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Abstract: From a cultural point of view, Maize is the most important crop in Mexico, and is also
an essential food in the Mexican diet. This study aimed to evaluate the physical and chemical
characteristics of maize grain and their influence on the quality of dough and tortillas produced with
three native maize cultivars from western Mexico. Physical, structural, and chemical characteristics
of the grain were evaluated, including hectolitric weight, 100-grain weight, flotation index, grain
structure, grain color, pedicel, pericarp, germ, and floury endosperm, vitreous endosperm, ethereal
extract, and protein. Nixtamal and tortilla quality include nixtamal moisture, dough moisture, freshly
made tortilla moisture, total soluble solids, pericarp remnant, dough yield, and hot tortilla yield. In
general, statistical differences (p < 0.05) were found in almost all variables analyzed. The principal
component analysis (PCA) showed that two principal components (PCs), described approximately
79% of the variation, and a positive correlation between the characteristics of freshly made tortilla
moisture (FMTM), dough yield (DY), and nixtamal moisture (NM), as well as dough moisture (DM)
and hot tortilla yield (HTY). Future studies on these and other native maize cultivars of western
Mexico must be conducted to assess the physicochemical and phytochemical characteristics of maize
grains that may be useful for food and pharmaceutical applications, contributing to the conservation,
propagation, and use of natural and ancient resources.

Keywords: native maize; corn grain; nixtamal; tortilla

1. Introduction

Maize (Zea mays L.) is the main crop cultivated in Mexico and Latin America due
to its agricultural, socioeconomic, cultural, and food importance since its domestication
between 7000 and 10,000 years ago [1]. Mexico has the greatest genetic diversity worldwide
of maize and is considered the center of origin and domestication; nationwide, there are
68 cultivars, of which more than 350 have been reported in the Americas [2,3]. In 2021,
Mexico produced 27.5 million tons of maize, mainly white corn (88%), followed by yellow
corn (11%), and pigmented corn (0.4%) [4]. Maize is the main grain cultivated in the country
with 7.9 million hectares [4]; however, there is a deficit in its consumption, mainly of yellow
corn, due to diversified uses in the livestock sector, while white corn is used mainly for
human consumption [5]. In Mexico, maize is mainly consumed through a diversity of
corn-based products such as tortillas, tamales, tostadas, atole, tortilla chips, snacks, tejuino,
and pinole, among others [6]. Moreover, tortilla is the main form of maize consumption,
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due to it being a food used to prepare and accompany diverse dishes, particularly in rural
and urban areas, with an average consumption of 218 and 155 g/day [7].

Tortillas are produced through nixtamalization, a thermo-alkaline process, which is
an ancient process that involves the alkaline cooking of corn in water and lime [Ca(OH);].
This process alters the physicochemical, nutritional, and sensory properties of the products
derived from it [8,9], including the loss of folic acid and riboflavin [10,11], increasing
the content of Ca, Mg, and K [12], and reducing fumonisin levels and the quality of
protein [13,14]. The use of nixtamal in the Dough-Tortilla Industry (DTI) and Nixtamalized
Flour Industry (NFI) differs in some respects. DTI requires soft corn from small to medium
size, with higher retention of the pericarp and water, while NFI requires white grains
from medium to large size with hard endosperm and humidity < 42% [15]. Recently,
various studies have been carried out to determine the quality and potential of native
maize for its nixtamalization and tortillas production [16,17]. However, currently, there is
the problem of the loss of the characteristics of native maize due to the loss of diversity
that occurs due to the constant flow of genes between native maize, commercial maize,
and its wild relatives [18,19]. This problem is accompanied by the lack of evaluation
of their physicochemical properties that significantly influenced the industrial uses of
much native maize around the country. Unfortunately, the quality and potential uses of
native maize are undervalued since they remain unassessed and are only used for the
producer’s consumption. Therefore, this work aimed to evaluate the physical and chemical
characteristics of maize grain, dough, and tortillas quality produced with three native
maize cultivars from the Jalisco Highlands, Mexico.

