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Abstract

The objective of this research was to apply morphometric and chemometric techniques
to analyze the influence of climate and soil type on the morphological, proximate, and
fatty acid fingerprints of moringa (Moringa oleifera Lam.) seeds cultivated in different
regions of Mexico. Seeds were collected from the states of Chiapas, Michoacan, Nuevo
Leén, Oaxaca, Veracruz, and Yucatan. The morphological traits of the seeds were evaluated,
while the proximate composition and fatty acid profiles of the seed flours were analyzed
using gas chromatography—mass spectrometry (GC-MS). Data were assessed through
analysis of variance (ANOVA) and linear discriminant analysis to develop their fingerprint
profiles. The results showed that the morphological variables that constituted the climate-
based morphological fingerprint were seed length, width, seed weight, and kernel weight,
whereas for the soil type-based fingerprint, only seed length was significant. Regarding the
proximate chemical composition, all variables (fat, ash, moisture, and protein), except fiber
content, were influenced by both climate and soil type, forming the proximate chemical
fingerprint. The fatty acid fingerprint consisted of 21 compounds, with oleic, behenic,
stearic, palmitic, and arachidic acids present in the highest concentrations. The fingerprints
obtained from the different determinations were confirmed through cross-validation values
exceeding 50%, according to the linear discriminant analysis validation technique. The fatty
acid and proximate composition determinations showed the highest classification values
(83-100%) and contributed most significantly to ensuring the fingerprinting of moringa
seeds cultivated in Mexico.
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1. Introduction

Moringa oleifera Lam is a plant species cultivated in tropical, subtropical, and arid to
semi-arid regions [1]. Moringa trees can reach up to 12 m in height, with a stem diameter of
40 cm and a lifespan of up to 20 years [2]. Their ability to thrive under diverse agroecological
conditions makes them a key resource for ensuring the food supply in regions adversely
affected by climate change [3]. Flowering in some moringa varieties begins as early as
six months after planting [4]. By the fifth year, moringa trees can produce up to 630 fruits,
known as capsules, which are divided into three parts, can reach a length of 120 cm,
and mature three months after flowering [5]. A single tree can yield between 15,000 and
25,000 seeds per year [6], with a yield per hectare ranging from 1.18 to 2.5 t [7]. In Mexico,
46.25 ha of moringa were cultivated in 2024, with the highest production reported in the
states of Michoacdn and Puebla, with 36 and 16.25 ha, respectively [8]. Although moringa
cultivation has been primarily focused on leaf production [9] for the preparation of various
by products, such as flours, capsules, and teas, in recent years, moringa seeds have become
the subject of multiple studies owing to their potential applications as flocculants and
bioadsorbents [10], as well as their applications in food and medicine [11], with research
addressing their morphological and nutritional characteristics. In this regard, refs. [12,13]
reported that moringa seeds are round or triangular in shape, brown to dark brown in
color, and may exhibit three whitish wings, with approximate measurements of 1.05 cm
in length, 0.86 cm in diameter, and 0.22 g in weight. Refs. [4,13] stated that moringa
seeds contain 32.19% protein, 3.39% ash, 38.72% fat, 13.31% fiber, and 7.00% moisture.
Likewise, ref. [14] reported mineral contents of 6.82 mg 100 g~ Na, 763.49 mg 100 g~ K,
139.64 mg 100 g ! Ca, 302.51 mg 100 g~' Mg, 771.19 mg 100 g~! P, 1994.06 mg 100 g~ ' S,
9.97 mg 100 g~ ! Fe, 0.86 mg 100 g~! Cu, 5.20 mg 100 g~ ! Zn, 1.25 mg 100 g~! Mn, and
0.58 mg 100 g~ ! B. Ref. [15] indicated that the oil content of moringa seeds ranges between
30% and 45%, consisting mainly of oleic, linoleic, palmitic, stearic, and behenic fatty
acids [4]. Additionally, other studies have focused on developing the morphological and
nutritional profiles of moringa seeds [13,16,17].

It is noteworthy that the quality of moringa seeds can enhance the nutritional content
of foods in which they are incorporated [18]. The aforementioned studies do not report
the influence of external factors such as agronomic management, soil type, or climatic
conditions, which may affect the nutritional quality of moringa seeds.

In Mexico, both climatic conditions and soil types are highly diverse, and for moringa,
suitable environmental conditions are required for optimal development [19]. Therefore, it
is necessary to perform studies that incorporate techniques capable of analyzing the impact
of climatic and edaphic factors on widely consumed and representative food products. In
this context, research has been conducted on priority crops, such as habanero chili [20,21],
maize [22], coffee [23], and beans [24], involving the use of various chemical techniques
(e.g., proximate composition analysis and chromatography) coupled with multivariate
statistical methods (e.g., linear discriminant analysis and multiple factor analysis) to iden-
tify the most relevant variables for developing food profiles [25]. Similar research has
previously been conducted on other species. The present study integrates climatic and
edaphic variables with the proximate composition and fatty acid profile to provide a more
comprehensive understanding of the characteristics of moringa seeds. Elucidating the
relationships between edaphic and climatic factors and the nutritional composition and
fatty acid profile of moringa seeds will enable more precise recommendations and facilitate
the identification of new and targeted uses for moringa seeds in climates similar to those
evaluated in this study. Based on the above, the objective of this research was to apply
morphometric and chemometric techniques to analyze the influence of climate and soil

https:/ /doi.org/10.3390/seeds5020018


https://doi.org/10.3390/seeds5020018

Seeds 2026, 5, 18

30f21

type on the morphological, proximate, and fatty acid fingerprints of Moringa oleifera Lam.
seeds cultivated in different states of Mexico.

2. Materials and Methods
2.1. Study Area

The seeds were collected in the fall of 2022. Moringa producers with commercial
purposes were identified. A batch was obtained from each sampling point, from which
500 g (approximately 2000 seeds) was collected. In total, 500 g of moringa seeds was
collected from each M. oleifera population in the states of Chiapas, Michoacan, Nuevo Leén,
Oaxaca, Veracruz, and Yucatdn, Mexico (Figure 1). The aforementioned states were selected
based on their high moringa productivity in recent years [8]. The collected seeds were used
for commerecial sale, oil extraction, and plant propagation.
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Figure 1. Geographic location of the evaluated M. oleifera populations that were cultivated in
Mexico. CHI: Chiapas; MICHMP: Michoacdn; NL: Nuevo Leén; OAX: Oaxaca; VER: Veracruz;
YUCT: Yucatan. The crops were planted at the following densities: CHI (1250 plants ha~!), MICHMP
(1111 plants ha~1), NL (10,000 plants ha~!), OAX (10,000 plants ha~!), VER (1111 plants ha='), and
YUCT1 (400 plants ha~1). The crops were not fertilized or irrigated.

The edaphoclimatic conditions of the different M. oleifera producing states are shown
in Table 1.

Table 1. Edaphoclimatic conditions of M. oleifera populations cultivated in Mexico. Summer 2022.

State Climate Average Minimal Maximum Altitude Prec * Dominant Humidity
Type Temp (°C)  Temp (°C)  Temp (°C) (msnm) (mm) Soil Range
CHI Awo 25.32 18.84 31.80 529 985 Leptosol Subhumid (w0)
MICHMP  BS1(h)w 27.29 19.77 34.80 265 717 Vertisol Arid (BS0)
NL BS1hw 21.83 15.18 28.48 478 521 Vertisol Semiarid (BS1)
OAX BS1(h")w 20.26 11.99 28.53 1518 688 Regosol Subhumid (w0)
VER Awo 25.23 19.53 30.93 68 1143 Vertisol Subhumid (w1)
YUC1 Aw1(x) 25.34 18.46 32.22 29 1178 Leptosol Subhumid (w1)

CHI: Chiapas; MICHMP: Michoacdn; NL: Nuevo Leén; OAX: Oaxaca; VER: Veracruz; YUC1: Yucatan.
Temp: temperature; Prec *: precipitation; Awo: warm subhumid climate with lower humidity; BS1(h")w: warm
semiarid (steppe) climate; BSThw: temperate semiarid or semidry climate with summer rains; Aw1(x’): subtype of
warm subhumid (tropical) climate with summer rains.
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2.2. Morphological Characterization of M. oleifera

A total of 100 seeds were randomly selected from each sampled population. The
selected seeds met the following criteria: clean, complete, mature, healthy, and low moisture
content (Figure 2).

