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ABSTRACT
Ruminant grazing in the tropics requires supplementation given the nutritional characteristics
of pastures to cover protein needs. The objective of this research was to evaluate the yield and
chemical quality of chepil (Crotalaria longirostrata Hook. & Arn) forage at different seeding
densities and cutting frequencies to obtain the optimum harvest time. The experiment was set
up in a completely randomized design with three replications. The treatments were planting
densities T1: 200 000; T2: 100 000; and T3: 50 000 plants ha". The variables evaluated were: dry
matter yield, morphological composition, growth rate, leaf:stem ratio, intercepted radiation,
plant height, crude protein, neutral detergent fiber, acid detergent fiber, dry matter, and ash.
For the 64-day cutting frequency, the three densities presented the highest yield with 3406,
3500, and 4200 kg MS ha, for 200 000, 100 000 and 50 000 plants ha™, respectively (p < 0.05). PC
decreased (p < 0.05) in T2 and T3 (23 %) in comparison to T1 (24 %). The planting density with
the highest percentage of crude protein was 200 000 plants ha® with 24 %. The densities of 100
000 and 50 000 plants ha™ presented a lower crude protein percentage, with 23 % (p < 0.05). It is
concluded that the optimum cutting time is at 36 days of regrowth, when the chepil is planted at
a density of 100 000 plants ha, and harvested at the frequency of 36 days of regrowth, since
95 % of intercepted radiation and better quality between yield and chemical characteristics,

mainly crude protein, are obtained.

Keywords: Fabaceae, fodder legumes, chipilin, thresher.

INTRODUCTION

In Mexico, the search for different unconventional protein sources is necessary (Galindo
et al., 2005; Sosa-Pérez et al., 2017). In underdeveloped countries, tropical fabaceae are
an accessible and economically viable alternative for human and animal feed (Renté-
Marti et al., 2020; Pincay-Ganchozo et al., 2021). Legumes in animal feed contain
nutritional compounds that supplement the needs of ruminants and non-ruminants
at different times of the year; they are also used as mulch, for phytoremediation, and
as agroecological transition in sustainable agriculture (Voisin et al., 2013; Ruiz et al.,
2015; Almeida-Santos et al., 2019).
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In the tropics and subtropics of the Americas, approximately 89 species of the genus
Crotalaria have been reported, most of which are important for food, bioenergy,
medicine, and ornamentals (Avendafo, 2011). Some of these species are characterized
by rapid biomass production (Parenti et al., 2021), being drought-tolerant, resistant to
nematodes and other pests, and high germination rates, which in turn influence the
yield and quality of dry matter produced (Wang et al., 2002; Kamireddy et al., 2013).
Studies conducted on C. juncea show that, between 40 and 60 days of development, it
presents 7 Mg ha™ of dry matter per cutting, contributing up to 176.37 kg N ha' (Rios-
Hilario et al., 2022); in addition, the leaf contains 27 % protein (Almeida-Santos et al.,
2019).

Chepil, chipil, chipile, or chipilin (Crotalaria longirostrata Hook. & Arn.) is endemic to
Central America, where it is consumed as a green leafy vegetable (Camarillo-Castillo
and Mangan, 2020). In southern Mexico, it is used in traditional cooking (Chavez-
Quinones et al., 2009). It is an herbaceous species that develops annually during the
rainy season and is collected wild; sometimes it is associated with the milpa or is semi-
cultivated as a shrub. With agronomic management, it can be biannual or perennial.
Chepil seeds have low germination rates ranging from 12.3 to 80 % (Rojas-Garcia et
al., 2021). Its leaves have a high protein content ranging from 30.6 to 38.3 % (Arias et
al., 2003; Jiménez-Aguilar and Grusak, 2015), making it as high in quality as alfalfa;
however, there are few studies on dry matter yield, physical and chemical quality
(Pérez-Cornelio et al., 2016).

The chepil could be considered the alfalfa of the tropics, and it could be used in animal
feed, added mainly in the diet in the form of meal, green, or silage. It is drought tolerant,
provides organic matter in poor soils, and its seeds are resistant to fire (Rojas-Garcia
et al., 2021), which makes it an alternative species for the dry season. The objective
of this research was to evaluate the yield and chemical quality of chepil (Crotalaria
longirostrata Hook. & Arn) at different planting densities and cutting frequencies to
obtain the optimum harvest time.

MATERIALS AND METHODS

The research was carried out in experimental plots and in the Animal Nutrition
laboratory of the Faculty of Veterinary Medicine No. 2 of the Autonomous University
of Guerrero, located in Cuajinicuilapa, Guerrero, Mexico (16° 28 28" N, 98° 25’ 11.27”
W, at 46 m altitude). The climate of the region is classified as Aw and is known as
dry tropic (Garcia, 2004). Temperature and precipitation data were obtained from the
Conagua agro-meteorological station, which was located 2 km from the experimental
plots. During the study period, the average annual temperature was 27.5 °C, and the
total precipitation was 668 mm.

Mature chepil (C. longirostrata) pods were collected from wild plants from January
to May 2020. Planting took place on June 1st of the same year in 3 L polystyrene
(unicel) trays. A 50:50 v/v mixture of composted manure and river soil was used as
substrate; 2 kg of substrate were placed in each tray, then 60 g of seeds were sprinkled,
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covered approximately 0.2 cm with the same substrate, and irrigated to field capacity,
repeating the irrigations every two days. A total of 10 trays were sown. Thirty days
after planting, when the plants were 15 to 20 cm tall, they were transplanted into the
field. On June 29, the experimental plots were delimited and transplanted, with the
treatments being: 200 000, 100 000, and 50 000 plants ha™.

Each plot measured 3 x 3 m, and one plot was established for each week of evaluation
(10 plots), in a completely randomized design with three replications. To obtain each
density, the spacing between plants was 10, 20, and 30 cm, and 50 cm between rows.
Weed control was done with the help of a hoe whenever the crop required it. No
fertilizers or agrochemicals were used, and drip irrigation was used every third day.
A uniformity cut was made 50 days after transplanting, leaving a height of 40 cm.
The variables were evaluated from 15 days after the uniformity cut, with intervals of
one week until week 10 or the beginning of flowering, with sampling for forage yield
at 15, 22, 29, 36, 43, 50, 57, 64, 71, and 79 days after cutting; while for bromatological
composition, sampling was carried out every two weeks: 15, 29, 43, 57, and 71 days
after cutting.

Variables evaluated

Total dry matter, leaf and stem yields
Two random destructive samplings were carried out in one linear meter. For this
purpose, the forage was cut, leaving a remaining height of 40 cm in each experimental
plot. Of the total yield sample, 20 % was obtained by separating its morphological
components (leaf and stem). These were placed in paper bags, labeled, and placed in
an electric oven (Faithfull, WGLL-230BE, Cangzhou, China) at a temperature of 55 °C,
until constant weight.

Plant height
In each experimental plot, twenty heights were measured with a ruler graduated in
centimeters, using the highest morphological component as a reference.

Intercepted radiation
Five measurements of intercepted radiation were taken randomly one day before each
cutting, using the wood ruler method, by placing a graduated ruler (100 cm) on the
ground in the middle of the experimental plots, from furrow to furrow, below the
plant canopy (Maldonado-Peralta et al., 2019).

Growth rate
It was calculated using the data obtained in the total dry matter yield variable for each

of the treatments evaluated, using the following formula:

TC=R/T
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where TC = seasonal average growth rate (kg DM ha d); R = seasonal yield (kg DM
ha'), and T = days elapsed from one cutting to another.

Leaf:stem ratio
It was obtained from the morphological composition, by dividing the dry leaf
component by the stem.

Chemical composition
It was determined using the AOAC (2005) methods: MS (method 930.15), ash (method
942.05), and crude protein (PC; method 984.13). Neutral detergent fiber (FDN) and
acid detergent fiber (FDA) were evaluated with the ANKOM Technology methodology
according to van Soest et al. (1991).

Statistical analysis
The experimental design was completely randomized with three replications. Data
were analyzed using PROC GLM (SAS, 2011), with the effects of planting density and
cutting frequency held constant. Treatments means were compared using Tukey’s test
(a=p<0.05).

RESULTS AND DISCUSSION

Chepil total dry matter yield showed statistical differences between planting density
and cutting stages (p < 0.05) (Figure 1). For the 64-day cutting frequency, the three
densities produced the highest yield, with 3406, 3500, and 4200 kg MS ha™ for 200 000,
100 000, and 50 000 plants ha™, respectively (p < 0.05). Subsequently, due to the loss of
the lower leaves of the plant canopy caused by senescence or the onset of flowering,
they tended to decrease. Another trend in yield behavior is that chepil develops stem
bifurcation on day 34 after planting, and there is inter-specific competition for water,
light, and nutrient resources.