2. Materials and Methods

The accessions used in this experiment were obtained by collecting native maize from
the Jalisco Highlands in 2008-2009. These accessions correspond to three white grain maize,
one accession of Pepitilla cultivar (202), and two accessions of Celaya cultivar (203 and
204); as well as two accessions of Zamorano Amarillo cultivar, one yellow grain (205), and
another red grain (206) (Figure 1). The climate in the region is subtemperate; the average
annual temperature is 19.0 °C, with minimums of 16.9 °C and maximums of 19.5 °C. The
average annual rainfall in the region is 753 mm per year, and the height is 1866 m above
sea level [20].

Figure 1. Accessions of native maize from the Jalisco Highlands, Mexico: (a) 202; (b) 203; (c) 204;
(d) 205; (e) 206.
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2.1. Physical Characterization of Maize Grain

The physical characteristics evaluated were grain size by 100-grain weight (HGW), and
hectolitric weight (HW) according to the 55-10.01 method of the American Association of
Cereal Chemistry [21]. Grain hardness was determined by the flotation index (FI) according
to NMX-FF-034/1-SCFI-2020 [22]. Structural components of the grain: pedicel (PED),
pericarp (PER), germ (GER), floury endosperm (FE), and vitreous endosperm (VE) were
evaluated following the method described by Salinas and Vazquez [23]. Grain color was
determined with a HunterLab MiniScan XE Plus® Model 45/0-L colorimeter (Reston, VA,
USA), according to Vazquez-Carrillo et al. [24]. The variables tested were color brightness
(L), angle tone (Hue), and color saturation index (Chroma).

2.2. Chemical Characteristics of Maize Grain

The chemical variables evaluated were ether extract (EE) (method 30-10) and protein
(method 46-13), where the nitrogen content was first quantified with Technicon equipment
and a protein conversion factor of 6.25 was used. Both variables were quantified using the
official methods in the American Association of Cereal Chemists (AACC) [21].

2.3. Nixtamalization and Tortillas Procedure

For nixtamalization, 150 g of grain from each corn sample were weighed, 1.5 g of
calcium oxide (CaO), and 300 mL of water were added. The cooking time was assigned
according to the grain hardness [22]. Nixtamal was left to stand for 16 h, then the cooking
liquor (nejayote) was separated and the nixtamal was rinsed with 200 mL of water. To
obtain the percentage of total soluble solids (TSS), the volume of the cooking liquor and the
nixtamal wash water were measured, after that, both were mixed and homogenized, and
50 mL of each sample were taken to total evaporation in an oven at 60 °C. The pericarp
retained in the nixtamal was determined following the method of Salinas and Vazquez [23].
Nixtamal was ground in a stone mill, and the mass obtained from the milling was weighed
and conditioned, adding water to it until obtaining an appropriate consistency for molding.

The preparation and cooking of the tortillas were carried out following the tradi-
tional method described by Vazquez-Carrillo et al. [25]. The moisture of nixtamal (NM),
dough (DM), and freshly made tortilla (FMTM) were evaluated according to Salinas and
Vazquez [23]. To obtain dough yield (DY), the conditioned dough was weighed and related
to the amount of nixtamalized grain used; hot tortilla yield (HTY) was quantified as the
amount of tortilla obtained per kilogram of processed corn.

2.4. Data Analysis

The experiment was performed under a completely randomized design, where each
variable was analyzed in duplicate. Data obtained were subjected to an analysis of variance
(ANOVA) and means comparison was carried out with the least significant difference (LSD)
test (p < 0.05). The results were analyzed using the Statistical Analysis Software (SAS)
(v9.3, Cary, NC, USA). Furthermore, Statistica software (v12.5 Statsoft ® Tulsa, OK, USA)
was used for the principal component analysis (PCA) of the data obtained.

3. Results and Discussion
3.1. Physical Characteristics of the Grain

The physical characteristics of the grain showed highly significant differences (p < 0.01)
between the accessions (Table 1), which shows the variability between them.

Regarding the HW of corn grain, statistical differences were observed among acces-
sions, but only accessions 203 (75.3 kg hL ') and 206 (73.4 kg hL~!) did not meet with
the Mexican standard [22], which was 6673 kg hL~!. Likewise, the greater HW of this
accession resulted in a greater grain hardness due to the compact structure of vitreous
endosperm weighing more than that of the floury one [26]. This characteristic related to
higher flour and masa yields once processed [27].
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Table 1. Physical characteristics of native corn grain from the Jalisco Highlands, Mexico.