Figure 2. Moringa oleifera seeds collected in different states of Mexico. (A): CHI (Chiapas);
(B): MICHMP (Michoacén); (C): NL (Nuevo Leén); (D): OAX (Oaxaca); (E): VER (Veracruz); and
(F): YUC1 (Yucatan).

The morphological traits evaluated included seed length and width, measured with
a digital caliper. Subsequently, seed and kernel weights were determined using an OHAUS
Pioneer analytical balance. The kernel-to-seed weight ratio (%) was calculated using
Equation (1):
almond weight x 100

% of almond in the seed% = -
seed weight

)

2.3. Preparation of M. oleifera Seed Flour

To obtain the proximate and fatty acid profile, moringa seed flour was prepared as
follows: (1) the seed kernels were manually extracted and dried in a forced-air oven at
45 °C for 48 h; (2) the dried kernels were ground using a plant tissue grinder (Internacional
Brand, Model LI-32, Xalapa, Mexico); (3) and the resulting flour was stored in airtight bags
at a temperature of 22 £ 5 °C until analysis.

2.4. Proximate Analysis of M. oleifera Seed Flour

The proximate composition was determined according to the methods of the As-
sociation of Official Analytical Chemists (A.O.A.C.) [26]: moisture (method 925.04), ash
(method 940.05), fat (method 960.39), and protein (method 978.02). All determinations
were performed in triplicate. The analyses were carried out at the Food Laboratory of the
Colegio de Postgraduados, Campus Veracruz.

2.5. Fatty Acid Profile of M. oleifera Seeds

For the esterification of fatty acids, the method established in Commission Regulation
(EEC) No. 2568/91 (1991) was used, with modifications. First, 25 mg of oil was weighed
into an Eppendorf tube, and 200 puL of n-hexane and 50 pL of a 2 N potassium hydroxide
solution in methanol were added. The mixture was vortexed for 1 min and allowed to stand
in an ice bath to prevent the loss of volatile fatty acids. Next, 0.13 g of sodium hydrogen
sulfonate was added, and the mixture was resuspended through vortexing and centrifuged
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at 14,000 rpm for 5 min. Subsequently, 100 pL of the supernatant was transferred to a 2 mL
amber vial. To this, 400 pL of n-hexane was added while vortexing.

The esterified sample was injected into a gas chromatograph (78900B GC System;
Agilent Technologies, Santa Clara, CA, USA) coupled to a mass spectrometer (MSD5977B;
Agilent Technologies) as a detector. The sample (1 pL) was injected using an autosampler
(ALS7693; Agilent Technologies) at 250 °C. For fatty acid separation, an HP-88 column
(Agilent J&W, Santa Clara, CA, USA) was used, measuring 100 m x 0.250 mm X 0.20 pm
film thickness. The following conditions were used: temperatures of 250 °C, 230 °C, and
150 °C for the GC-MS interface, the power source, and the quadrupole, respectively. The
ionization energy was 70 EV.

The temperature ramp applied to the oven was as follows: an initial temperature of
50 °C for 1 min, an increase to 160 °C at 20 °C/min, an increase to 198 °C at 1 °C/min,
and finally an increase to 230 °C at 5 °C/min, which was held for 15 min. Helium was
used as the carrier gas at a flow rate of 1 mL/min, and the injection was performed in split
mode (1:25 ratio). The recording and integration of chromatographic peaks were performed
using Qualitative Analysis B.07.00 software (MassHunter Workstation Software, Agilent
Technologies, https:/ /www.selectscience.net/product/masshunter-workstation-software,
(accessed on 3 March 2026)). Fatty acid methyl esters were identified through comparison
with the retention times of a standard fatty acid mixture (Supelco 37 component FAME
Mix, Inc., Bellefonte, PA, USA) and using the NIST Mass Spectral Search library (for the
NIST/EPA /NIH Mass Spectral Library, Version 2.2). Each fatty acid was reported as
a percentage of the total fatty acids identified in each analyzed sample. The results were
expressed as the relative percentage of fatty acids (%) using Equation (2):

Peak area of the compound
Total area of all peaks

Fat% = x 100 )

2.6. Statistical Analysis

The statistical analysis strategy of the data consisted of the following steps: (1) A general
analysis was performed using descriptive statistics, analysis of variance (ANOVA), and
Tukey’s test at & = 5% to determine significant differences between length, width, weight,
almond weight, % of almond with respect to the total weight of the seed, moisture, lipids,
ash, protein and fatty acid content according to the factors of state, climate type and soil
type. (2) The representation of morphological, proximate, and fatty acid content results for
each factor (state, climate type, and soil type) was performed using the heatmap technique.
(8) Morphological, proximate, and fatty acid profiles were developed and validated using
the stepwise procedure of the Linear Discriminant Analysis (LDA) method according
to each factor considered (state, climate type, and soil type) [25]. LDA assesses new
synthetic variables called “discriminant functions,” which are linear combinations of the
selected principal components, allowing a better separation of the centers of gravity of
the considered groups [25]. Finally, correlations between morphology, proximate, and
lipid profile data were determined using the vector correlation coefficient (Rv) [27]. This
technique enables determining the proximity between matrices of quantitative variables or
configurations resulting from multivariate analysis based on the following interpretation:
an Rv value closer to 1 indicates greater similarity between two matrices.

Statistical analyses were performed using InfoStat software, version 2020 (Ar-
gentina) [28], and XLSTAT software, version 2020 (Addinsoft, New York, NY, USA) [29].

https:/ /doi.org/10.3390/seeds5020018


https://www.selectscience.net/product/masshunter-workstation-software
https://doi.org/10.3390/seeds5020018

Seeds 2026, 5, 18

6of 21

3. Results
3.1. General Analysis: Morphology and Proximate Chemistry

Table 2 shows the probability values for the determinations of morphology and proxi-
mate composition by factor. It was observed that all morphological variables were signifi-
cant (p < 0.05) for the state factor. For the climate type factor, only the variable % of almond
in the seed was significant, while for the soil type factor, only the seed length variable was
significant (p < 0.01). In the case of the proximate determinations, it was found that all
variables were significant (p < 0.01).

Table 2. Probability values for the factors state, climate type, and soil type for morphological and
proximate composition data.

Morphological Analysis

State Climate Type Soil Type
Variable p-Value p-Value p-Value
Length (cm) <0.0001 <0.0001 <0.0001
Width (cm) <0.0001 <0.0001 0.069
Seed weight (g) <0.0001 <0.0001 0.203
Weight of almonds (g) <0.0001 <0.0001 0.341
% of almond in the seed <0.0001 0.905 0.320
Proximate Analysis
State Climate Type Soil Type
Variable p-Value p-Value p-Value
Fat <0.0001 <0.0001 <0.0001
Ash <0.0001 <0.0001 <0.0001
Moisture <0.0001 <0.0001 <0.0001
Protein <0.0001 <0.0001 <0.0001
Fiber 0.003 0.001 0.015

Table 3 shows the mean values for the morphological variables by analyzed factor.
It was observed that the state of Veracruz produced the seeds with the greatest (p < 0.05)
length (1.309 cm). However, in the states of Chiapas and Veracruz, the seeds had greater
(p < 0.05) length, while the highest seed weight and kernel weight were found in the seeds
from Chiapas. For the % of almond in the seed, it was found that the states of Michoacén,
Nuevo Leén, and Oaxaca (71.780, 72.533, and 73.029, respectively) produced seeds with
these characteristics. Regarding the climate type factor, it was observed that 163 seeds
with the highest values for length (1.209 cm), width (1.114 cm), weight (0.425 g), and
kernel weight (0.298 g) were found in the Awo climate, while the BS1(h")w and BS1hw
climate types favored the growth of seeds with a higher % of kernel (72.675 and 72.711%,
respectively). In the case of the soil type factor, it was found that seeds with the greatest
(p < 0.05) length, width, seed weight, and kernel weight were obtained in Leptosol and
Vertisol soils (1.130 cm, 1.033 cm, 0.347 g, and 0.247 g, respectively), while in Regosol soil,
moringa seeds with a high % of almond in the seed (71.768%) were produced.