Alonzo-Griffith and Paniagua-Alcaraz (2010) reported lower averages of 1401 kg MS
ha' at 128 days after sowing in alfalfa when evaluating different calcareous doses. In
turn, Godoy-Espinoza et al. (2012) obtained higher values than those of this research
in Arachis pintoi, with 7084 and 12 480 kg MS ha' at 60 and 75 days of regrowth age,
respectively. Other researchers, such as Romero et al. (2013), report lower values for
the legume clitoria (Clitoria ternatea) with 1800 kg MS ha™. Rojas-Garcia et al. (2017)
reported higher yields of alfalfa (Medicago sativa L.) varieties in the summer season,
with annual average of 6246 kg MS ha™'. Lagunes-Rivera ef al. (2019) report an average
value similar to this research, with 2668 kg MS ha™ in different legumes.

For the leaf component yield, it was observed that the density with the highest
percentage of leaves was 50 000 plants ha® with 38.13 %, followed by 100 000 and 200
000 plants ha' with 37.76 and 37.19 %. From days 15 to 36, the three densities had
the highest leaf percentage, with values ranging between 60 and 40 % (p < 0.05). The
opposite occurred in the stem component, with higher yields after a cutting frequency



Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i8.2695

Scientific article

Yield (kg MS ha)

Yield (kg MS ha!)

5000 - ¢ Total A
4500 O Leaf
4000 | & Stem
Lt
3000 | e %
P sl RN
2000 | e o %
1500 | T
- - o
1000 | L ifi .............. N i i SN~ SO
500 | P
o _é—-’:’f . L
15 22 29 36 43 50 57 64 71 79
Days after cutting
76 105 132 164 175 186 190 196 200 204 I
Height (cm)
33 88 93 92 83 83 83 8 80 77
Intercepted radiation (%)
5000 ©  Total C
4500 - O Leaf
4000 | A Stem % % %__,___.%__.____ =
3500 | %\}
2500 | ? % % %"'n.:{t
2000
1500 T g
1000 | O e _C_! ------ R H = R 3
500 F &__ é’;.:::‘ """""
0 =
15 22 29 36 43 50 57 64 71 79
Days after cutting
75 97 125 147 153 166 180 188 200 206
Height (cm)
"0 e 6 92 8 8 83 80 80 68

Intercepted radiation (%)

Yield(kg MS ha!)

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

1638

< Total

Leaf
Stem

,"'.- --"““
e - - [m] i B e T
é T A a ]
15 22 29 36 43 50 57 64 71 79
Days after cutting
' ; : ; : i
79 109 130 159 163 171 177 185 194 207
Height (cm)
. . . \ ' . " . ) ; !
47 90 94 95 82 82 85 80 80 62

Intercepted radiation (%)

Figure 1. Total, leaf, and stem yield (kg MS ha),
plant height (cm), and intercepted radiation (%) of
chepil. A: sown at 200 000 plants ha”; B: sown at 100
000 plants ha!, C: sown at 50 000 plants ha™'.

of 64 days, with an average of 73 % stem in the three planting densities (p < 0.05). In
turn, Rojas-Garcia et al. (2017) reported alfalfa (Medicago sativa L.) yield and obtained
an average of 45 % leaves at the 29-day cutting frequency, which is comparable to the

values obtained in this study.

Regarding the height of the chepil grassland at different sowing densities and cutting

stages (Figure 1), at the 43 to the 79-day cutting frequencies, the plants presented
greater height (163 to 203 cm) independently of the sowing density (p <0.05); however,

at a density of 200 000 plants ha’,

it was observed that the greatest average height

was 163 cm, while at a sowing density of 50 000 plants ha”, the lowest was 154 cm (p

< 0.05). The higher plant growth at these densities can be attributed to interspecific

competition for light, which increased plant height at the densest planting density. On

the other hand, Pincay-Ganchozo et al. (2021) used different scarification methods on

Clitoria ternatea and reported plants with a height of 79 cm when cut at 75 days. Sosa-
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Rubio et al. (2008) reported, in tropical legumes, a relationship between plant height
and dry matter yield as observed in this trial.

The intercepted radiation is observed as plant density and cutting stages vary
(Figure 1). The planting density of 100 000 plants ha™ intercepted 95 % of incident
radiation at the 36-day mowing frequency and subsequently decreased to 62 % at
the 79-day mowing frequency (p < 0.05). The planting densities with the highest
average intercepted radiation were 100 000 and 200 000 plants ha?, with 80 and 79
%, respectively. The density of 50 000 plants ha™ was the one with the lowest average
intercepted radiation percentage, with a value of 73 %. This behavior is possibly due
to the loss of lower leaves from the plant canopy, plant maturity, and competition
with other plants (Maldonado-Peralta et al., 2019). Several researchers report an
optimum intercepted radiation of 95 %, indicating that this is when the best structural
characteristics of legume grassland are found (Rojas-Garcia et al., 2017). On the other
hand, Alonzo-Griffith and Paniagua-Alcaraz (2010) report similar values of legume
intercepted radiation, with an average of 90 %.

Chepil growth rates vary depending on planting density and cutting stage (Table 1).
Statistical differences were found in plant densities (p < 0.05). The density of 50 000
plants ha' produced 65 kg MS ha' d*, while the densities of 200 000 and 100 000
plants ha' showed a lower growth rate with 59 kg MS ha' d'. From the 15 to the
36-day mowing frequencies, all three planting densities showed slow growth, which
increased at the 43-day mowing frequency and then decreased as the experimental
period continued. This behavior is possibly due to the recovery process when
performing the uniformization cutting, which leaves a remaining plant height of

Table 1. Growth rate (kg MS ha' d') in chepil (Crotalaria longirostrata),
grown at different planting densities and cutting frequencies.

Planting density (plants ha™)
Age of plants  T1:200 000  T2:100000 T3:50000  Average

15 6Fc 14EDb 17F a 12 F
22 29EDb 32DEa 25Ec 29E
29 40CD a 32DEDb 27Ec 33 DE
36 32DEa 43Da 31Ea 35D
43 88 A ab 83ADb 91Aa 87 A
50 69Bb 71Bb 82Ba 74 B
57 51Cb 56 Cb 67Ca 58 C
64 53Cb 54Cb 60Ca 56 C
71 52Ca 44Db 50D a 49 CD
79 42D ab 37 DEb 45Da 41D
Average 59b 59b 65a

ABC: Means with the same uppercase literal in the same column are
not statistically different (p > 0.05); abc: means with the same lowercase
literal in the same row are not statistically different (p > 0.05).
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40 cm. On the other hand, the highest growth rate was observed at the 43-day cutting
frequency at a planting density of 50 000 plants ha™’ with 91 kg MS ha (p < 0.05).
Sanchez-Santillan et al. (2019) reported a growth rate of 25 kg MS ha™ d* in winter and
70 kg MS ha' d" in summer in alfalfa at 45 days of regrowth; which is similar to the
results reported in this study.

Regarding the leaf:stem ratio of chepil when varying planting density and cutting
frequency (Table 2), statistical differences were found between cutting frequency and
planting density (p <0.05). The leaf:stem ratio was higher in 50 000 and 100 000 plants
ha with a value of 0.70; the density of 200 000 plants ha™ had the lowest percentage,
with a value of 0.68 (p < 0.05). For both the 15 and 22-day cutting frequencies, the three
densities presented the highest leaf:stem ratios, with 1.61 and 1.18, respectively, while
the density of 50 000 plants ha™ at frequency 15 had the highest leaf:stem ratio, with
1.67 (p < 0.05), and the 71 and 79-day cutting stages presented the lowest leaf:stem
ratios. This is possibly due to the loss of lower leaves from the plant canopy caused by
senescence or the onset of flowering. Rojas-Garcia et al. (2017) reported similar values
for the leaf:stem ratio of alfalfa varieties in the summer and autumn seasons (0.92 and
1.46, respectively). Other researchers, such as Lagunes-Rivera ef al. (2019), observed
values of 1.36 leaf:stem ratio at the 15 and 22-day cutting stages.

Table 2. Leaf:stem ratio in cultivated chepil (Crotalaria longirostrata) at different
planting densities and cutting frequencies.

Planting density (plants ha)
Age of plants ~ T1: 200 000 T2: 100 000 T3: 50 000 Average

15 1.58 Ab 1.57Ab 1.67Aa 1.61 A
22 117 AD 1.20A a 116 ADb 1.18 B
29 0.79BDb 0.82Bb 1.04Ba 0.88C
36 0.80Ba 0.69Cb 0.67Cb 0.72C
43 049Cb 052Ca 047Db 049D
50 0.34Cb 044D a 044D a 041D
57 046Ca 045Ea 041Db 044D
64 041Chb 046 E a 042Db 0.43D
71 0.37Cb 041 Ea 0.38EDb 0.39E
79 036Cc 039Fa 0.37Eb 0.37E
Average 0.68 b 0.70a 0.70a

ABC: Means with the same uppercase literal in the same column are not
statistically different (p > 0.05); abc: means with the same lowercase literal in
the same row are not statistically different (p > 0.05).