. HW HGW FI
Accessions (kg hL-1) g (%) GT
202 69.75P 3441b 712b S
203 75.32 46.65 2 30d H
204 72.45P 44512 742 S
205 71.8P 40.942 61b I
206 73.4b 32.35b 44 ¢ I

HW = Hectolitric weight; HGW = 100-grain weight; FI = Flotation index; GT = Grain texture; S = soft; H = hard;
I = intermediate. Means with the same letter within the same column are not significantly different.

FI varied significantly (p < 0.05) with a range from 30-74%; however, accessions 203
and 206 met DTI and NFI standards as indicated in [22]. Corn quality was related to
kernel hardness, which could be known indirectly through HW and FI; kernel hardness
was directly related to HW and inversely related to FI [28,29]. In this work, HW and FI
indicated that the hardness kernel of accession 203 was hard, meanwhile accessions 202 and
204 were soft, and 205 and 206 were intermediate. Grain hardness plays an important role
in nixtamalization since they are related to water absorption when cooking and steeping the
grain [30]. These results were in contrast with that reported by Salinas-Moreno et al. [31],
who indicated that when evaluating 61 accessions of blue/purple native maize within
10 cultivars from Oaxaca, all of them complied with such standard; likewise, Gaytan-
Martinez et al. [32] reported the same situation when evaluating six native maize from
different sites in Mexico.

HGW varied from 32.35 g to 46.65 g with significant differences. However, the Mexican
standard [22] did not include specifications for the nixtamalization process, therefore
Salinas and Vazquez [23] classified the grains as large (>38 g), medium (33 g to 38 g), and
small (<33 g). In this work, grains from accessions 203, 204, and 205 were large grains,
while accession 202 was medium grain, and accession 206 was a small grain. HGW was
important in the nixtamalization process due to hydration and cooking time [33], therefore
three accessions could be used in both NFI and DTI.

3.2. Grain Color

The L values of analyzed accessions varied (p < 0.05) within 36.43-72.29% (Table 2).
The values for white maize (accessions 202, 203, and 204) ranged within 65.6-72.29%.
Yellow maize (accession 205) showed a value of 54.35% and red maize (accession 206) had
a value of 36.43%. This has been previously reported that high L values corresponded to
white or yellow maize, whereas these values may decrease in pigmented maize, such as
red maize, due to anthocyanin content in the grain [34,35]. The color of the corn grains was
an important characteristic for the kind of industry to be used, such as NFI or FTI, as well
as in the elaboration of artisanal dishes.

Table 2. Color grain of native maize from the Jalisco Highlands, Mexico.

Accessions L (%) Hue (°) Chroma
202 72.29 2 82.7b 27.89b
203 65.60 € 81.8¢ 27.50 b
204 68.49 P 87.62 22.944d
205 54354 72,04 32.042
206 36.43 ¢ 46.27 ¢ 24.17 ¢

L = Color brightness; Hue = Angle tone; Chroma = Purity of color. Means with the same letter within the same
column are not significantly different.

NFI preferred bright cream-white corns with a minimum reflectance of 57%; therefore,
accessions 202, 203, and 204 meet the specifications of such industry [15,36]. Low reflectance
percentages, such as accessions 205 and 206, cause colors that can affect consumer accep-
tance [31]. L value of accession 206 was similar to those previously reported in different
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varieties of red native maize from different Mexican states [37,38], and could be used to
prepare other special dishes, not only tortillas [36,39,40].

Hue (°) values in maize accessions varied (p < 0.05) from 82.7-46.27° (Table 2). Higher
Hue values were found in accessions that belonged to white (202, 203, and 204) and
yellow (205) kernels, respectively; whereas accession 206 showed the lowest Hue value
and belonged to the red kernel. This data agreed with Rodriguez-Salinas et al. [34], who
analyzed 15 native maize genotypes from northeast Mexico and found in red maize, a
Hue value of 23.78°, while in yellow maize, it was 77.71°, and in white maize, the values
reached 85.71°.

Statistical differences (p < 0.05) were found in Chroma values; its values ranged
from 22.94-32.04. The highest Chroma value (32.04) reported here (Table 2), belonged
to yellow maize (accession 205), which was in agreement with Suriano et al. [41] and
Rodriguez-Salinas et al. [34], who reported Chroma values of 32.27 and 32.10 in yellow
maize, respectively. Chroma was related to the color saturation index, with high values in
pure colors and low values in matte colors or colors with less purity of color [38], the latter
was observed in white (202, 203, and 204) and red (206) accessions.

