotype, while only nine in NAP, six in the Garañón hybrid, five in G4. 1-2, and eight in the G4. 16-2.
The greater number of phytochemicals found in BAP could be related to its lower water requirement
during the germination process, in comparison to the rest of the genotypes tested. The presence of these
phytochemicals is related to the formation of plant tissue, most of them being precursors of ferulic acids
in cell walls [23]. Coumarins and cinnamic acids synthesized during plant development participate in the
metabolic pathway for lignin production [24]. In addition, the presence of hydroxycinnamic acids (p-
coumaroyl tartaric acid, 3-caffeoylquinic acid, and 3-feruloylquinic acid) present in the high-
polyembryony genotypes, could be due to the accelerated production of plant tissue, necessary to cover
the characteristics of these individuals, being able to be substrates for scopoletin synthesis and are found
as metabolites secreted by roots [25].

Endosperm. Three compounds were determined in this tissue in the BAP genotype, four in the NAP
genotype, two in G4. 1-2, and 3 in G4. 16-2. In this case, 3,4-DHPEA-EA was found in all genotypes,
caffeic acid 4-O-glucoside present only in NAP, 3-feruloylquinic acid in G4. 1-2, while Phloridzin as
(+)-Catechin 3-O-galate in the endosperms of BAP, NAP, and G4. 16-2. At this stage, phytochemicals in
the Garañón genotype endosperm could not be analyzed, because, it is a commercial cultivar, and the
seed is treated with fungicides and insecticides to preserve health, which interfered with the HPLC mass
analysis.

Presence of great diversity of phytochemicals found in the grains of the BAP genotypes may be
indicative that more processes are being carried out in the production of plant tissue [24], in addition,
presence of these not only influences the routes of tissue production, if they are not also related in their
ability to resist water stress, as well as some other environmental factors, some of these may be
associated with the presence of phenolic compounds during germination. Therefore, the greater presence
of these compounds suggests relevant biochemical mechanisms for the responses [26]. Polyembryonic
and non-polyembryonic maize genotypes. The compounds detected in the grain tissues of polyembryonic
and non-polyembryonic genotypes (Groups 2 and 3), grown at two different locations are shown in
Table 3. On the other hand, a concentrate of the total number of phytochemicals found in the genotypes
with different levels of polyembryony, tissues, and grains grown at different locations is shown in
Table 4. The numerical census of the phytocompounds found in the grains from polyembryonic and non-
polyembryonic genotypes (Groups 2 and 3) was very similar (57 and 59 compounds, respectively)
(Table 4), the 3,4-DHPEA-EA compound was found more frequently (twelve compounds in PEm and ten
in Non-PEm), followed in frequency by phloridzin (seven times in PEm and eleven in Non-PEm),
(+)-catechin 3-O-galate (eight times in PEm and six in Non-PEm) and caffeic acid 4-O-glucoside (eight
times in PEm and seven Non-PEm) (Table 3). 3-Feruloylquinic acid (five times) and 1-caffeoylquinic
acid (four times) were similarly found in polyembryonic and non-polyembryonic, and those found less
frequently were scopoletin and p-coumaroyl tyrosine. Furthermore, the 3-caffeoylquinic acid compounds,
p-coumaroyl tyrosine, and sinensetine were only found once in grains from non-polyembryonic
genotypes, while the Rosmadial compound only appeared once in polyembryonic genotypes.
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Table 3: Phytochemicals found in the different tissue of grains from PEm and Non-PEm maize genotypes
produced at different location