Table 4 shows the mean results of the proximate composition variables by analyzed
factor. For the state factor, it was found that moringa seeds with the highest (p < 0.05) fat
(45.483, 42.983, and 42.117%, respectively) and ash (3.440, 3.261, and 3.028%, respectively)
contents were obtained in the states of Veracruz, NL, and Yucatan. In the case of moisture
content, the highest values of this variable were observed in the states of Chiapas and
Michoacén (5.316 and 5.250%, respectively). However, the highest (p < 0.05) protein and
fiber contents were obtained in seeds produced in the state of Nuevo Leén, with values
of 37.429 and 22.927%, respectively. Regarding the climate type factor, the highest fat

https:/ /doi.org/10.3390/seeds5020018


https://doi.org/10.3390/seeds5020018

Seeds 2026, 5, 18

7 of 21

content (p < 0.05) was found in the Aw1(x’) climate, with a percentage of 45.489%. For
ash content, the highest (p < 0.05) values were found in the Aw1(x’), Awo, and BS1hw
climates (3.038, 3.144, and 2.965%, respectively). Regarding moisture content, the seeds
produced in the BS1 (h")w climate showed a significantly higher value (5.543%) compared
to those produced in the other climates. However, the highest protein and fiber contents
were found in seeds produced in the BS1hw climate, with contents of 41.801 and 24.220%,
respectively. Regarding the soil type factor, it was observed that seeds produced in Vertisol
and Regosol soils had the highest (p < 0.05) fat (43.250%) and ash (3.413%) contents,
respectively. Conversely, moringa seeds produced in Leptosol soil had higher (p < 0.05)
moisture (5.029%), protein (37.686%), and fiber (20.936%) contents. The high protein content
of moringa seed meal makes it suitable for use as animal feed and also for reducing water
turbidity in areas where water availability for agriculture is limited. Seeds produced in the
Aw1(x') climate type exhibited higher fat content. Geographic regions with this climate
type can achieve high oil yields and promote 0il processing for biofuel production.

Table 3. Mean values of morphological variables for the factors state, climate type, and soil type.

Factor: State

. . Weight of % of Almond in
State Seed Length (cm) Width (cm) Seed Weight (g) Almonds (g) the Seed
CHI 1.230 +0.01 4 1.121 + 0.007 P 0.427 4+ 0.005 € 0.300 + 0.003 4 69.381 £ 0452
VER 1.309 £0.01 € 1.109 £ 0.007 b 0.377 £ 0.005 ® 0.290 + 0.003 4 70.400 + 045 €
MICHMP 1.136 £ 0.01 € 1.003 £ 0.007 2 0.326 £ 0.005? 0.235 £ 0.003 ¢ 71.780 =+ 0.45 <d
NL 1.105 £ 0.01 b 1.008 £0.0072 0318 +£0.005%  0.231 +£0.003>¢ 72,533 £ 0.45¢
OAX 1.076 £ 0.01 2P 0.985 + 0.007 @ 0.319 + 0.005 @ 0.232 =+ 0.003 be 73.029 4 0.45 4
YUC1 1.049 +0.012 1.000 + 0.007 @ 0.315 £ 0.005? 0.220 £ 0.003 2 69.840 =+ 0.45 bc
Factor: Climate Type
. . Weight of % of Almond in
Category Seed Length (cm) Width (cm) Seed Weight(g) Almonds (g) the Seed
Awo 1.209 £ 0.01 € 1.114 + 0.007 b 0.425 + 0.005 ® 0.298 + 0.004 © 70.252 + 0417 @
BS1(h")w 1.115 £ 0.07° 0.996 + 0.005 @ 0.324 + 0.003 @ 0.235 & 0.003 P 72.675 4+ 0.281 P
BS1hw 1.085 + 0.01° 1.002 £ 0.007 2 0.315 £ 0.0052 0.229 4 0.0042>  72.711 £ 0.417P
Awl(x") 1.029 £0.012 0.994 + 0.007 @ 0.312 + 0.005 @ 0.219 + 0.004 @ 70.017 + 0417 @
Factor: Soil type
. . Weight of % of Almond in
Category Seed Length (cm) Width(cm) Seed Weight(g) Almonds (g) the Seed
Leptosol 1.130 + 0.005 P 1.033 £0.003 2 0.347 + 0.002 @ 0.247 + 0.002 @ 71.236 + 0.189 2
Vertisol 1.130 £ 0.005 P 1.033 £0.003 2 0.347 + 0.002 @ 0.247 + 0.002 @ 71.236 + 0.189 @
Regosol 1.071 £0.0132 1.016 £ 0.009 2 0.339 + 0.006 @ 0.242 + 0.004 @ 71.768 + 0.499 @
CHI: Chiapas; MICHMP: Michoacan; NL: Nuevo Le6n; OAX: Oaxaca; VER: Veracruz y YUC1: Yucatén. Different
letters in the column indicate statistically significant differences (Tukey p < 0.05).
Table 4. Mean values of proximate composition variables for the factors state, climate type, and
soil type.
Factor: State
State Fat Ash Moisture Protein Fiber
CHI 36.450 £0.727® 2356 +0.072% 5316 +0.0619 36540 £0.132¢  19.338 +0.688
VER 45.483 £ 0.727 P 3.4400.072 4 4136 £0.061°  28.1124+0.1322 18.829 + 0.688
MICHMP 42,983 +0.727° 2.8320.072° 5.250 4 0.061 4 30.136 + 0.132° 18.798 £+ 0.688 2
NL 33.383 £0.727 2 3.2610.072 <d 2.999 + 0.061 2 37429 £0.132 ¢ 22.927 £ 0.688 ©
OAX 35.033 £ 0.727 2 3.0280.072 be 4.950 £ 0.061 © 34.823 £0.132°¢ 22.165 + 0.688 b¢
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Table 4. Cont.

Factor: State

State Fat Ash Moisture Protein Fiber
YUC1 42117 + 0.727 P 2.2500.072 @ 4192 4+ 0.061 P 29.782 4+ 0.132P 21.659 + 0.688 abc
Factor: Climate Type
Werther Fat Ash Moisture Protein Fiber
Awo 39.822 + 0.641 P 3.144 + 0.064 P 4.429 + 0.054 32.484 +0.117° 20.121 £ 0.607 @
BS1(h")w 37.322 4+ 0.641° 2.536 + 0.064 2 5.543 + 0.054 € 34508 +0.117 ¢ 20.090 £ 0.607 @
BS1hw 27.722 4 0.8732  2.965 + 0.087 P 3292 +£0.073%  41.801 +0.159 4 24.220 + 0.827 P
Awl(x) 45.489 + 1.056 € 3.038 + 0.105 3.305 £+ 0.089 2 25.726 +0.192 2 22.442 + (0.999 @b
Factor: Soil Type
Soil Fat Ash Moisture Protein Fiber
Leptosol 34.217 £ 0.727 2 2.133 +0.072 2 5.029 4+ 0.061 € 37.686 +0.132 ¢ 20.936 + 0.688 ab
Vertisol 43.250 + 0.514 P 3.217 + 0.051 P 3.849 4+ 0.043 P 29.258 4+ 0.094 @ 20.426 4+ 0.486 @
Regosol 35.300 + 1.0272  3.413 +0.103P 3.549 +0.086%  33.945+0.187P 23.793 + 0.973 P
CHI: Chiapas; MICHMP: Michoacan; NL: Nuevo Leén; OAX: Oaxaca; VER: Veracruz; YUC1: Yucatan. Different
letters in the column indicate statistically significant differences (Tukey p < 0.05).
3.2. General Analysis: Fatty Acids
Table 5 shows the probability values for fatty acids analyzed by factor. It was observed
that for the factors state and climate, all fatty acids were significant (p < 0.05), except hene-
icosanoic acid. For the soil type factor, it was found that the contents of cis-7-hexadecenoic
acid, heneicosanoic acid, docosanoic acid (behenic acid), and cis-11-hexadecenoic acid were
similar (p > 0.05).
Table 5. Probability values for the factors state, climate type, and soil type for fatty acid data.
Climate Soil Climate Soil
State Type Type State Type Type
Fatty Acid p-Value p-Value p-Value Fatty Acid p-Value p-Value p-Value
Dodecanoic acid <0.0001 <0.0001 <0.0001 trans-13-Octadecenoic acid <0.0001  <0.0001 0.002
Tetradecanoic acid <0.0001 <0.0001 <0.0001 cis-9,cis-12-Octadecadienoic acid  <0.0001  <0.0001  <0.0001
cis-11-Tetradecenoic acid 0.001 0.001 0.022 cis-10-Nonadecenoic acid <0.0001 <0.0001 <0.0001
Pentadecanoic acid <0.0001  <0.0001 0.001 Eicosanoic acid <0.0001 <0.0001 <0.0001
Hexadecanoic acid <0.0001  <0.0001  <0.0001 cis-9,cis-12,cis-15- <0.0001  <0.0001  <0.0001
Octadecatrienoic acid
cis-7-Hexadecenoic acid <0.0001  <0.0001 0.300 cis-11-Eicosenoic acid <0.0001 0.002 <0.0001
cis-9-Hexadecenoic acid <0.0001 <0.0001 <0.0001 cis-9-Eicosenoic acid 0.030 0.049 0.030
cis-11-Hexadecenoic acid <0.0001  <0.0001 0.122 Heneicosanoic acid 0.833 0.789 0.718
Heptadecanoic acid <0.0001  <0.0001  <0.0001 Docosanoic acid <0.0001  <0.0001 0.233
cis-10-Heptadecenoic acid ~ <0.0001  <0.0001  <0.0001 cis-13-Docosenoic acid <0.0001 0.021 <0.0001
Octadecanoic acid <0.0001 <0.0001 <0.0001 Tricosanoic acid <0.0001 <0.0001 <0.0001
cis-9-Octadecenoic 0.006 0.027 0.003 Tetracosanoic acid <0.0001 <0.0001 <0.0001