3.3. Structural Composition of Grain

In general, all structural components of the grain varied (p < 0.05) among accessions
except for PER, as listed in Table 3.

Table 3. Characteristics of the structural components of native corn grain from the Jalisco Highlands, Mexico.

Accessions PED (%) PER (%) GER (%) FE (%) VE (%)
202 0.47° 5.602 10.38 be 42242 4131°¢
203 1.332 5512 11.59 2 35.00 ba 46.58 ba
204 1.292 5.632 9.96 ¢ 38.24 ba 44.86ba
205 1.622 5.262 10.67b 32.52 be 49.92 ba
206 0.65P 6.002 8.284d 28.81°¢ 56.25 2

PED = Pedicel; PER = Pericarp; GER = Germ; FE = Floury endosperm; VE = Vitreous endosperm. Means with the
same letter within the same column are not significantly different.

PED varied (p < 0.05) from 0.47-1.62% (Table 3); these values were lower than pre-
viously reported in native maize of the Chapalote, Conico, Chalquefio, and Arrocillo
cultivars [24,42]; however, they were similar to blue/purple grain corn cultivars analyzed
by Salinas-Moreno et al. [31]. The data obtained in this work complied with the limit estab-
lished by the DTI (<2%), since it favored the molding of the dough and improved its texture,
since a higher percentage caused incomplete lignin hydrolysis during nixtamalization and
with it, the appearance of dark spots on the tortillas [43,44].

PER varied from 5.26-6.00% (p > 0.05); however, all accessions complied with the
requirements of DTI, as they preferred corn with pericarp 4.5-6.0%, due to poor removal of
the bran causing darkening and off-color in tortillas [45].

GER values varied (p < 0.05) and ranged from 8.28% to 11.59% in accessions 206 and
203, respectively (Table 3). All the accessions complied with the requirements of the DTI
and NFI (<13%), which was important since a higher percentage implied an increase in the
oil content, making it difficult to grind the nixtamal, reducing the life shelf of nixtamalized
products [25].

FE and VE varied (p < 0.05) among the accessions analyzed (Table 3). FE ranged from
28.81-42.24%, accessions 202, 203, and 204 showed the highest percentages, followed by
accessions 205 and 206. This showed that accessions 202 and 204 with the highest percentage
of floury endosperm, had a soft kernel. VE ranged from 41.31-56.25%, and accessions 205
and 206 had the highest percentages compared to accessions 202, 203, and 204. Vitreous
endosperm reflected the compactness of the starch-protein matrix, i.e., previous reports
mentioned that a higher percentage of vitreous endosperm implied an increase in protein
content [46,47] as was found in this work in accession 206.
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3.4. Chemical Composition of Grain
PROT and EE showed statistical differences (p < 0.05) among accessions (Table 4).

Table 4. Chemical composition of the grain of native corn from the Jalisco Highlands, Mexico.

Accessions EE (%) PROT (%)
202 5.45 2 8.4°¢
203 5754 8.85 b
204 433P 8.95 ab
205 5.69 2 8.55 be
206 4.58P 91a

EE = Ethereal extract; PROT = Protein. Means with the same letter within the same column are not significantly different.

PROT content ranged from 8.4-9.1%, accession 206 (9.1%) showed the highest value
and accession 202 (8.4) showed the lowest value. These results were lower than those
reported by Vazquez-Carrillo et al. [42] and Salinas-Moreno et al. [31], who analyzed
10 Chapalote accessions from Sonora (Mexico), and 61 cultivars of blue/purple maize from
tropical and subtropical regions of Oaxaca (Mexico), respectively. These results were in
contrast with Pliego et al. [48] who reported that PROT content (8.12-8.29) in 23 accessions
of blue/red maize from Mexico highlands was lower than that reported herein. PROT
content in corn kernel was important since it influenced the functional properties of dough
made from corn meal, as well as the texture/hardness of the grain [49].