Tisues Code Compound Rio bravo Buenavista

No-PEm PEm No-PEm PEm

A1 A2 A3 C1 C2 C3 A1 A2 A3 C1 C2 C3

Embrio

A 3,4-DHPEA-EA 1 1 1 1 1 1 1 1 1 0 0 1

B S5copoletin 1 0 0 0 0 0 0 0 0 0 1 0

D 5-5′-dehydrodiferulic acid 0 0 0 1 1 1 1 0 0 0 0 0

E Feruloyl tartaric acid 0 1 0 1 0 1 0 1 0 0 0 1

F 3-Feruloylquinic Acid 1 0 0 1 1 1 1 1 1 1 0 0

G 1-caffeoylquinic acid 1 1 1 1 1 1 1 0 1 0 1 1

H Isorhamnetin 3-O-glucuronide 1 1 1 0 0 1 1 0 1 1 1 0

I 3-caffeoylquinic acid 0 1 0 0 0 0 0 0 0 0 0 0

J Phloridzin 1 1 1 1 0 0 1 1 1 1 1 1

L (+)-Catechin 3-O-gallate 0 0 0 1 1 0 1 1 0 1 0 1

O Caffeic acid 4-O-glucoside 0 0 1 1 1 1 1 1 1 1 0 1

P (+)-Gallocatequina 1 1 0 0 0 1 1 0 0 0 0 0

Q p-Coumaroyl tyrosine 0 0 0 0 0 0 1 0 0 0 1 0

R d-viniferin 0 0 0 0 0 0 1 0 0 0 0 0

Endosperm

A 3,4-DHPEA-EA 1 1 1 1 1 1 1 1 1 1 1 1

J Phloridzin 1 1 1 0 0 0 0 1 1 1 1 1

L (+)-Catechin 3-O-gallate 0 1 1 1 1 0 1 0 1 0 1 1

O Caffeic acid 4-O-glucoside 1 0 1 1 1 0 0 0 1 1 0 0

S Rosmadial 0 0 0 0 0 0 1 0 0 0 0 0

T Sinensetin 0 0 0 0 0 1 0 0 0 0 0 0
Note: PEm = Polyembryonic. No-PEm = Non-polyembryonic. 1 = presence, 0 = absence.

Table 4: Number of times that a specific compound was found, in polyembryonic and non-polyembryonic
maize grain, in embryo and endosperm, and in grains from genotypes grown at two different locations

Code Polyembryony Tissue Location

PEm No-PE Embryo Endosperm Rio Bravo Buenavista

A 12 10 10 12 12 10

B 1 1 2 0 1 1

D 3 1 6 0 3 1

E 3 2 5 0 3 2

F 4 4 8 0 4 4

G 5 5 10 0 6 4
(Continued)
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Phytochemicals found in embryo and endosperm. A greater total number of phytocompounds was found
in the embryo (81 phytocompounds), while only 37 were found in the endosperm (Table 4). In both tissues,
compounds such as 3,4-DHPEA-EA, phloridzin, (+)-catechin 3-O-gallate, caffeic acid 4-O-glucoside and,
(+)-gallocatechin were found. In addition to those mentioned, in the embryo were found: scopoletin, 5-5′-
dehydrodiferulic acid, feruloyl tartaric acid, 3-feruloylquinic acid, 1-caffeoylquinic acid, isorhamnetin 3-
O-glucuronide, 3-caffeoylquinic acid, (+)-gallocatechin and p-goumaroyl tyrosine, while in endosperm
were found: (+)-catechin 3-O-gallate, caffeic acid 4-O-glucoside, d-viniferin, rosmadial, and sinensetine.

Sowing location. The total number of phytocompounds found in grains produced in both, Rio Bravo
(RB) and Buenavista (BV) locations do not differ much from each other, being these 59 and 57,
respectively (Table 4). In both environments, in higher frequency were found 3,4-DHPEA-EA (twelve
times in RV and 10 in BV), Phloridzin (seven in RV and eleven in BV), (+)-Catechin 3-O-gallate (six in
RV and eight in BV) and 4-O-glucoside caffeic acid (eight in RV and seven in BV) and in less frequency
Scopoletin (1 time in both locations), 5-5′-dehydrodiferulic acid (three in RV and one in BV), feruloyl
tartaric acid (three in RV and two in BV), 3-feruloylquinic acid (4 in both locations), 1-caffeoylquinic
acid (six in RV and four in BV), isorhamnetin 3-O-glucuronide (4 times in both locations),
(+)-Gallocatechins (three in RV and one in BV). In addition, the acidic compounds: 3-caffeoylquinic (two
times), d-viniferin (one time) and Rosmadial (one time) were only found in maize grain produced in the
Buenavista location, as well as, 3-caffeoylquinic acid (one time) and sinensetine compounds (one time)
were only found in grains from the Rio Bravo location (Table 3). In this regard, Wichers et al. [27],
reported the presence of 3,4-DHEA-EA as a predecessor antioxidant of different phenolic compounds in
olive trees. Ba et al. [28] mentioned that Scopoletin found in cassava roots has an inhibitory activity of
sporulation and mycelial growth. While, Goodwin et al. [29] documented this compound in the region of
cell lengthening, being able to attribute it, to the formation of root tissue, in addition, Dennis et al. [25]
found this compound in root secretions. Dewick [24] reports the bacteriostatic effect of this compound;
Besides, scopoletin is mentioned as a precursor of curamic-4 acid, which in interaction with tartaric acid
produces p-Coumaroyl tartaric acid, which is a cinnamic acid that plays a role in the metabolite pathway
for lignin production. Hatfield et al. [23] mentioned the presence of different ferulic acids in cell walls of

Table 4 (continued)

Code Polyembryony Tissue Location

PEm No-PE Embryo Endosperm Rio Bravo Buenavista

H 3 5 8 0 4 4

I 0 1 1 0 1 0

J 7 11 10 8 7 11

L 8 6 6 8 6 8

O 8 7 9 6 8 7

P 1 3 4 0 3 1

Q 1 1 2 0 0 2

R 0 1 0 1 0 1

S 1 0 0 1 0 1

T 0 1 0 1 1 0

Total 57 59 81 37 59 57
Note: PEm = Polyembryonic. No-PEm = Non-polyembryonic.
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grasses, like in Crowfoot grass (Dactyloctenium aegyptium) and maize, which form polysaccharide chains.
Frangne et al. [30] studying barley, indicated that aspergenin-6-c-glucoside acts as an antioxidant, and is also
involved in the transport of secondary compounds in vacuoles. For its part, feruloyl tartaric acid is a product
of the synthesis of l-tartaric acid, which is found in grass tissues [24].