Table 6 shows the mean values of fatty acids for the state factor. It was found that
the fatty acids with higher concentrations were oleic, behenic, stearic, and palmitic acids,
while the concentrations of the remaining fatty acids were close to 0%. It was observed that
the fatty acid with the highest concentration in all moringa flours was oleic acid, which
was found in greater proportion in the CHI sample (70.11%) and in the lowest amount in
the OAX sample (67.80%). The second most abundant fatty acid was behenic acid, with
7.11% and 8.03% for the CHI and OAX samples, respectively. Stearic acid was found in the
highest amount in the OAX sample (7.26%) and in the lowest amount in the CHI sample
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(6.03%). Palmitic acid was the fourth most important fatty acid, with the MICHMP and
VER samples showing the lowest (5.51%) and highest (6.35%) contents, respectively.

Table 6. Mean and standard deviation values of fatty acids for the state factor.

Fatty Acid VER NL CHI OAX MICHMP YUC1
Dodecanoic acid 0.020 £ 0.01 ¢ 0.012 + 0.01 @b 0.011 + 0.01 2 0.010 £+ 0.01 2 0.013+0.01° 0.010 £0.012
Tetradecanoic acid 0.158 4 0.01 ¢ 0.103 4+ 0.01 P 0.104 4+ 0.01P 0.090 4 0.012 0.090 4 0.012 0.087 4 0.012
cis-11-Tetradecenoic acid 0.008 +0.01 2 0.014 + 0.01° 0.010 + 0.01 2P 0.008 £ 0.012 0.010 + 0.01 2P 0.010 +0.012
Pentadecanoic acid 0.012 + 0.00 @ 0.012 4+ 0.00P 0.014 £ 0.00 ¢ 0.011 4 0.00 @ 0.011 + 0.002 0.010 4 0.002
Hexadecanoic acid 6.355 + 0.090 P 5.992 4+ 0.090 6.194 4+ 0.090®  6.280 4+ 0.090 P 5.517 4 0.090 2 6.112 4 0.090
cis-7-Hexadecenoic acid 0.089 £ 0.01 P 0.100 £ 0.01 ¢ 0.087 £ 0.01 P 0.075 £+ 0.012 0.077 £ 0.012 0.074 +0.012
cis-9-Hexadecenoic acid 1.346 £ 0.0222 1.341 +0.0222 1.623 £0.022¢ 1556+ 0.022P¢  1.510 + 0.022P 1.501 + 0.022 P
cis-11-Hexadecenoic acid 0.044 £ 0.01 ¢ 0.039 + 0.01° 0.041 & 0.01 be 0.034 £0.012 0.034 £0.012 0.033 £0.012
Heptadecanoic acid 0.092 + 0.002 € 0.072 4+ 0.0022>  0.070 & 0.0022>  0.078 + 0.002 P 0.070 + 0.002 2 0.073 + 0.002 2P
cis-10-Heptadecenoic acid ~ 0.043 + 0.001 ¢ 0.0214+0.0012  0.025+0.0013>  0.027 £ 0.001 P 0.029 + 0.001 b 0.026 =+ 0.001 2P

Octadecanoic acid
cis-9-Octadecenoic
trans-13-Octadecenoic
acid
cis-9,cis-12-
Octadecadienoic acid
cis-10-Nonadecenoic acid
Eicosanoic acid
cis-9,cis-12,cis-15-
Octadecatrienoic acid
cis-11-Eicosenoic acid
cis-9-Eicosenoic acid
Heneicosanoic acid
Docosanoic acid
cis-13-Docosenoic acid
Tricosanoic acid
Tetracosanoic acid

7.002 + 0.086 b¢
68.569 + 0.329 ab

0.092 + 0.002 P

0.601 + 0.007 2

0.067 + 0.001 P
4534 4+ 0.033 P

0.115 + 0.002 2

2.497 + 0.049 ¢
0.097 + 0.003 2b
0.050 + 0.003
7.181 £ 0.108
0.099 + 0.002 b
0.063 + 0.002 b
0.868 + 0.018

6.624 + 0.086 P
69.362 + 0.329 ab

0.073 £ 0.002 2

0.717 + 0.007 4

0.026 + 0.001 2
4428 +0.033P

0.153 £ 0.002 ©

2302 + 0.049
0.100 =+ 0.003 2P
0.052 + 0.003 2
7.266 + 0.108 2P
0.103 4 0.002 ©
0.060 + 0.002 ®
1.030 + 0.018®

6.036 + 0.086
70.119 + 0.329 b

0.080 + 0.002 2

0.681 + 0.007 ©

0.030 £ 0.001 2
4.019 £0.033 @

0.145 + 0.002 be

2.274 + 0.049 be
0.101 = 0.003 2P
0.047 + 0.003 2
7.118 £ 0.108
0.092 + 0.002 ®
0.048 + 0.002 2
1.028 +0.018®

7.269 + 0.086 €
67.800 £ 0.329 @

0.071 £ 0.002 #

0.699 + 0.007 <4

0.030 + 0.001 2
4515 4+ 0.033 P

0.203 + 0.002 4

2.057 + 0.049 @b
0.091 + 0.003 @b
0.053 + 0.003
8.030 + 0.108
0.075 + 0.002
0.045 + 0.002
0.893 +0.018 2

6.758 + 0.086 P
69.164 + 0.329 ab

0.080 £ 0.002 #

0.644 + 0.007 P

0.025 + 0.001 2
4439 4 0.033 P

0.138 £ 0.002 ®

2.437 +0.049
0.105 4 0.003
0.050 =+ 0.003 2
7.761 + 0.108 b¢
0.101 =+ 0.002 ®
0.044 + 0.002 2
0.893 4 0.018 2

6.957 =+ 0.086 b¢
68.655 + 0.329 ab

0.075 £ 0.002 2

0.684 =+ 0.007

0.024 £ 0.001 2
4376 +0.033 P

0.206 + 0.002 4

1.962 £ 0.049 @
0.088 £ 0.003 2
0.051 £ 0.003 2
7.923 +0.108 ©
0.079 £ 0.002 2
0.049 +0.002 2
0.935 +0.018 2

CHI: Chiapas; MICHMP: Michoacédn; NL: Nuevo Le6n; OAX: Oaxaca; VER: Veracruz; YUC1: Yucatan. Different
letters in the same row indicate statistically significant differences (Tukey p < 0.05).