For the percentage of crude protein, acid detergent fiber, and neutral detergent fiber
(Table 3), the planting density with the highest average crude protein was 200 000
plants ha, with 24 %, while the densities of 100 000 and 50 000 plants ha' had the
lowest percentage, with 23 % (p < 0.05). Regardless of plant density, crude protein
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Table 3. Percentage of crude protein, neutral detergent fiber, and acid
detergent fiber of chepil (Crotalaria longirostrata) grown at different
planting densities and cutting frequencies.

Planting density (plants ha™)
Crude protein (%)

Age of plant T1:200000 T2:100000  T3:50000  Average

15 30Aa 29Aa 29Aa 29 A

29 28Aa 28Aa 26 ABb 27AB

43 25Ba 21Bb 20Bb 22 B

57 20Ca 19Bb 20B a 20B

71 19Ca 19Ba 19Ba 19B
Average 24 a 23 b 23b

Neutral detergent fiber (%)

15 41Bb 42Ba 41Bb 41C

29 48 B a 42Bb 48B a 46 B

43 53 ABb 59 Aa 62Aa 58 A

57 57 A ab 61Aa 62Aa 60 A

71 60 A a 60 A a 60 A a 60 A
Average 52b 53 b 55a

Acid detergent fiber (%)

15 35Ba 36 AB ab 35Ba 35B

29 38AB a 30Bb 29Ca 32C

43 33Ba 37 AB a 41 ABa 37 AB

57 38 AB a 40A a 42Aa 402

71 40A a 39Aa 44 A a 412
Average 37b 37b 38 a

ABC: Means with the same uppercase literal in the same column are
not statistically different (p > 0.05); abc: means with the same lowercase
literal in the same row are not statistically different (p > 0.05).

was highest at the youngest cutting frequencies of 15 and 22 days, averaging 29 to
27 %, respectively, while at the 71-day cutting frequency, the lowest percentage was
observed at 17 % (p < 0.05). This could be due to the loss of lower canopy leaves and
the increase of stems, which have a higher percentage of cellulose, hemicellulose, and
lignin, reducing the quality of the plant. Several researchers (Alonzo-Griffith and
Paniagua-Alcaraz, 2010; Godoy-Espinoza et al., 2012; Romero et al., 2013; Portillo-
Lopez et al., 2019; Lagunes-Rivera et al., 2019) reported similar values in legumes, with
protein percentages ranging from 28 to 14 % in the cutting stages from 30 to 75 days of
age, respectively, with a behavior similar to that of this research; however, Balseca et
al. (2015) reported an average of 8.26 % PC in legumes, a lower result than this study.
On the other hand, the planting density with the highest percentage of neutral
detergent fiber (Table 3) was 50 000 plants ha® with 55 % (p < 0.05); the density with
the lowest percentage was 200 000 plants ha' with 52 %. Regarding cutting stages,
days 43, 57, and 71 presented the highest percentage of FDN, with 58, 60, and 60,
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respectively (p < 0.05). Romero et al. (2013) and Portillo-Lopez et al. (2019) conducted
research on Clitoria ternatea and found lower percentages than this research, but with
the same behavior of increasing as the time of FDN regrowth passes, of 25 and 40 %, at
30 and 60 days from sowing, respectively. Valles-de la Mora et al. (2014), in a study on
Cratylia argentea, found an average value of 57.48 % FDN, while Lagunes-Rivera ef al.
(2019) reported 64.25 % FDN; however, Balseca et al. (2015) obtained a higher average
of 71 %.

Similar behavior was observed in the acid detergent fiber (Table 3), where the planting
density with the highest percentage was 50 000 plants ha”, with 38 % (p < 0.05), and
the densities of 100 000 and 200 000 plants ha' had the lowest percentage, with an
average of 37 %. The cutting stages with the highest and lowest percentages of acid
detergent fiber were at 71 and 15 days, with 41 and 35 %, respectively. Romero et al.
(2013) conducted research on Clitoria ternatea and found lower FDA percentages of
18, 25, and 25 % at 30, 60, and 75 days of plant age, respectively, which is similar to
the behavior observed in this study. Valles-de la Mora et al. (2014), in their research
on Cratylia argentea conducted during rainy season, found an average value of 37.35
% FDA, similar to this research. Portillo-Lopez et al. (2019) found similar percentages
of FDA, ranging from 30.1 to 38.2 % in white clover (Trifolium repens L.), red clover
(Trifolium pratense L.), and vicia (Vicia sativa L.) during the low rainfall season; however,
Lagunes-Rivera et al. (2019) reported higher average values of 42.25 %.

For the percentage of dry matter and ash (Table 4), in general, the planting density
of 100 000 plants ha™' obtained the highest average percentage of dry matter, with

Table 4. Percentage dry matter and ash of chepil (Crotalaria longirostrata)
grown at different planting densities and cutting frequencies.

Plant density (plants ha)
Dry matter (%)

Ageof plant  T1:200000  T2:100000 T3:50000  Average

15 17B 18 B 17C 17 B
29 18 B 18 B 19B 18 B
43 22 AB 24 A 23 A 23 A
57 22 AB 24 A 21 AB 22 AB
71 24 A 25A 24 A 24 A
Average 21b 22a 21b
Ash (%)
15 6 ABb 6ABa 6Aa 6 AB
29 7Aa 7Aa 6AD 78
43 4Bb 7Aa 6 ABb 6B
57 7Aa 5Bc 5Bb 6B
71 5ABa 5Bb 5ABb 5C
Average 6a 6a 6a

ABC: Means with the same uppercase literal in the same column are
not statistically different (p > 0.05); abc: means with the same lowercase
literal in the same row are not statistically different (p > 0.05).
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22 %; while the densities of 200 000 and 50 000 plants ha™ obtained lower values,
with 21 % (p < 0.05). The highest percentage of MS was obtained at the 71-day cut-off
frequency, while the 15-day cut-off frequency had the lowest value with 24 and 17 %,
respectively (p < 0.05). In terms of ash content, statistical differences were found in
cutting frequencies. A decrease was observed as cutting frequency increased, with the
highest percentage on day 29 (7 %) and the lowest on day 71, with 5 %; however, no
statistical differences were found in planting densities, with an average of 6 % ash (p
< 0.05). Similar averages were reported by Fernandez-Valeriano and Sanchez-Chavez
(2017) in beans, with a value of 8 %.

CONCLUSIONS
The optimum cutting time for forage is when chepil is sown at a density of 100 000
plants ha' and harvested at a frequency of 36 days after the uniformity cut, with 95
% intercepted radiation. At this stage it presents better quality, yield, and protein
characteristics. It is recommended that further research be conducted using different
remaining heights, evaluating them at different times of the year and with more
harvesting time, as well as analyzing weight gain in domestic animals.
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ABSTRACT

Since the 1990s, radiometric and biophotonic sensor applications have provided reliable
alternatives and rapid non-invasive diagnostics for the detection and delimitation of pests
and diseases, as well as pesticide traces. Active sensors have been shown to be more accurate
in detecting the heterogeneity of environmental factors based on thermal and infrared
characteristics, chlorophyll fluorescence, and plant reflectance. Unmanned Aerial Vehicles
(UAVs) equipped with infrared cameras locate and delimit weed abundance and diversity using
Normalized Difference Vegetation Index (NDVI) algorithms, which highlight heterogeneous
chlorophyll activity and herbicide-limited photosynthesis in crops. The resulting map serves as
the foundation for collecting plant samples. In this study, the technology of these sensors was
applied to determine glyphosate traces using Raman spectroscopy, which allowed a quick, low-
cost, simple, and practical diagnosis with immediate results. These are essential characteristics
for surveillance and monitoring activities, as well as the basis for a geo-referenced inventory
of pesticides in production units. Of the 44 weed samples collected, eight were positive for
glyphosate traces: two in corn and six in avocado. Weeds are identified as positive to glyphosate
traces in Raman spectroscopy in the carotenoid and phenylpropanoid reduction ranges (1186
and 1213 cm™) as a result of a decrease in the immune response. The vibrations presented by
the amines in glyphosate and the C-OH of the carboxyl group are detected in the range of 1565
and 1567 cm™.