EE content ranged from 4.33-5.75%; these results were similar to those reported by
Salinas-Moreno et al. [31], who analyzed 61 cultivars of blue/purple maize from Oaxaca.
Likewise, Rodriguez-Salinas et al. [34] found statistical differences in EE content in15 native
cultivars from northern Mexico. Alternatively, the values reported herein were greater
than those reported in 41 native populations of Yucatan (3.37—4.52%) [50]. Finally, these
results showed that only accession 204 met the requirements for NFI, where grain corn
with 3.5-4.5% oil was required to avoid rancidity problems during flour storage [51]. These
very dissimilar values for protein and oil were a clear example of how the environmental
conditions, genotypes, and cultivation practices could alter grain quality, both chemically
and physically, as well as in the corn plant [52,53].

3.5. Nixtamal and Tortilla Quality

Most characteristics of nixtamal and tortilla quality varied (p < 0.05) among accessions
except NM and DY, as listed in Table 5.

Table 5. Nixtamal and tortilla quality made of native maize from the Jalisco Highlands, Mexico.

Accessions  NM (%) DM(%) FMIM(%) TSS(W)  PRCW (o dou;:/{kg om (g tortiHllI/ig corm)
202 50.332 57.59 2 47152 3.09 be 46.49 ab 2.002 1.562
203 44,042 54.93b 39.00 b 3714 32.49b 1.892 1.45ab
204 45982 55.58 b 4093 ¢ 2.66 ¢ 38.92b 2.002 1.56 2
205 49312 55.20b 40.25¢ 3.53ab 34.01P 1.962 1.51 be
206 47912 54.92b 42.92 be 2.72¢ 65.822 1.962 1.48 b

NM = Nixtamal moisture; DM = Dough moisture; FMTM = Freshly made tortilla moisture; TSS = Total soluble
solids; PR = Pericarp remnant; DY = Dough yield; HTY = Hot tortilla yield. Means with the same letter within the
same column are not significantly different.

NM did not show statistical differences (p > 0.05); however, accessions 204, 205, and
206 met DTI standard (45-50%), but any accession met NFI standard (37-42%) as indicated
in [22]. NFI required such values since its moisture facilitated the grinding process. In the
case of DTI, higher percentages were required since it sought to improve the yields through
the moisture of its products [15].

DM varied (p < 0.05) from 54.92-57.59% (Table 5), accession 202 had the highest value
(57.59%). Chimimba et al. [54] found that 13 blue maize cultivars DM values ranged from
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47.2-56%. Similarly, Salinas-Moreno and Aguilar-Modesto [33] reported the same values in
27 accessions of native maize from Puebla and Tlaxcala, Mexico.

FMTM varied (p < 0.05) among the accessions (39.00-47.15%), where only accession
202 met with DTI (>43%). This finding agreed with Palacios-Pola et al. [55], who reported
similar values for FMTM. In addition, DTI required 45% tortilla moisture to obtain 1.5 kg
of tortilla per kilogram of corn [56].

PR values varied (p < 0.05) from 32.49-65.82%. Accessions 203 and 205 met DTI
standard (25-35%), and only accession 202 met NFI requirements (40-50%) as indicated
in [22], since they contribute to the reduction of dry matter loss, increasing water retention
and improving the texture of the dough and tortilla [57].

TSS varied (p < 0.05) from 2.66-3.71%. All the accessions met DTI standard (2.5-5.0%);
however, only accessions 204 and 206 met NFI standard (1.5-3.0%), as indicated in [22].

For DY and HTY, accessions 202 and 204 showed the highest yields (2.00 kg dough/kg
corn and 1.56 kg tortilla/kg corn, respectively). Although DY did not show statisti-
cal differences, all the accessions met the requirements of the DTI (>1.8 kg dough/kg
corn) [15]. These values were similar to those reported by other authors for native and hy-
brid maize varieties [33,36,58]. HTY varied (p < 0.05) from 1.45 kg tortilla/kg corn-1.56 kg
tortilla/kg corn. The results obtained here, were similar to previous reports, such as
Lopez-Morales et al. [57], who evaluated Tuxpefio cultivar corn with values from 1.33 kg
tortilla/kg corn-1.48 kg tortilla/kg corn. Similarly, Vazquez-Carrillo et al. [59], who
analyzed two blue native corn and nine white-grain hybrids with values from 1.35 kg
tortilla/kg corn—1.47 kg tortilla/kg corn.