Table 7 shows the mean values of fatty acids for the climate type factor. It was observed
that the fatty acids with the highest concentrations were oleic, behenic, stearic, and palmitic
acids, while the concentrations of the other fatty acids were close to 0%. It was found
that oleic acid had the lowest (67.16%) and highest (69.42%) values in the Aw1(x’) and
BS1hw climates, respectively. Behenic acid reached its highest production (8.05%) in the
Aw1(x’) climate and the lowest (7.25%) in the Awo climate. Stearic acid was the third most
abundant fatty acid, being predominant (7.77%) in the Aw1(x’) climate and lowest in the
BS1hw climate. The palmitic acid content ranged from 5.71% to 6.55% in the BS1 (h’) w and
Awo climates, respectively. This fatty acid was the fourth most abundant in the moringa
seed flour samples.

Table 7. Mean and standard deviation values of fatty acids for the climate type factor.

Fatty Acid Awo BS1hw Aw1(x") BS1(h)w
Dodecanoic acid 0.016 + 0.00P 0.008 + 0.001 @ 0.015 + 0.001 P 0.009 + 0.00 2
Tetradecanoic acid 0.140 + 0.001 @ 0.085 + 0.001 P 0.123 +0.02 ¢ 0.072 + 0.001 @
cis-11-Tetradecenoic acid 0.008 + 0.001 @ 0.014 + 0.001 P 0.007 + 0.001 @ 0.010 + 0.001 @
Pentadecanoic acid 0.013 = 0.00 be 0.013 +0.00¢ 0.009 +0.002 0.011 & 0.00P

Hexadecanoic acid
cis-7-Hexadecenoic acid
cis-9-Hexadecenoic acid
cis-11-Hexadecenoic acid

Heptadecanoic acid

5718 £ 0.079 2
0.076 £ 0.001 2
1.618 + 0.020 €
0.034 £ 0.001 2
0.065 £ 0.001 2

6.473 +0.130 P
0.074 + 0.002 2
1.331 +0.0322
0.035 + 0.001 @b
0.090 + 0.002 °

6.193 + 0.108 P
0.098 =+ 0.001 ©
1.449 + 0.027 @b
0.038 + 0.001 P
0.068 + 0.002 2

6.556 + 0.079 P
0.087 + 0.001 P
1.454 4+ 0.020 P
0.043 + 0.001 ©
0.087 + 0.001 P
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Table 7. Cont.

Fatty Acid Awo

BS1hw

Aw1(x’)

BS1(h')w

0.036 £ 0.001 ©

0.015 £ 0.001 2

0.037 £ 0.002 ¢

0.022 4+ 0.001 P

cis-10-Heptadecenoic acid
Octadecanoic acid
cis-9-Octadecenoic
trans-13-Octadecenoic acid
cis-9,cis-12-Octadecadienoic acid
cis-10-Nonadecenoic acid
Eicosanoic acid
cis-9,cis-12,cis-15-
Octadecatrienoic acid
cis-11-Eicosenoic acid
cis-9-Eicosenoic acid
Heneicosanoic acid
Docosanoic acid
cis-13-Docosenoic acid
Tricosanoic acid
Tetracosanoic acid

6.606 + 0.075 2P
69.226 4+ 0.290 b
0.073 + 0.002 @b
0.689 =+ 0.006 P
0.014 + 0.001 @
4.293 +0.029 2

0.169 + 0.002 P

2.236 + 0.043 @b
0.102 + 0.003 P
0.050 + 0.003 2
7.830 + 0.095 b
0.090 + 0.002 P

6.472 +0.103 2
69.424 + 0.395b
0.066 + 0.003 2
0.762 + 0.009 ©
0.015 + 0.002 @
4281 +0.0402

0.185 + 0.002 ©

2.101 + 0.058 ab
0.096 + 0.004 @b
0.052 + 0.004 2
7.334 4+ 0.129 2
0.092 + 0.003 P
0.058 + 0.002 b 0.055 + 0.002 ® 0.060 + 0.003 P 0.040 + 0.002 2
0.921 + 0.016 P 1.084 4+ 0.022 © 0.829 + 0.026 @ 0.946 + 0.016 °

Different letters in the same row indicate statistically significant differences (Tukey p < 0.05).

7.771 +£0.124 ¢
67.167 + 0.478 2
0.080 + 0.003 b¢
0.649 + 0.011 @b
0.051 + 0.002 P
4.744 + 0.049 P

0.207 + 0.003 4

1.984 + 0.0712
0.080 + 0.005 2
0.054 + 0.005 2
8.055 + 0.156 P
0.075 + 0.004 2

6.850 + 0.075 P
68.631 & 0.290 b
0.085 =+ 0.002 ©
0.646 + 0.006 @
0.057 + 0.001 P
4.388 + 0.029 @

0.147 + 0.002 @

2.296 + 0.043 P
0.094 + 0.003 @b
0.050 + 0.003 2
7.250 + 0.095 @
0.088 + 0.002 P

Table 8 shows the mean values of fatty acids for the soil type factor. It was observed
that the fatty acids with the highest concentrations were oleic, behenic, stearic, palmitic,
and arachidic acids, while the concentrations of the other fatty acids were close to 0%. Oleic
acid was found in greater concentration in Leptosol soil (70.10%), whereas in Regosol soil it
showed a lower content (67.18%). Behenic acid presented its highest concentration (7.81%)
in Regosol soil and the lowest (7.48%) in Leptosol soil. The stearic acid content ranged from
6.11% to 7.07% in Leptosol and Vertisol soils, respectively. Palmitic acid had the lowest
concentration (5.87%) in Leptosol soil and the highest (6.79%) in Regosol soil. In the case
of arachidic acid, its concentration was lower (4.05%) in Leptosol soil compared to that
obtained (4.50%) in Regosol soil.

Table 8. Mean and standard deviation values of fatty acids for the soil type factor.

Fatty Acid

Regosol

Vertisol

Leptosol

Dodecanoic acid
Tetradecanoic acid
cis-11-Tetradecenoic acid
Pentadecanoic acid
Hexadecanoic acid
cis-7-Hexadecenoic acid
cis-9-Hexadecenoic acid
cis-11-Hexadecenoic acid
Heptadecanoic acid
cis-10-Heptadecenoic acid
Octadecanoic acid
cis-9-Octadecenoic
trans-13-Octadecenoic acid
cis-9,cis-12-Octadecadienoic acid
cis-10-Nonadecenoic acid
Eicosanoic acid
cis-9,cis-12,cis-15-Octadecatrienoic acid
cis-11-Eicosenoic acid

0.012 + 0.001 ©
0.123 + 0.002 P
0.007 £ 0.001 @
0.011 £+ 0.002
6.797 + 0.127 °
0.083 £ 0.002 @
1.401 £+ 0.032 2
0.038 + 0.001 @
0.090 + 0.002 ©
0.032 + 0.002 b
7.587 +0.121 ¢
67.186 + 0.465 2
0.074 + 0.003 @
0.696 + 0.010 P
0.050 + 0.002 ©
4.648 + 0.047 P
0.210 + 0.003
1.976 + 0.069

0.016 £ 0.00
0.123 + 0.001 P
0.010 + 0.001 @b

0.011 £+ 0.002
6.034 =+ 0.090 2
0.085 + 0.001 @
1.355 + 0.016 2
0.038 £ 0.001 @
0.082 + 0.001 P
0.034 + 0.001 b
7.077 + 0.060 P
68.550 + 0.233 b
0.083 + 0.002 P
0.641 + 0.005 @
0.045 + 0.001 ®
4573 +0.024 °
0.146 + 0.001 @
2.355 + 0.034 P

0.008 =+ 0.001 @
0.069 =+ 0.001 @
0.012 + 0.001 ®
0.013 £ 0.00P
5.874 + 0.090 @
0.083 £ 0.001 @
1.633 + 0.022 b
0.036 =+ 0.001 @
0.061 £ 0.002 @
0.017 =+ 0.001 2
6.111 + 0.086 @
70.100 + 0.329 €
0.071 &+ 0.002 @
0.721 + 0.007 P
0.007 + 0.001 @
4.058 + 0.033 2
0.175 -+ 0.002 b
2.132 +£0.049 2
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Table 8. Cont.