Keywords: Pesticides, biochemical signatures, crops.
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INTRODUCTION
Weeds (endemic and invasive) are a fierce competitor for cash and subsistence crops,
causing significant losses due to a decrease in yield of up to 50 % in harvesting efficiency
and approximately 20 % in productivity, as well as competition for light, water, and
nutrients (Radosevich et al., 2007). Some weeds can produce toxic substances that are
transferred to the final agricultural product, resulting in the loss of certified seed, and
they can also serve as hosts for pests and diseases (de Pardo et al., 2010).
The crops most affected in yield and productivity worldwide by the presence of weeds
are corn (Zea mays L.), soybean (Glycine max L. Merril), and bean (Phaseolus vulgaris
L.), with up to 50 % yield losses, followed by sunflower (Helianthus annuus L.) with
up to 40 % losses; canola (Brassica napus subsp. napus), up to 25 %; and sugarcane
(Saccharum spp.) and winter oats (Avena sativa L.), up to 10 % (Wall and Smith, 2000;
Page et al., 2017). In this regard, a typology known as “aggressive weeds” was created,
which are weeds that have developed herbicide resistance, causing agrochemicals to
be less effective, to be applied in greater volume, and to be used in combination with
several herbicides.
Mexico has 36 % of the cases of herbicide resistant weeds, and 1.7 % of these are
resistant to glyphosate (Heap, 2022). Since 1996, this country increased by 1500 %
the preferential application of glyphosate for the planting of genetically modified
corn, cotton, and soybeans (CONACyT, 2020). There is also evidence of the increase
of this pesticide in Mexican agriculture, both conventional and subsistence, in corn
production units (35 %), followed by citrus (14 %), pasture (12 %), sorghum (Sorghum
bicolor (L.) Moench) (11 %), and avocado (Persea amaricana Mill.) (3 %) (Alcantara-de
la Cruz et al., 2021). The most concerning example is avocado, which has increased
251 % in the last 20 years (from 96 000 ha in 2000 to 241 000 ha in 2021) (SIAP, 2021),
and whose production system includes the use of five herbicides: carfentrazone ethyl,
diquat, glyphosate, oxyfluren, and simazine. Glyphosate is the most widely used of
these as it has an extremely broad spectrum of action, combating 81 of the 86 species
listed for avocado (Rodriguez-Campos ef al., 2017).
Glyphosate is an organophosphate herbicide with a simple chemical structure, but its
four highly polar groups make it difficult to analyze using conventional methods. The
so-called “gold standard” for trace detection techniques are gas chromatography (GC)
and high-performance liquid chromatography (HPLC) (Dias et al., 2019). Despite their
remarkable advantages of high sensitivity and precision in quantitative detection, these
techniques still require sample pretreatment and well-trained laboratory personnel, as
well as hours or even days to complete the entire analysis process.
Since the 1990s, radiometric and biophotonicsensor applications have provided reliable
alternatives and rapid non-invasive diagnostics for the detection and delimitation of
pests and diseases, as well as pesticide traces (Mahlein et al., 2012; Martinelli ef al.,
2015). Precision agriculture, also known as digital agriculture or 4.0, involves the
detection, quantification, and mapping of plant stress through monitoring and data
collection, information processing, and decision support for the temporal and spatial
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allocation of inputs for crop production (Pedersen and Lind, 2017; Bongiovanni and
Lowenberg, 2017).

Active sensors are the most accurate at detecting the heterogeneity of environmental
factors (Chaerle and van der Straeten, 2001). Symptoms (non-visible and early stage) of
pests and diseases, as well as traces of pesticides, are determined using measurements
based on thermal and infrared characteristics (Jones and Schofield, 2008), chlorophyll
fluorescence (Chaerle and van der Straeten, 2001), and plant reflectance (Galieni ef al.,
2021). Unmanned aerial vehicles (UAVs) equipped with infrared cameras are used
to detect and delimit glyphosate impact on crops (Huang et al., 2014; Daouk et al.,
2015). Multispectral images determine weed abundance and diversity using NDVI
algorithms (Castaldi, 2017), and the resulting map serves as the basis for sample
collection for the detection and impact of glyphosate and other herbicides (Esposito
et al., 2021). Once the plant sample is obtained, weed identification is carried out,
and Raman spectroscopy (RS) is used for the determination of glyphosate traces and
residues (Sato-Berru et al., 2004; Singh et al., 2021, Farber et al., 2019).

RS measures the inelastic scattering of light from a monochromatic source, providing
information on the chemical composition by recording the molecular vibrations of
the constituent components; the “biochemical signature” or “molecular fingerprint”
is then obtained (Vallejo-Pérez et al., 2016). Both infrared and Raman spectroscopy
provide a characteristic spectrum of the specific vibrations of a molecule and are
valuable in identifying a substance, as Raman spectra contain vibrational bands
that can be assigned to carbohydrates, carotenoids, proteins, and phenylpropanoids
affected by glyphosate (Singh et al., 2021).

Based on this knowledge, we propose the hypothesis of using high spectroscopic
and radiometric resolution sensors to detect glyphosate traces in weeds and map
its distribution in agricultural lands in real time. This is a pioneer study in corn and
avocado crops in Mexico, whose objective is to reveal the structural biochemical
changes of weeds containing traces of glyphosate in the reduction of carotenoids
and phenylpropanoids (1186 and 1213 cm™) resulting from a decrease in the defense
response, when compared to the spectra obtained from the concentrations of applied
pesticides specified positive to glyphosate traces in RS in the ranges of 1081 and 1082
cm’, in the vibrations of phosphonate molecules in glyphosate. While mapping their
distribution in agricultural premises, vibrations in the C-N bonds in the amino group
part and those in the C-OH of the carboxyl group are detected between 1565 and 1567
cm™ (Singh et al., 2021; Balafoutis ef al., 2017).

For this purpose, the precision agriculture (PA) methodology is utilized, which consists
of a cyclical data collection system used for crop management and decision evaluation
through smart farming technologies (SFT) such as infrared cameras mounted on UAVs,
active biophotonic sensors to obtain geo-referenced spectral information of plant
physiological parameters, as well as the characterization of environmental parameters
of productive units processed in spatial information software such as Geographic
Information Systems (GIS) and, later, through Principal Component Analysis (PCA).
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MATERIALS AND METHODS

Study area

The experimental production units were determined by the consensus of both
producers (who lent land) and researchers from the project “Evaluation and validation
of agronomic practices for the agroecological management of weeds in corn and
avocado crops” (UACH-CONACyT, 321134; 2022). In the municipality of Texcoco,
State of Mexico, Mexico, four corn production units are rainfed, with only one property
having auxiliary irrigation (two peri-urban and two in rural landscapes). It was also
agreed to work on two avocado production units with an irrigated agroforestry
landscape in Tetela del Volcan, Morelos, Mexico (Figure 1).

Sampling

The multidisciplinary field work took place from June 13 to July 18, 2022, and
consisted of sampling weeds in the early stages of growth (11 days after emergence)
before weeding activities in the case of corn and in the ripening stage in the case of
avocado, as well as the definition of treatment application and flight missions with the
DJI Phantom 3 unmanned aerial vehicle (UAV) and onboard the Mapir Survey RGN
camera (visible and near infrared-NIR) covering an area of 9 ha.

A total of 44 samples collected throughout the study area were processed. Thirteen
weeds were collected for corn and 31 for avocado (Table 1). The PA cyclic production
process can be achieved through data acquisition, data processing, analysis and
evaluation (decision making), and accurate application of operations (implementation,
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Figure 1. Location of the study area and identification of weed cover with the UAV.
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Table 1. Characterization of the experimental and sampling production units of corn (Zea mays L.) and

avocado (Persea americana Mill.).

Area  Samples Weed density

State Municipality Plots Lot Variety (ha)  analyzed (m?)
State. of Texcoco Boyeros Corn Yellow 1 4 374
Mexico
State of L,

. Texcoco Salitreria Corn Yellow 0.5 3 3
Mexico
San Juan
Statg of Texcoco Tezontla Corn Yellow and 1 2 6
Mexico blue
(Temporary)
San Juan
Statg of Texcoco Tezontla Corn Yellon and 15 4 128
Mexico N white
(Irrigation)
Morelos  Tetela del Volcan Ocuituco Avocado Hass 4 28 550
Morelos Tetela del Volcan  La Montafia Avocado Hass 1 3 498

classification, or typing). These three components define, in this case, risk management
specific to weed density and the determination of glyphosate positives (Pedersen and
Lind, 2017).

Data acquisition

Spatialization

To determine the percentage of weed coverage, six photogrammetric missions were
planned with Pix4D Capture, which delimited the UAV flight lines at 25 m, obtaining
an 80 % overlap between aerial images with a GSD of 1 cm pixel. The aerial images were
obtained using a 12-megapixel MAPIR Survey3 (550-850 nm) multispectral camera
mounted to the UAV Phantom 3 Professional and processed in Agisoft Metashape
Professional v1.5.2, resulting in six georeferenced orthomosaics. The NDVI algorithm
(Castaldi et al., 2017) was calculated to each orthomosaic and spectral information
extraction was applied for the determination of percent weed coverage.