Hydroxycinnamic acids are associated with plant growth and development and in response to
senescence and drought stress [31]. Furthermore, Macoy et al. [32] reported that these same acids are
secondary metabolites derived from the phenylalanine and tyrosine pathway, which are precursors of
different alkaloids against pathogens, and participate in plant pigmentation. On the other hand, Fellah
et al. [33] document thyrosols as strong antioxidants in pomegranate. Flavonoids naturally produce water-
soluble glucosides, these being a variant of flavones, flavanones, anthocyanidins, and catechins. In
addition, it has been mentioned that the presence of different catechins, such as (+) catechin 3-O-gallate,
could promote inhibition of α-amylase and α-glucosidase, in tissues of Parapiptadenia rigida. Sinensetine
was reported in Orthisiphun aristus and was associated with different stress conditions such as light [34].
Rosmadial and Gallocatechins have been reported for their antioxidant activity in sea buckthorn [35].
Most of the compounds found in this experimental step are associated with antioxidant activities, as well
as, growth or formation of different tissues, participating during the formation of plant structures [24].

The total number of phytochemicals in grains from maize genotypes with different degrees of
polyembryony was compared using a categorical analysis (Table 5), where, the Qs are marked as Mantel-
Haenszel Chi-square, the Pearson Qp-square value is labeled “Chi-square”. Qs has a value of 0.2784 and
P = 0.5978; Qp has a value of 12.0376 and P = 0.6762, which indicates that there is no significant
relationship in the total number of phytochemicals with the presence of polyembryony. Likewise, in the
statistical analysis comparing the total number of phytochemicals in maize grains produced at different
locations, a Qs value of 0.9978 and P = 0.3178 was observed, and Qp of 6.9944 and P = 0.9349,
demonstrating that there is no relationship in the total number of phytochemicals, with the locality where
the maize grains were produced.

When the total number of compounds found in the embryo was compared with those found in the
endosperm, a Qs with a value of 0.5543 and P = 0.4566 was observed, and a Qp with 33.1615 and
P = 0.0061, showing that there is a greater number of phytochemicals in the embryo than in the
endosperm, this is because the embryo, being the place where embryogenesis takes place, is an active
tissue, requiring the presence of different compounds in order to carry out its functions. Fourteen different
compounds were obtained in the embryo, while in the endosperm only 6. Finding 3,4-DHPEA-EA,
Phloridzin, (+)-Catechin 3-O-gallate, Caffeic acid 4-O-glucoside in both tissues. In addition to these,
Rosmadial and Sinensetine were found in the endosperm. While in the embryo were found scopoletin,

Table 5: Statistical significance in the different categorical analyzes of the total number of phytochemicals
found in maize grains from genotypes with different degrees of polyembryony

Statistical Gl Polyembryony
by phytochemical

Location by
phytochemical

Tissue by
phytochemical

Chi-squared 15 0.6762 0.9349 0.0061

Chi-square likelihood ratio 15 0.4870 0.8558 0.0002

Chi-square mantel-haenszel 1 0.5978 0.3178 0.4566

Coefficient Phi 0.3470 0.2557 0.5671

Contingency coefficient 0.3278 0.2477 0.4933

Cramer’s V 0.3470 0.2557 0.5671
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5-5′-dehydrodiferulic acid, feruloyl tartaric acid, 3-feruloylquinic acid, 1-caffeoylquinic acid, 3-
caffeoylquinic-3-O-glucuronide quinic acid, (+)-Gallocatechin, p-Coumarol tyrosine, and d-Viniferin. This
could indicate that the embryo needs more phytochemicals to develop the radicle and plumule during
germination.

4 Conclusions

The chemical compounds found in grains from different maize genotypes suggest that these
phytochemicals are involved in root and plumule tissue development since some of these components
have been associated with the metabolic pathways for plant tissue development. The higher number of
compounds found in the BAP genotype suggests that they are needed for early growth of plant tissues,
these being reported in the route for lignin synthesis, which would justify its low water requirement
during the germination process. The data analysis supports a statistical difference between the numbers of
compounds found in the embryo and the endosperm, being higher in the former structure, but there was
not found any direct relationship between the number of phytochemicals and polyembryony levels, and
nor with sowing locations where grains were produced.
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