Fatty Acid

Regosol

Vertisol

Leptosol

cis-9-Eicosenoic acid
Heneicosanoic acid

Docosanoic acid

cis-13-Docosenoic acid

Tricosanoic acid

0.082 + 0.005 2
0.054 + 0.005 2
7.818 + 0.152 2
0.072 + 0.004 @
0.059 + 0.003 b

0.096 + 0.002 b
0.051 + 0.002 2
7.549 + 0.076 @
0.097 + 0.002 P
0.058 -+ 0.001 b

0.100 =+ 0.003 b
0.049 =+ 0.003 2
7.485 + 0.108 @
0.090 + 0.002 P
0.043 =+ 0.002 2

Tetracosanoic acid

0.892 £0.026 2 0.891 £0.0132 1.052 4+ 0.018

Different letters in the same row indicate statistically significant differences (Tukey p < 0.05).

3.3. Morphological, Proximate, and Fatty Acid Profiles Through Linear Discriminant Analysis

Figure 3 shows the morphological profile as a function of the analyzed factors. It was
observed that in the state of Veracruz, seeds with greater weight, length, and width were
produced, unlike those from the states of Michoacan, Nuevo Leén, Oaxaca, and Yucatdn,
where seeds tended to have a higher percentage of kernel per seed, while in Chiapas, the
kernels had a greater weight (Figure 3A).

Length,

od Weight
%

Rego'sol soil

F1(97.65 %)

(lcHi

Weigth almod

Length

Lepto@

h almod

Weigth almod

% of hihelin the s
B MW

WHCHMP-

Yuc % NL
O OAX

VER

F2 (2.63%)
F2 (2.01 %)

F2 (20.24 %)

n the se,

o
F1(97.17 %) F1(79.76 %)

Figure 3. Morphological profile via linear discriminant analysis: (A) state factor; (B) climate type
factor; and (C) soil type factor. Overlapping ellipses indicate that the values are similar. CHI: Chiapas;
MICHMP: Michoacén; NL: Nuevo Le6n; OAX: Oaxaca; VER: Veracruz; YUC: Yucatan.

In the case of climate type, it can be observed that seeds with greater weight, length,
and width were produced in the Awo climate, while seeds with a higher percentage of
kernel and greater kernel weight are found in the BS1 (h’) w and BS1hw climates (Figure 3B).

According to soil type, seeds with greater width, weight, and length were produced in
Vertisol and Leptosol soils, unlike those cultivated in Regosol soil, which were characterized
by having higher percentages of kernel both in proportion and weight (Figure 3C).

The information presented in Figure 3 shows important aspects of the factor loadings:
for the state factor, the materials collected in the states of Michoacan, Yucatan, Nuevo Ledn,
and Oaxaca showed a higher percentage of kernel weight relative to seed weight, unlike
the sample collected in Veracruz. The sample from the state of Chiapas showed the greatest
kernel weight. For the seed length variable, the Veracruz population stood out for its size,
while those from Yucatdn and Oaxaca had the shortest lengths.

The climate factor significantly influenced seed morphology. The Awo climate was
associated with greater seed width and weight, while the BS1 (h")w climate was associated
with greater kernel weight (Figure 3B). Soil is a potential factor in seed morphology: Regosol
soil influenced a higher percentage of kernel weight relative to seed weight.

The factor loadings of soil condition and climate influenced the proximate chemical
composition of moringa seeds (Figure 4). Samples OAX and CHI showed higher protein
content (F2 discrimination) and lower fat content. Samples VER and YUC had a higher
percentage of fat and a lower percentage of protein. Moisture content was higher in samples
MICHMP and CHI and lower in sample NL (Figure 4B). Regarding climate, the BS1hw
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climate was identified as having a greater association with moisture and fat content, while
the Aw1(x’) climate was associated with higher moisture and fat content (F1 discrimination)
(Figure 4B). Leptosol soil influenced higher protein and moisture contents. Ash content
was higher in Vertisol soil (Figure 4C).

Regosol/soil Vertisol
Leptosol sojl

F2(17.11 %)
F2 (19.43 %)
F2 (0.00 %)

F1(79.37 %) F1(79.53 %) F1 (100.00 %)

Figure 4. Proximate chemical profile via linear discriminant analysis: (A) state factor; (B) climate type
factor; and (C) soil type factor. CHI: Chiapas; MICHMP: Michoacédn; NL: Nuevo Leén; OAX: Oaxaca;
VER: Veracruz; YUC: Yucatan.

Figure 5 shows the fatty acid profile as a function of the analyzed factors. For the
state factor, the predominant fatty acids in moringa seeds from Yucatdn and Oaxaca were
mainly a-linolenic acid, behenic acid, heneicosanoic acid, palmitoleic acid, and linoleic
acid. For the states of Chiapas and Michoacén, the predominant fatty acids were cis-9-
eicosenoic acid, cis-7-hexadecenoic acid, cis-13-docosenoic acid (erucic acid), and oleic
acid, while in Nuevo Le6n, the predominant fatty acids were cis-11-tetradecenoic acid and
lignoceric acid. In the case of Veracruz, the seeds were characterized by a greater diversity
of fatty acids such as cis-11-eicosenoic acid, cis-11-hexadecenoic acid, tricosanoic acid,
trans-13-octadecenoic acid, dodecanoic acid (lauric acid), tetradecanoic acid (myristic acid),
heptadecanoic acid (margaric acid), cis-10-nonadecenoic acid, and cis-10-heptadecenoic
acid (Figure 5A). For the climate type factor (Figure 5B), it was observed that in the Awo
climate, moringa seeds contained the following fatty acids: cis-10-heptadecenoic acid,
trans-13-octadecenoic acid, cis-10-nonadecenoic acid, heptadecanoic acid (margaric acid),
tetradecanoic acid (myristic acid), dodecanoic acid (lauric acid), cis-11-eicosenoic acid,
cis-9-eicosenoic acid, and pentadecanoic acid. In the BS1 (h’) w and Aw1(x") climates,
the predominant fatty acids were cis-9-hexadecenoic acid (palmitoleic acid), docosanoic
acid (behenic acid), octadecanoic acid (stearic acid), cis-9,cis-12,cis-15-octadecatrienoic
acid («-linolenic acid), eicosanoic acid (arachidic acid), and heneicosanoic acid. In the
BS1hw climate, seeds predominantly contained the fatty acids cis-9,cis-12-octadecadienoic
acid (linoleic acid), cis-11-tetradecenoic acid, cis-7-hexadecenoic acid, tetracosanoic acid
(lignoceric acid), tricosanoic acid, and cis-13-docosenoic acid (erucic acid).

For the soil type factor, it was found that the fatty acid profile of moringa seeds grown
in Vertisol soil was mainly associated with cis-10-nonadecenoic acid, dodecanoic acid
(lauric acid), tricosanoic acid, cis-10-heptadecenoic acid, trans-13-octadecenoic acid, cis-
11-eicosenoic acid, cis-9-eicosenoic acid, cis-7-hexadecenoic acid, and cis-11-hexadecenoic
acid. In Regosol soil, the fatty acids present in the seeds were docosanoic acid (behenic
acid), cis-9,cis-12,cis-15-octadecatrienoic acid («-linolenic acid), heneicosanoic acid, and
hexadecanoic acid (palmitic acid), while in Leptosol soil, the predominant fatty acids were
cis-9,cis-12-octadecadienoic acid (linoleic acid), cis-9-hexadecenoic acid (palmitoleic acid),
tetracosanoic acid (lignoceric acid), and pentadecanoic acid.

Table 9 shows the cross-validation percentages for each determination by analyzed
factor. It was observed that the determinations correctly classified more than 50% of the
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samples evaluated through morphology, proximate composition, and chromatography. The
fatty acid and proximate composition determinations exhibited the highest classification
values (83-100%) and contributed most substantially to ensuring the fingerprinting of
moringa seeds cultivated in Mexico.
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Figure 5. Fatty acid profiles via linear discriminant analysis: (A) state factor; (B) climate type factor;
and (C) soil type factor. CHI: Chiapas; MICHMP: Michoacdn; NL: Nuevo Leén; OAX: Oaxaca;
VER: Veracruz; YUC: Yucatan.

Table 9. Cross-validation percentage values for each analysis by factor considered.