Weed collection

To measure weed population density in the field, the “W” method (SENASICA, 2013)
was used, using a metallic quadrant (0.5 x 0.5 m), where the weeds remaining within
the quadrant were counted and multiplied by four to obtain population per square
meter (m?). The collected samples were stored in self-sealing plastic bags to maintain
the cold chain but without freezing the samples, so they were placed in unicel coolers
containing refrigerant gels.
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Raman diagnosis

For the determination of biochemical signatures of glyphosate traces in the collected
weed samples, two high-purity pesticides (from eight commercial brands of
glyphosate) were used and analyzed at the Center for the Application of Infrared
Radiation, Alternative Energies and Materials (CARIEM) of CIACyT-UASLP. The
Xplora Plus Raman Microscope was used, with the green laser at 100 % power and
785 nm excitation in a 20/2 second acquisition time that incorporates unique and
powerful features in a reliable, high-performance system. These systems feature an
enhanced range of options to measure with at least one other laser wavelength in the
infrared, including EMCCD detection, combined Raman polarization, and Raman-
AFM. Being a multisample Raman microscope, the observation technique of using
microscope objectives with a typical spatial resolution of 2-4 um is improved. To
obtain the reference spectra of glyphosate, a drop of both pesticides was taken with a
glass pipette and placed on an aluminum slide for liquids.

The biochemical signature of the Raman Spectra of the two pesticides (Takle 360 and
Faena Fuerte) shows changes in the intensity level in comparison to the ranges 1081-
1082 and 1565-1567 cm™, where the vibrations of phosphonate molecules in glyphosate
are found, as well as the vibration in the C-N bonds in the amino group and C-OH part
of the carboxyl group (Table 2).

Table 2. Raman band assignment for glyphosate-positive weeds according to the literature.

Raman Assignment Interpretation

477484 5(OH)+o(CH,)+(PO,) Vibration present in phosphonate molecules in

glyphosate.
v (C-O-0O) in plane, .
915 symmetrical Cellulose, phenylpropanoids
870-895 o(CH,)+d(NH)+v(C-C) Vibration in bonded molecules of the phosphonate-
2 carboxyl group bonding
989-992 o(CH,)+(OH) Methylene molecule balanc(l)ng vibrations and bending of
Vibration in the C-N bonds in the amino group part and
1081-1082 VIEN)#V(COH) C-OH of the carboxyl group.
1145-1157 [B-carotene [3-carotene, which is a strong orange-red organic pigment.

C-C stretching; v (C-O-C),
1156 v (C-C) in glycosidic bonds, Carotenoid, organic pigments present in plants
asymmetric ring respiration

v (C-O-H) next to the aromatic

1186 Carotenoid, organic pigments present in plants

ring+ d(CH)

1213 o(C-C-H) Carotenoid, organic pigments present in plants
1325-1337 o(CH,)+v(C-C) Stretch vibration of C-C bonds in glyphosate.
1425-1427 o(CH,) Flexural vibration of the methylene molecule

1525 -C=C-(in plane) Carotenoid, organic pigments present in plants.
1565-1567 O(NH,), o(NH,") Types of vibration exhibited by amines in glyphosate

1607 v(C-C) aromatic ring +0(CH) Phenylpropanoids

Source: Sato-Berru et al. (2004), Farber et al. (2019).
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Glyphosate trace quantification
The Raman device was calibrated and configured for use. The laser power used on the
Xplora Plus was 532 nm, with an acquisition time of 3 s in five accumulations and at
1 % of the laser power (mW). To avoid oxidative processes in the plant samples, they
were analyzed no later than 48 hours after collection (Vallejo-Pérez et al., 2016). Leaf
samples were extracted from the corresponding bags and placed on a 76 mm x 26 mm
glass slide. The leaves analyzed were carefully collected to avoid physical damage
from improper handling, and there were no signs or symptoms of disease-causing
agents or other residues. The selected samples were recorded in the logbook with label
information and Raman device information to ensure traceability and trackability.
Each leaf sample was placed on the sample holder at the focal point of the Xplora
Plus, allowing the laser pass through the leaf beam for 3 s. The areas to be analyzed
corresponded to the 0.5 and 0.75 portions of the leaf blade in longitudinal orientation
to avoid hitting the central rib of the leaf. Once the portion of the plant tissue of interest
was located, the sample was covered with cardboard material to prevent light from
entering the sensor, and the Raman spectrum was obtained. The data obtained were
analyzed using the Origin 2018 software, which removed the fluorescence from the
Raman spectra.
After obtaining the biochemical signatures, a multivariate statistical method, such as
Principal Component Analysis (PCA), can be used to reduce the number of variables
or, in this case, group the main characteristics of the Raman spectra. This technique
is widely used for one or more data sets without any prior knowledge about their
nature. Component analysis reduces the dimension of the data set by finding an
alternative set of coordinates known as principal components, which are orthogonal
linear combinations of the original variables that explain a given and acceptable
amount of variance. Considering that there is a sample with n individuals, each with
p variables (X, X,,...Xp), the sample space has p dimensions. PCA allows finding a
number of underlying factors (Z<p) that explain approximately the same as the
original p variables. Whereas previously p values were required to characterize each
individual, this analysis assumes that Z values, also known as principal components,
are now sufficient.
Each principal component (Zi) is obtained by linear combination of the original
variables. The first principal component of a group of variables (X, X,, ..., Xp) is the
normalized linear combination of these variables that has the highest variance:

Z1=¢11 X, +¢21 X, + .. +ppl X,

The normalized linear combination implies that:

p
2 —
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where the terms ¢11, ..., ¢plp define the component and can be interpreted as the
contribution or weight/importance that each variable has in each component, therefore,
they help to know what type of information each component collects (James et al.,
2021).

RESULTS AND DISCUSSION

Eight of the 44 samples tested positive for glyphosate: two in corn and six in avocado
(Table 3). The lot with the highest concentration of glyphosate traces was the Ocuituco
avocado lot in Tetela del Volcan, and the second was the Salitreria corn lot in the
urban area of Texcoco. According to an interview with the farmers in charge of the
production units, in the first case, they stated that they “had a health problem due
to a weed that caused hives and skin rashes to the workers and that they applied
glyphosate to eradicate it in the north area of their property three years ago”. In the
second case, the producer stated that she just “rents the lot and does not know the
type of management and application of poisons” (CONACyT project fieldwork logs,
321134/2022).

Although the percentage of glyphosate-positive weeds per plot is relatively low in
avocado (0.3 %), leaves from trees adjacent and close to these weeds were also positive
(five trees). In the case of positive corn plots, there is a distribution of 2 % in San Juan
Tezontla, where the stubble leaf and corn also tested positive for glyphosate traces

Table 3. Weed glyphosate trace identification and weed cover percentage in corn and avocado production units.

Total weed Glyphosate-positive

Plots Weed Positive Weed Negative coverage (%) weed coverage (%)

Texcoco (Boyeros) 0 Ricinus communis (4) 35 0

Corn

Texcoco (Salitreria) Chenopodium .

Corn album (1) Rumex crispus (2) 0.40 10

San Juan Tezontla Baccharis

(Temporary) . . Baccharis linearis (1) 19 15
linearis (1)

Corn

San Juan Tezontla

(Irrigation) 0 Brachiaria plantaginea (4) 0.80 0

Corn

Tetela del Volcan Amaranthus Solanum americanum (8),

(Ocuituco) almeri (6) Malva sylvestris (10), 27 20

Avocado p Artemisia dracunculus (4)

Tetela del Volcan Rumex crispus (2)

(La Montafia) 0 JRUIEX CTISPUS 12), 24 0

Tithonia tubiformis (1)
Avocado

Source: Heap (2022), Syngenta (2022), CENGICANA (2013).
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using Raman applications. The spectral analysis was carried out in two stages: (1)
preprocessing of the spectra and (b) principal component analysis (PCA).

Trace glyphosate-positive weeds displayed bands at the positions of ranges 1081-1082
and 1565-1567 cm™ where the vibrations of phosphonate molecules in glyphosate
(equivalent to the chemical fingerprint of the herbicides selected for this study) are
found. The sample with the highest intensity in avocado was #32, while the sample
with the highest intensity in corn was #25. Some herbicides interfere with chlorophyll
biosynthesis and functional changes in chloroplasts. It can also affect the formation
of other pigments, such as xanthophylls and carotenoids, causing interference in
electron flow and a reduction in ATP production by inhibiting ATP-synthase activity
in the photophosphorylation process (Corréa et al., 2018). In fact, glyphosate inhibits
photosynthesis and stimulates stomatal closure. It also produces oxidative stress,
inhibits aromatic amino acid synthesis, and decreases protein synthesis (Meloni et
al., 2019). The beta-carotene vibrations in the 1145-1156-1523 c¢cm™ records of very
low intensity in the glyphosate positives compared to the three highest peaks in the
glyphosate-free weeds (Figure 2), where there is a low intensity portion of 3.31 % in
comparison to the glyphosate-free ones.

Weed negative

Weed positive

915
1145
1156
1525

3000 - Corn

:

Weed negative
Weed positive
Avocado
4000 4
3000
o
=
;,2000 E
5]
% 1000~
04
1000 T T : T L T : T 1
400 600 800 1000 1200 1400 1600 1800
Raman / cm™!