3.6. Principal Component Analysis

Principal component analysis (PCA) was performed to assess the association between
the characteristics of the grain and maize dough quality used for NFI and DTI (Figure 2 and
Table 6). Two principal components (PCs) described approximately 79% of the variation
(PC1: 47.39% and PC2: 32.07%); the graph of the physicochemical quality parameter is
presented in Figure 2a. It showed that the most important characteristics for PC1 were
FMTM, DY, and DM; in PC2, the predominant characteristics were VE and PER. Likewise,
Figure 2a showed a positive correlation between the characteristics FMTM (0.9438), DY
(0.8631) and NM (0.7839), as well as DM (0.8228) and HTY (0.7696), where it was observed
that a higher NM, would produce a higher DY, but this did not necessarily imply that there
would be a higher FMTM, which generated a higher DY and HTY measured as kg tortilla
per kg corn, as reported in this article. Alternatively, it was evident there was a negative
correlation between HW (—0.8821) and FE (—0.7611) and the former two groups. It may
have been due to the accessions not having been selected or improved for this type of
industry, only for use as fodder and self-consumption in some cases.
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Figure 2. Principal component analysis (PCA) plots of native maize from the Jalisco Highlands,
Mexico. (a) Location of different physicochemical quality parameters; (b) Location of different
maize cultivars.
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Table 6. Factor coordinates of the physicochemical parameters, based on correlations.

Parameter PC1 PC2
HW —0.882091 0.357884
HGW —0.741866 —0.568100

FI 0.718572 —0.450824
L 0.124453 —0.897255
NM 0.783921 —0.031972
DM 0.822856 —0.466257
FMTM 0.943798 0.034323
TSS —0.598890 —0.447249
PR 0.498680 0.862533
DY 0.863090 —0.129979
HTY 0.769578 —0.460855
PED —0.734147 —0.398360
PER 0.328118 0.821298
GER —0.465998 —0.820821
FE —0.761155 0.174892
VE —0.390590 0.860930

HW = Hectolitric weight; HGW = 100-grain weight; FI = Flotation index; L = Color brightness; NM = Nix-
tamal moisture; DM = Dough moisture; FMTM = Freshly made tortilla moisture; TSS = Total soluble solids;
PR = Pericarp remnant; DY = Dough yield; HTY = Hot tortilla yield; PED = Pedicel; PER = Pericarp; GER = Germ;
FE = Floury endosperm; VE = Vitreous endosperm. PC1 = Principal component 1; PC2 = Principal component 2.

From the results in Figure 2b and Table 7, accessions 202 and 206 had the largest
contribution to PC1 and PC2, respectively; furthermore, accessions 204 and 205 formed
a cluster close to the origin of the plot, which indicated they had similar characteristics.
As previously mentioned, it was observed that accession 206 differed from the rest of the
accessions analyzed, although accessions 205 and 206 were genetically related, and the
only thing that differed was the color of the kernel. This indicated that all samples had
some good characteristics required by the NFI and DTI, except accession 206, in which
its pigmentation was not accepted for these industries since such color greatly influenced
consumer preference [28].

Table 7. Factor coordinates of accessions, based on correlations.

Accession PC1 PC2
202 3.85477 —1.42667
203 —3.74535 —0.60283
204 0.27278 -0.95153
205 —0.99646 —1.03688
206 0.61425 4.01792

PC1 = Principal component 1; PC2 = Principal component 2.

4. Conclusions

The experimental results showed statistical differences (p < 0.05) in almost all variables
analyzed; some of them of commercial importance for both NFI and DTIL. It is worth
mentioning that all accessions met with pedicel (PED), pericarp (PER), germ (GER), total
soluble solids (TSS), and dough yield (DY) for Dough Tortilla Industry (DTI). In this context,
accession 203 was selected for use in improvement programs to increase the characteristics
requested by Nixtamalized Flour Industry (NFI) for further research. Pigmented accessions
(205 and 206) can be used as a functional ingredient to develop food and nutraceuticals.

Native maize has been part of the life of smallholder maize farmers who have selected
and preserved it over generations. Future studies on these and other native maize cultivars
of western Mexico must be conducted to assess the physicochemical and phytochemical
characteristics of maize grains that may be useful for food and pharmaceutical applications,
contributing to the conservation, propagation, and use of natural and ancient resources.
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