Factor Morphological (%) Proximate (%) Fatty Acids (%)
State 52.41 100 100
Climate type 55.57 88.89 100
Soil type 54.74 83.33 88.89

3.4. Correlation Analysis

Table 10 shows the correlation coefficient (Rv) values. Moderate to strong correlations
were found between the following sets of variables: precipitation—climate type (Rv = 0.6),
morphology—climate type (Rv = 0.6), proximate-soil moisture range (Rv = 0.7), volatile-soil
moisture range (Rv = 0.6), climate type—soil moisture range (Rv = 0.6), and temperature—
altitude (Rv = 0.6). These results demonstrated that the factors with the greatest influence
on chemical and morphological aspects were climate type and soil moisture level. It was
also found that proximal content was related to lipid profile content (Rv = 0.6).

Table 10. Correlation Matrix.

Climate  Soil Moisture

Precipitation Morphology Proximate Volatile Soil Type Range Temperature  Altitude
Precipitation 1.0
Morphology 0.3 1.0
Proximate 0.4 0.1 1.0
Volatile 0.2 0.5 0.6 1.0
Soil 0.3 0.2 04 0.5 1.0
Climate type 0.6 0.6 0.5 0.6 0.4 1.0
Soil moisture range 0.5 0.1 0.7 0.5 0.3 0.6 1.0
Temperature 0.3 0.2 0.5 0.3 0.4 0.2 0.4 1.0
Altitude 0.3 0.1 0.3 0.2 0.6 0.2 04 0.6 1.0

0-0.39 weak correlation; 0.40-0.69 moderate correlation; 0.70-1.0 strong correlation. Values in bold are
considered important.
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4. Discussion
4.1. Effect of State: Morphology

The seed length recorded in this study ranged from 1.05 to 1.32 cm, which was similar
to the 1.05 cm reported by ref. [13]. This variable is highly informative in selection, breeding,
and conservation schemes. Regarding seed width, the values were similar to the 1.09 cm
reported by ref. [30] and higher than the 0.86 cm reported by ref. [13]. Seed length and
width are yield components that allow the selection of larger materials for the development
of new cultivars. Seed weight is a key variable for selecting populations with higher values,
ensuring a greater content of nutrients of interest. In this study, the CHI population reached
a weight of 0.430 g, which was higher than the 0.220 g reported by ref. [13] and 0.280 g by
ref. [30]. Moringa materials present in Mexico showed higher seed weights compared to
previous studies. This yield component can be increased through selection and appropriate
agronomic management such as fertilization and irrigation. The identification of materials
with higher seed weights ensures a greater oil content, allowing the establishment of crops
with higher productivity. The percentage of kernel weight relative to total seed weight
was similar to the 71.78% reported by ref. [4]. Both seed and kernel weight are influenced
by genetic composition and their interaction with environmental factors [13]. Samples
with larger kernel size could contain higher amounts of nutrients, which would enhance
their survival during the first days after germination. The seeds evaluated were collected
over a two-month period without previous data on optimal storage conditions or harvest
dates. These factors could have influenced seed weight due to temperature variations at
the sampling sites.

4.2. Effect of State: Proximate Chemistry

The moisture content of the flour evaluated was higher than the 1.26% reported by
ref. [31] and 2.03% by ref. [32], but lower than the 10.5% reported by ref. [33] and 9.56%
by ref. [34]. A low moisture percentage in samples is associated with good flour quality,
which increases its storage period. The moisture content of moringa seeds may have been
influenced by genetic variety, age, and previous environmental and storage conditions. The
moisture content of moringa seed flour is an important indicator for estimating shelf life,
as samples with lower moisture tend to have a longer shelf life [35].

The ash content of a sample represents the total mineral content. Variation was
observed when comparing the ash content among seed flours from different moringa
populations. The seeds from the VER population had the highest total mineral content.
These values were similar to the 3.38% reported by ref. [36], 3.82% by ref. [37], 3.39% by
ref. [13], and 3.48% by ref. [38], but lower than the 4.48% reported by ref. [17] and 8.24%
by ref. [34].

The protein content of the flours ranged from 28.11% to 37.43%, similar to the 32.19%
reported by ref. [13]. Protein is the second most abundant compound in moringa seed flour.
This flour is an important source of essential amino acids and can complement various
types of food for both humans and animals [39]. The digestibility of moringa seed flour
protein is 89.17% [40], making it a good nutritional alternative.

4.3. Effect of State: Fatty Acid Profile

The oleic acid content of the samples ranged from 67.80% to 70.12%, which was similar
to the 65.78% reported by ref. [41] and 68.84% by ref. [42], but lower than the 75.32%
reported by ref. [43]. Comparison of this fatty acid content with that reported in previous
studies allows identifying its response to low yields and developing strategies to increase
its content. This is the most abundant fatty acid in the species, and differences have been
observed among varieties. Oleic acid can be utilized in various industrial processes [1].
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Ref. [44] reported the stability of moringa oil between 50 and 90 °C for 8 h; however, they
also identified autooxidation due to a rapid increase in peroxide value. Regarding medicinal
properties, oleic acid intake promotes neurogenesis by activating nuclear receptors in
stem cells, promotes cell division, and prevents nervous system diseases [45]. Frequent
consumption of oleic acid also contributes to obesity prevention, reduces inflammation,
and decreases lipogenesis [46].

The highest behenic acid content was identified in seeds from the OAX population,
higher than the 0.50% reported by ref. [43] and 6.04% by ref. [4]. This value was much
higher than those reported previously, although the extraction and preservation methods
could have influenced its content. Molecular dynamics simulation identified the potential
of behenic acid for type II diabetes control [47].

The palmitoleic acid values in seeds cultivated in Mexico were similar to the 1.41%
reported by ref. [4], 1.42% by ref. [41], and 1.75% by ref. [42], but higher than the 0.32%
reported by ref. [43]. Palmitoleic acid has multiple benefits, such as cholesterol regulation,
inflammation reduction, modulation of lipogenesis, and promotion of beta-cell proliferation,
which are responsible for insulin secretion and blood glucose control [48]. It also benefits
skin health by strengthening its barrier function [49].

The stearic acid content ranged from 6.04% to 7.27%, higher than the 2.85% reported
by ref. [43] and similar to the 7.51% reported by ref. [42]. Stearic acid reduces low-density
cholesterol, promotes fatty acid S-oxidation, enhances mitochondrial fusion in neutrophils,
and reduces cancer risk [50].

Arachidic acid production did not differ significantly among populations but was
similar to the 4.62% reported by ref. [43] and above the 3.00% reported by ref. [42]. This
fatty acid content could be improved through studies focused on irrigation management in
moringa [51].

The linoleic acid content was similar to the 0.62% reported by ref. [40] and 0.73%
by ref. [41]. This fatty acid is associated with skin permeability and the formation of
bioactive metabolites [51]. Moringa seeds represent a low-cost source of this therapeutically
important fatty acid.

The diversity in fatty acid content may have been associated with the origin of the
samples. Ref. [52] identified differences among sunflower seed varieties. In this study,
comparison among samples from different origins revealed that genetic variation within
each material is of primary importance.

4.4. Effect of Climate: Morphology

Seed morphology in this study was influenced by the climate of each sampling site.
Kernel size was the most important attribute, as it ensures a higher oil content. Ref. [53]
reported values of 1.13 cm in length, 1.02 cm in width, and 0.346 g under dry tropical condi-
tions. The Chiapas sample location presented a climate and precipitation (985 mm) suitable
for optimal moringa growth. Additional irrigation practices by producers may have influ-
enced seed morphology. Ref. [9] mentioned that annual rainfall levels of around 970 mm
favor moringa development. Rain distribution promotes flowering and seed production.

Seed length, width, weight, and kernel weight were higher in the Awo climate than
in the other climates. The Awo climate is warm subhumid, with mean temperatures
above 22 °C and the coldest month is above 18 °C. The driest month receives between
0 and 60 mm of rainfall, with 5-10.2% of the annual rain occurring in winter. These condi-
tions favor flowering and seed development, as temperatures below 14 °C inhibit moringa
flowering. Materials from the Aw1(x’) climate showed the lowest values in seed dimensions
and weights. In the linear discriminant analysis, no morphological variable was associated
with this climate, suggesting that Aw1(x’) is not suitable for moringa cultivation aimed at
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seed production. The BS1hw climate is warm semi-arid, with annual mean temperatures
above 22 °C and colder months below 18 °C, limiting moringa flowering in some periods.