Figure 2. Comparison of Raman spectra of glyphosate positive and negative weeds in experimental
units of corn and avocado.
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After obtaining the biochemical signatures, the PCA method was used to reduce the
complexity of the Raman spectra and reduce their behavior to two variables, allowing
for measuring, explaining, and predicting the degree of relationship and variation
between the spectra obtained in positive-negative to glyphosate. Samples below 0
on the y-axis have positive values because they are close to the samples of the base
herbicides of the study and show less variation (T, Ff). On the other hand, the samples
that tested negative for glyphosate are above 0 on the same axis. Similarly, the positive
samples show positive intensity values in both representative bands (1156 and 1525
cmt) (Table 4).

There were seven negative samples that shared some spectral signature characteristics
with the positive samples. The PCA technique was used to distinguish any trace of
glyphosate, resulting in a pattern of separation of negative and positive weeds (Figure
3). The PCA technique allowed the interpretation of complex data matrices, as well
as the improvement of understanding of the state of the system under study and
the identification of the factors influencing the system. All of this made it possible to
differentiate the data according to positive and negative (Figure 3), to detect traces of
glyphosate with a high degree of reliability, and to use this technique in later stages to
classify new samples as “positive” or “free” (negative) of glyphosate (Vallejo-Pérez et
al., 2016). Therefore, this methodology proves to be reliable for sample identification.
To carry out the following studies, it is necessary to consider the type of matrix or state
of the sample to be evaluated, as well as the type of radiation or irradiation beam at
which the experiments will be carried out. Radiometry and spectroscopy technologies
are an accurate and cost-effective approach to early and geo-referenced search and
detection of glyphosate traces in any agricultural production lot, in addition to an
alternative for pre-diagnosis and sample selection for HPCL analysis in certified
laboratories.

CONCLUSIONS

Raman spectroscopy combined with Principal Component Analysis (PCA)
demonstrated 86.9 % sensitivity and 89.2 % accuracy in distinguishing between
glyphosate-positive weeds and healthy plants. The spatiality of plant sample collection
in the field is determined by the 0.5 Normalized Difference Vegetation Index of the
orthomosaics obtained by the Unmanned Aerial Vehicles and infrared photographs
of weeds. Therefore, it is proposed that this protocol serve as the basis for a geo-
referenced inventory of pesticides with the support of a catalog of spectral signatures
and the use of Raman in real time (supported by intelligent mobile technologies),
as well as part of the protocols for organic certification inventories. The intelligent
algorithm is expected to make pesticide residue detection more instrumented and
programmatic. Finally, the establishment of a Raman database of pesticides and the
standardization of instruments should attract more attention in the field of rapid in
situ detection in the future.
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Table 4. Raman wave assignment values for weeds with glyphosate residues.

Sample number (1156) cm?  (1525) cm™?  Qualitative assignment Lot
1 -100 409 Low Avocado
2 334 894 Avocado
3 413 1067 Avocado
4 201 633 Avocado
5 143 492 Avocado
6 347 684 Avocado
7 130 388 Avocado
8 137 378 Low Avocado
9 158 520 Avocado
10 53 265 Low Avocado
11 164 460 Avocado
12 199 582 Avocado
13 180 541 Avocado
14 324 772 Avocado
15 187 518 Avocado
16 241 671 Avocado
17 234 626 Avocado
18 204 454 Avocado
19 277 727 Avocado
20 223 721 Avocado
21 184 422 Avocado
22 134 414 Avocado
23 271 685 Avocado
24 293 801 Avocado
25 232 532 Avocado
26 231 526 Avocado
27 285 711 Avocado
28 212 678 Avocado
29 19 91 Mean Avocado
30 34 95 Mean Avocado
31 568 1160 Corn
32 -97 402 Very high Avocado
33 130 234 Mean Corn
34 1089 1237 Corn
35 105 408 Very high Corn
36 235 267 Corn
37 169 174 Corn
38 1074 1517 Corn
39 346 499 Corn
40 499 832 Corn
41 203 593 Corn
42 189 604 Corn
43 168 533 Corn
44 196 573 Corn

Source: Farber et al. (2019).
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Figure 3. Principal component analysis of samples collected from corn and avocado lots. Lots:
Corn (M), avocado (A); Plots: Boyeros (B), Salitreria (S), San Juan Tezontla-Temporal (Sjt), San
Juan Tezontla-Riego (Str), Ocuituco (O), La Montafia (Lm); Pesticides: Takle 360 (T), Faena
Fuerte (Ff); Positive (+) and Negative (-) result.
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ABSTRACT
The flight instability of an uncrewed aerial vehicle (UAV) can be considered critical, and
investigations of stability can be compared to the study of the stabilization of an inverted
pendulum. This study investigated the stability of two dynamic systems, represented by
an inverted pendulum and a simple approximation of an aircraft wing surface exposed to
aerodynamic forces. This study illustrates the advantages of time-domain simulation for
solving the differential equation of motion. The simulation used the Euler integration approach
for various system parameters. Essentially, an aircraft in flight must constantly maintain pitch
stability, which, in practical considerations, can be compared to the mechanism of a rotary
motion represented by the up-swinging motion of an inverted pendulum. The pendulum may
conserve the same concept as an aircraft’s acceleration, as both are affected by the same gravity
and acceleration forces, in which the longitudinal stability of the aircraft must be ensured
immediately upon takeoff. An inverted pendulum and a UAV aircraft system simulation were
developed with basic MATLAB software. The inverted pendulum simulation showed that as

the value of the spring’s stiffness at the limit of stability (k, )increased, the system became more

Tim
convergent and, as a result, more stable. The stiffness of the spring at the limit of stability, k=
32.69 N m™ (i.e., equivalent to an initial angular rotation 0 =5 °), and the system’s stability were
observed up to the value of k, _=179.79 N m”, which resulted in an unstable short initial period.
In addition, for the aircraft’s wing, the damping coefficient (c,, ) value was in the range of ¢,
>10,000 N s m™. Therefore, with the damping ratio C being equal to zero, the system vibrated

consistently at its natural frequency (w ), never deviating drastically to become unstable.

Keywords: Aerodynamic forces, aircraft wings, damping coefficient, Euler integration, limiting

spring stiffness.
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INTRODUCTION

An overview of the scientific pendulum scheme

A pendulum rotating around a pivot point, whether suspended or inverted, includes a
long rigid arm that ends with a mass affected by gravity at various time intervals and
rotation angles. Studying the time period that the pendulum takes to become stable
is one of the most important variables to be taken into consideration when analyzing
the effects of vibration in numerous mechanical applications, including agricultural
machinery. In the agricultural field, it is also possible to compare the effect of forces on
the movement and acceleration of a pendulum with the effect of forces and acceleration
on the stability of the center of gravity (CG) of a farm tractor to predict and prevent the
tractor rolling over. An oscillation methodology for tractors is easily applied to find
the height of the center of gravity (CG) of agricultural tractors, where a vertical plane
containing the center of gravity is obtained by measuring the relative height levels of
the tractor’s wheels (Fabbri and Molari, 2004; Khorsandi et al., 2018; Bietresato and
Mazzetto, 2019).

The concept of a simple pendulum can be illustrated by the seat’s shock absorbers
and the longitudinal (x) and lateral (y) axis of the driver’s seat of a self-propelled
agricultural machine (e.g., tractors, combines, lawn mowers, etc.), as well as the flight
stability of an uncrewed aerial vehicle (UAV) with or without an associated load during
field operations, which means that the dynamic model is with or without change of
parameters, as they are all expected to behave in the same way. The pendulum also
appears in the design of robotic arm and leg motions (i.e., to increase the walking
efficiency of robots and the associated control of robotic manipulators) or a tree
trunk and a canopy shaker machine, where the systems can monitor the inverted
pendulum’s trajectory in order to stabilize their movements. These agricultural
applications widely apply the concept of the equilibrium of the pendulum and mass-
spring-damper systems (MSD). Recently, modern agricultural practices, especially in
the field of control and precision farming methods, have quickly advanced through
the application of various technologies, electronic tools, and programming systems,
such as LabVIEW, MATLAB, Arduino Uno, Raspberry Pi, etc. These approaches have
become key factors contributing to the increased efficiency of agricultural operations,
especially regarding machines that are subjected to high levels of vibrations during
only the machines that are not cushioned by the soil or the harvested mass (e.g., potato
harvesters).

Moreover, a simulation study of the effectiveness of some proposed pendulum
models in stabilizing a robot’s walk for agricultural machines was performed by Li
et al. (2021). They established a trajectory-planning method that achieved flexible,
stable, and periodic walking independently for bipedal robots in different virtual
circumstances that could be realized in real time using linear and inverted pendulum
models. The stability of any mechanical system with respect to vibration depends
on several different parameters. For example, the mechanical system of an inverted
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pendulum attached to a cart shows that the pendulum can be steady in an inverted
position if the cart is stationary or if the cart has a displacement moving at a constant
velocity, i.e., it has no further acceleration (University of Michigan, 1997). The inverted
pendulum is a common application used in several mechanical systems. When the
center of gravity (CG) is higher than its pivot point, an inverted pendulum becomes
unstable (Hanada et al., 2019). Also, the pendulum’s stability is affected by several
parameters, as proposed in this study, such as the mass of the pendulum (m), the
length to the pendulum’s center of mass (I), and the pendulum’s angle from vertical

(0).

Simplifying the concept of the relationship between the inverted pendulum
scheme and the stability of uncrewed aircraft

In agricultural applications, an UAV flying at low altitudes may encounter unfavorable
winds, which will affect the required flight altitude of the aircraft during field
operations. Wind may cause the GPS antenna on top of the UAV to fluctuate, affecting
its stability, and it may disable the aircraft or affect its operational systems. Therefore,
the vibration of the GPS antenna on the fuselage in such a situation is similar to the
vibration of an inverted pendulum.

Sharma et al. (2021) noted the many current uses of hybrid uncrewed aircraft with both
helicopter and fixed-wing technology in civilian life and analyzed their aerodynamic
properties, including enhanced payload capacity. The load capacity (empty weight
plus added cargo load weight) and position of the center of gravity (CG) are the
important factors influencing flight stability that determine the appropriateness of
certain applications of the UAV in agricultural field operations, for example, aerial
agricultural spraying operations with agrochemicals. Assuming that the UAV aircraft
is acting in a consistent rotation, during a turn, the aircraft might act as a pendulum
affected by an external force (i.e., an aerial vehicle can swing, similar to a torsional
pendulum). Due to the aircraft’s shape, especially the design of the wings, which
may be affected by external aerodynamic forces, the displacement of the center of
gravity will create a significant rolling motion of the wings around the center of the
aircraft’s lift. If an aircraft is disturbed, resulting in one wing being in a high position
and the other wing in a lower position relative to the neutral point of the lateral axis,
the weight of the aircraft’s main body acts as a pendulum, bringing the aircraft back
to its equilibrium level (FAA, 2016). Aerodynamic variables affecting the aircraft’s
wing systems can help us predict an optimized design of the airframe and the wing
structure.

Estevez et al. (2021) proposed a control technique utilized for carrying a pendulum
with the lowest possible oscillations for a system consisting of a multi-rotor aircraft
that transmits a double pendulum. They indicated that the transmission of a multi-
pendulum using an aerial vehicle is perfectly adequate to the latest technology in
order to study the transportation of UAV-borne payloads using complicated dynamics
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considering the estimation and tuning of UAV dynamic parameters. The stability of
an inverted pendulum can be used to model the application in flight conditions of an
aircraft subject to various aerodynamic forces, such as spraying crop and soil nutrients
and applying pesticides and insecticides for pest and weed control in agriculture, with
the objective of determining the system’s ability to achieve stability, especially in the
initial inflight stabilization period. The controlling parameters of the rotary inverted
pendulum can be specified in two vibration modes that result in a wide frequency
domain with partly large amplitude vibrations. These conditions of large amplitude
should be avoided when setting a time-varying set point (Dolatabad et al., 2022).
Gunawan et al. (2018) developed a four-engine flight system (flying quadrotor) that
stabilized an inverted pendulum. The results showed the optimum response of the
output roll angle of the inverted pendulum and demonstrated the ability to control a
short period of autonomous flight (5.40 s) with a settling time of 0.80 s and an overshoot
of the roll angle of 17 °.

Moreover, Sowjanya and Ramesh (2015) and Jibril et al. (2021) indicated that the inverted
pendulum system is a typical nonlinear, multivariate, and naturally unstable system.
The problem of controlling an inverted pendulum is the fluttering of conventional
control systems; since the pendulum system is inherently unstable, the pendulum will
not remain upright without external forces (i.e., it is unstable without control). This
concept can be applied to the longitudinal stability of an aircraft’s fuselage as it relates
to wing stability. The aircraft’s wings are designed to accomplish safe and balanced
flight. When the wings of an aircraft move through the air, the position of the center
of the aerodynamic lift force remains at the same point regardless of the change in the
attack angle of the airfoil blade, with or without vibration. Gatto (2009) investigated a
longitudinal stability information technique derived from a wind tunnel test model,
which was set up as a pendulum support rig. A test model was inverted and suspended
inside the wind tunnel’s roof by a supporting strut with a degree of freedom, which
allowed the model to move. An additional gimbal attaching the model to the strut was
used to allow the model to freely rotate in pitch, thus simulating a device (pendulum)
oriented horizontally in a moving body (the wind tunnel).

Since longitudinal stability denotes stability along the plane’s latitudinal axis, the
effectiveness of the elevator provides aerodynamic control of the aircraft’s pitch angle.
Technically, the results for the system’s sensitivity and the input parameters showed
that the length of the pendulum’s rod and the pendulum’s velocity, mass, inertia,
rod angle, and angle of attack had the greatest influence on the estimated values of
the magnitude of the pendulum’s movement. These parameters can be adjusted to
achieve the aircraft’s optimum flight performance. As a result, the pendulum model,
which has only one degree of freedom, can be referred to as the angular displacement.
This angular displacement might act as an unbalanced force, which may cause the
stability or instability of the pendulum (Tulapurkara, 2012).

When evaluating the performance of any dynamic model of an UAYV, an issue arises
concerning the system’s control inputs and output states, which can be measured.
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However, to take these measurements, an observer is required to estimate the state
feedback of the UAV under the influence of an incidental external circumstance. In
this simulation study, the stability of two systems was investigated. For example,
simulations of an inverted pendulum and a simple approximation of an UAV
aircraft’s wing were tested for a stable flight of the UAV with a short duration. The
study included the development of a time-domain simulation to solve the differential
equation of motion. The simulation used the Euler integration approach for various
system parameters. The Euler integration approach is a numerical method that gives
a value for the displacement, velocity, and acceleration with the time steps for the
inverted pendulum and aircraft wing systems. In particular, this is important for cases
of interaction between the agricultural apparatus and the material to be processed.
The two systems were investigated by using the simulation program in MATLAB
software (The MathWorks Inc., 2022a). Thus, the main objectives of the simulation
study were to analyze the motion of a system that included a damper, a spring, and
an inverted pendulum. The system needed to be able to maintain the pendulum’s
stability when it stayed vertical and respond to disturbances to the pendulum’s angle
and, similarly, disturbances of the angle of attack of the aircraft wing (airfoil) by an
aerodynamic force. Thus, to demonstrate the aircraft’s flight stability, the simulation
should perform in the same way as a stable set of wings symmetrically designed
around the center of the longitudinal axis to achieve a suitable attack angle of the
aircraft’s wings (airfoils) along the lateral axis to obtain an appropriate flight lift level.
There is a gap between studies of the concept of a pendulum vibration and the
vibration of an UAV aircraft that needs to be adressed. Hence, the motive for this work
was to investigate the factors causing vibration problems in an inverted pendulum
and an UAV (spring and damper coefficients) using Newton’s fundamental analysis
of motion (Euler equation). Therefore, this study expects to provide investigators
with more information for proper comparison and methods for evaluating UAV’s
vibration and performance, as well as encouraging aeronautical engineers and
academic investigators who are interested in studying vibrations, dynamic behaviors,
and stabilization systems to consider all the missions to better understand the UAV’s
stability, which can be generalized in agricultural applications for the use of UAVs in
agriculture spraying and crop aerial images to support precision farming.

MODELING METHODOLOGY AND PROCEDURES

Simulation methodology of the two systems

The two systems that were analyzed in this study are as follows: (1) an inverted
pendulum (linearized only for small rotation angles, so that the system equation could
be linear) and (2) a simple approximation of an aircraft wing subject to aerodynamic
forces. Initially, the system used to carry out the simulation was the inverted pendulum
system. The proposed model of an inverted pendulum was pivoted at one end, with
double springs and viscous dampers attached at the halfway point of the pendulum
rod (Figure 1).
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Figure 1. Diagram of the proposed dynamic model of an inverted pendulum with coupled springs and viscous
dampers.

For the system of an inverted pendulum subject to aerodynamic forces, where the
spring and damping combinations were located at the halfway point of the massless
rod holding a small spherical mass m (0.5 kg), k is the spring’s stiffness constant (32.69
N m"), c is the damping coefficient (1 N s m™), and 0 is the angle through which
the pendulum rotates (i.e., theta is the pendulum’s angle from its vertical position
(upward)). Proposed angular displacement (angle of the pendulum’s rotation) 0 =
array of 2001 elements initialized to zero, and I is the length of the pendulum’s rod
(0.3 m) (Figure 1). Springs and viscous dampers are the mechanism of the pendulum
pivoting rod for keeping the inverted pendulum moving horizontally until it reaches
the vertical stability state.