4.5. Effect of Climate: Proximate Analysis

Moringa seeds produced under drought conditions exhibit lower moisture content in
proximate analyses [54]. Protein content was similar to the 35.34% reported by ref. [55], but
lower than the 38.57% reported by ref. [17]. In this study, 45.48% fat was identified in the
VER population, which was higher than the 32.86% reported by ref. [1] and similar to the
42.27% reported by ref. [17], 35.58% by ref. [32], and 37.76% by ref. [56]. The VER population
could therefore be used for oil production, ensuring positive yields. The fat contained in the
seeds is an underutilized product due to limited information available in Mexico. Although
the seeds are a secondary product of the tree, they could become an important source
for edible o0il and biodiesel production. The physicochemical characteristics of moringa
oil allow it to serve as a substitute for olive oil owing to its high thermal stability [4].
Refinement processes such as alkaline neutralization can improve oil quality [44]. The
populations evaluated came from different climatic conditions. Ref. [15] identified that
climate influences the oil content of moringa seeds. In this study, the two samples with the
highest oil content corresponded to locations with higher rainfall (Table 2). Unlike other
vegetable oil sources, M. oleifera can thrive under drought conditions while maintaining oil
production [51].

4.6. Effect of Climate: Fatty Acid Profile

Differences in fatty acid content were observed due to climate effects. Analysis of
the fatty acid profiles of moringa materials under the same environmental, agronomic,
and postharvest conditions would allow more precise identification of variation. Such
studies could clarify the quantitative differences in morphology and nutrient content
among moringa populations. Materials with higher fatty acid content and greater drought
tolerance could be used to develop cultivars focused on sustainable oil production.

The oleic acid content ranged from 67.16% to 69.42%, with BS1hw being the most
suitable climate for its production. These values were lower than the 75.52% reported by
ref. [1] under different climatic conditions. Oleic acid in moringa seeds could be used in
the food and pharmaceutical industries [54]. Ref. [55] noted that a high oleic acid content
contributes to oil stability during cooking.

The behenic acid content ranged from 7.250% to 8.055% in the Awo and Aw1(x’)
climates, respectively. These values were higher than the 5.90% reported by ref. [1], 3.62%
by ref. [54], and 5.67% by ref. [53]. The palmitoleic acid content ranged from 1.331% in
Aw1(x’) to 1.618% in BS1 (h’) w, lower than the 1.80% reported by ref. [55]. The stearic acid
content ranged from 6.472% to 7.771% in the BS1hw and Aw1(x’) climates, respectively,
higher than the 3.95% reported by ref. [1] but lower than the 7.98% reported by ref. [54].

The eicosanoic acid content ranged from 4.293% to 4.744%, higher than the 1.69%
reported by ref. [54] and close to the 5.10% reported by ref. [55]. The linoleic acid content
was lower than the 0.83% reported by ref. [4], 0.96% by ref. [54], and 10.24% by ref. [43].

4.7. Effect of Soil: Morphology

Seed length was influenced by soil type, while width, seed weight, and kernel weight
were also affected by soil conditions. In the linear discriminant analysis, Vertisol soil had
no effect on the morphological variables, likely because this soil type is not suitable for
moringa due to its compaction during drought and high moisture content during rainy
seasons, which affect root development [57]. However, with proper agronomic practices,
it can still be functional. Studies on species such as Salvia officinalis have shown soil-type
effects on morphology [58].
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4.8. Effect of Soil: Proximate Composition

Soil conditions differed among sampling sites (Table 2). Soil groups had an effect on
the proximate composition of moringa seeds. This variation may have been associated
with mineral content, pH, and cation exchange capacity of the soil. Ref. [17] reported
a relationship between soil type and mineral content of moringa organs. Additionally,
crop age, genetic variety, agronomic management, seed storage conditions, and extraction
methods can influence oil yield [55]. To better explain the variation in moringa seed flour
fat content, evaluating materials under homogeneous soil conditions with standardized
agronomic and postharvest management is recommended. This approach would minimize
environmental effects on genetic materials. Studies on other plant species have also found
soil effects on chemical composition. Ref. [52] identified higher oil content of Helianthus
annuus grown in Vertisol soil, while ref. [58] reported that oil concentration in Salvia
officinalis was significantly influenced by Chernozem and Fluvisol soils.

4.9. Effect of Soil: Fatty Acid Profile

Soil type affected the fatty acid content of moringa seeds, particularly cis-9, cis-12-
octadecadienoic acid and cis-9-octadecenoic acid. Soil organic matter influences yield, oil
content, and oleic acid concentration in canola seeds [59]. In this study, no fertilization
was applied during seed production. Ref. [60] reported that soil nutrient content affected
palmitic and oleic acid levels in Camellia oleifera. Therefore, soil should be considered when
analyzing fatty acid content in agro-food species.

The fat content of seeds produced in Leptosol soil was lower than that produced in
Vertisol and Regosol soils. Leptosol soil covers 28.3% (54.3 ha) of Mexico’s surface and
limits the growth of some species due to low water retention [61], yet in this study it
favored the protein and moisture contents of the seeds. This may be attributed to moringa’s
taproot system, which allows it to utilize limited soil moisture, supporting flowering and
fruiting during dry periods. Leptosol soil typically has subhumid moisture with xeric
regimes (90-180 days of moisture). Regosol soil, on the other hand, ranges from humid to
subhumid with udic (270-330 days) or ustic (180-270 days) regimes. Ref. [52] identified
fatty acid content variations in materials grown in different soils. Ref. [58] reported fatty
acid differences in Salvia officinalis leaves grown in Chernozem and Fluvisol soils. Ref. [62]
suggested that fatty acids could serve as markers through linear discriminant analyses
to associate materials with specific soil types. Although ref. [62] found no soil effect on
total oil content of Panax ginseng roots, saturated and monounsaturated fatty acids differed
among soil types. Predictive power refers to the ability to classify observations into defined
groups based on the results obtained. The results obtained indicate the high discriminatory
capacity of the model used, based on the determinations and factors (state, soil, and climate)
considered in this research [63].

Research Limitations

This study explored the effects of climate and soil type on morphological, proximate,
and fatty acid profile traits of moringa seeds grown under different edaphoclimatic con-
ditions in Mexico, demonstrating that several values were higher than those reported
in previous studies. This confirms that climatic, genetic, seasonal, and agronomic fac-
tors influence both yield and oil composition [64]. These factors modulate the genetic
expression of each material, and yield can be enhanced or limited depending on the in-
tensity of each factor. Therefore, identifying and minimizing environmental effects will
allow the production of high-quality oil, while efficient extraction processes can further in-
crease yields. However, additional studies are needed to evaluate materials under uniform
edaphoclimatic conditions, flowering phenology, postharvest performance, yield—nutrition
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associations, antioxidant potential, secondary metabolite profiles, and formulation and
evaluation of seed-based products for their impact on human and animal health across the
identified diversity.

Similarly, it is necessary to apply analytical techniques such as inductively coupled
plasma mass spectrometry (ICP-MS) to analyze soil mineral composition and to evaluate
its relationship with the potential mineral content of moringa seeds.

5. Conclusions

Based on the findings, edaphoclimatic factors significantly influenced the morpho-
logical, proximate, and fatty acid characteristics of Mexican moringa seeds and flour.
Morphological variables that constituted the morphological fingerprint based on climate
were seed length, width, seed weight, and kernel weight, while under soil type, only seed
length was important. For proximate composition, it was concluded that all variables (fat,
ash, moisture, and protein), except fiber content, were influenced by climate and soil, form-
ing the proximate chemical fingerprint. In the fatty acid profile, only cis-7-hexadecenoic
acid, heneicosanoic acid, and docosanoic (behenic) acid were not influenced by edaphocli-
matic factors. However, the fatty acid fingerprint consisted of 21 compounds, with oleic,
behenic, stearic, palmitic, and arachidic acids showing the highest concentrations com-
pared to the others. Verification of these fingerprints through linear discriminant analysis
confirmed a classification accuracy above 50% according to the cross-validation technique.
Therefore, the findings highlight the nutritional importance and value of moringa seeds
and flours produced in Mexico, which may be of interest to the food industry and moringa
producers for developing alternative products for human and animal nutrition, among
other applications. The nutritional value of moringa seeds can be beneficial for human and
animal consumption. The high oil content identified could be the basis for new uses of
the seed.
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