The explanation of the UAV dynamic model parameters of the fuselage and wings
is proposed to be the same as that of the dynamic model of the inverted pendulum
machine with center pivot (Figure 1). The derivation of the motion equation and
the natural frequency of the system were based on the mass of the pendulum, the
length of the inverted pendulum. the stiffness of the springs, the damping coefficient
required for the oscillations, with the oscillation reducing over time to zero, mass of the
pendulum rod, and the initial angular displacement (in degrees). The acceleration of
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the rod along its swing can be computed as the acceleration (motion) of the pendulum
due to gravity, the direction, and the location of its head sphere, which is equal to
some constant multiplied by the sine function. Consequently, Euler integration was
used to carry out the project’s time-domain simulation (Kelly, 2012; Russell, 2018;
Garcia-Nieto ef al., 2019; The MathWorks Inc., 2022b). If a system with a generic single
degree of freedom (SDOF) under free vibration is considered and Newton’s law of
motion is applied, the corresponding equation of motion is:

mx+cx+kx=0 (1)

where ¥ is the system’s acceleration (m s?), x is the velocity (m s™), xis the displacement
(m) (i.e., the distance traveled by the mass), m is the pendulum’s mass (kg), c is the
damping coefficient (equivalent to the damping coefficient from combination of the
two dampers, N s m™), and k is the spring’s stiffness (equivalent to the stiffness from
a combination of the two springs, N m™). The Euler integration was constructed from
small time steps, dt. The acceleration of the current time step was determined by
rearranging Equation (1) to yield the following expression for acceleration:

- X - kx
—m 2)

X =

where the velocity and position can be obtained from the previous step; the initial
conditions are used for the first step. The velocity for the current time step is determined
by numerical Euler integration as:

X=x+Xdt

where the velocity on the right-hand side of the equation is retained from the previous
time step and is used to update the current value, and the acceleration multiplied by
the time step dt is used to account for the increase in the velocity due to the acceleration
of the system. The velocity from the left-hand side of the equation is then applied to
determine the current displacement:

xX=x+xdt

The displacement on the right-hand side of the equation is retained from the previous
time step, and the velocity multiplied by the time step dt is used to account for the
increase in displacement due to the velocity of the dynamical system.

The value of the current acceleration is calculated in the following expression, which
comes from the rearranged differential equation of motion of the inverted pendulum
for O, where O is the pendulum angle (i.e., a second-order ordinary differential
equation):
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The second part of the simulation was for the aircraft’s wing. This process was based
on a dynamic model derived by using the Euler approach, where Euler integration
was used to estimate the response of an aircraft’s wing section to aerodynamic forces.
The behavior of the wing can be modeled by a single degree of freedom differential
equation. The aerodynamic forces acting on the wings depend on the velocity. It is
being assumed that this system did not have a constant velocity, so the acceleration
occurred because of the variation in the aircraft’s direction. This means that the
equation of motion for the forcing term is:

mX + cx + kx = yx

where y (gamma) is the damping coefficient (N s m™) and yx is the velocity-dependent
effect of the aerodynamic forces on the wings (N) (i.e., a periodic propulsive force).

Intended procedures of the two systems

The two systems that needed to be activated were the inverted pendulum and a
simple aircraft wing subject to aerodynamic forces, where the spring and damping
combinations were located at the midpoint of the massless rod holding a small
spherical mass m, k was the spring’s stiffness constant, ¢ the damping coefficient, 0
the angle through which the pendulum rotated (i.e., theta was the pendulum angle
from its vertical position (upwards)), | the length of the pendulum rod, and g was
the constant gravitational acceleration (9.80665 m s?) (Figure 1). Therefore, an overall
description of the MATLAB simulations for each system implemented in this study is
presented in the following sections.

The inverted pendulum simulation process

MATLAB is widely used to implement simulations of various application models,
such as simulating the behavior of a dynamic system. The unique advantage of using
MATLAB is that this software can handle the time in milliseconds to develop and
confirm the results of the algorithms. In the simulation of the inverted pendulum
system, the user is first asked to input the simulation system they wish to run, as
follows: 1 for the inverted pendulum system, and 2 for the aircraft wing system. If the
choice is 1, several variables are initiated. The gravitational constant g is set to a value
of 9.80665 m s?. The mass of the pendulum is set to 0.5 kg, the damping coefficient is
set to 1 N s m?, and the length of the pendulum rod is set to 0.3 m.

Initially, the simulation calculates the value of the limiting spring’s stiffness at the limit
of stability (k_lim =2 m g ['’). The system displays the value of the calculated limiting
stiffness, and the user is asked for the value of the multiplier of k_lim to be used as the
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final variable. The k_value (spring stiffness) is the product of the multiplier and the
calculated limiting spring’s stiffness (k_lim). The final stiffness of the spring (k_value)
is then displayed in units of N m™. Certain selected time steps were too large to carry
out the simulation and were not considered in this study. Thus, the step size (dt), i.e.,
the step size in seconds, is then set to a value of 5 ms and the time is set to run from
0 s to 2000 step sizes, or 10 s, in steps of 5 ms. The variable theta (0) is set as an array
of 2001 elements initialized to zero. Theta_dot (0 ), which is a variable representing
the velocity of the center of mass (m) from the vertical position, is set to an array of
2001 elements initialized to zero. Theta_dbl_dot (é‘ ) is set to an array of 2001 elements
initialized to zero, and this variable represents the acceleration of the center of mass
(m) of the inverted pendulum as it swings. The following expression was used:

0,) theta (1) =5 * (pi / 180) + theta (1)

which is where the initial conditions of theta are set; the theta (6, angle) on the left side
is the current value of theta (angle) and is set to 5 ° in terms of radians plus the value
of the first element in the theta array, which is zero.

The next expression is:

(6,) theta_dot (1) = 0 + theta_dot (1)

which is where the initial conditions of velocity theta_dot are set; the velocity (theta_
dot) on the left-hand side is the current value of velocity and is set to 0 (rad s™) plus the
value of the first element in the velocity array, which is zero. Thus, the programming
loop can start calculating the value of theta (6, angular displacement) with respect
to time, O(t). The counter-variable, n, was set to run from 2 to 2001 in steps of 1. The
value of the current acceleration (Gn ) theta_dbl_dot(n) is calculated by the following
expression (as written in MATLAB):

(0,) theta_dbl_dot (n) =- (((c * (1)/2) * theta_dot (n-1)) + (((k_value * ()/2) - (m* g * 1)) *
theta (n-1))) / (m * (1))

which comes from the rearranged differential equation of motion of the inverted
pendulum as shown in Equation 3.

The theta_dot(n-1) is the value of the velocity (é ;) from the previous step, and
theta(n-1) is the value of the theta for angular displacement (6 _,) from the previous
step. The proposed equation assumes small angles (¢) (i.e., theta is varied between
+5 and -5 °), so the system’s equation is linear. The expression used to calculate the
current value of velocity ) ) theta_dot(n) as written in MATLAB is: theta_dot(n)=theta_
dot(n-1) + theta_dbl_dot(n) * dt, where theta_dot(n-1) is the value of the velocity from the
previous step plus the current value of acceleration multiplied by the time step.
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The expression used to calculate the current angular displacement (6 ) theta(n) as
written in MATLAB is:

theta(n) = theta(n-1) + theta_dot(n) * dt,

where theta(n-1) is the value of the pendulum’s swing angle from the previous
step plus the value of the current velocity multiplied by the time step. This is so
the programming loop ends and the angle’s theta () is converted back to degrees.
A plot of theta (angular displacement, 6) versus time is established with the time as
the horizontal axis and the theta (6, angular displacement) as the vertical axis. The
boundaries of the plot are set as follows: the horizontal axis is set between 0 and
10 s and the vertical axis is set between -15 and 15 °. Finally, the simulation can be
terminated by writing “End”, and the inverted pendulum simulation ends.

The aircraft wing simulation process

In MATLAB, if the user selects Choice 2, the user wants to run the aircraft wing
simulation, the aircraft wing simulation starts immediately. Several variables are
initiated: the system’s mass (m) is set to 500 kg, the spring’s stiffness (k) is set to 1x10”
N m”, and the aerodynamic effect on the system (i.e., gamma (y)) is set to 1x10* N s m™.
The damping coefficient at the limit of stability (c_lim) is set to equal to the value of
gamma (y), the calculated value of c_lim is then displayed in N s m™. The user is then
asked to enter the desired multiplier value for the damping coefficient at the limit of
stability (c_lim). The final value for the damping coefficient at the limit of stability is
then set to c_value and is equal to the damping multiplier (c_multiplier) multiplied
by the c_lim. The final calculated value of c_value (damping coefficient) is displayed
in N s m™. The time step (dt) is set to 0.002 s and the time is initially set to be between
0 and 2500 step sizes, or 5 s. The displacement (x), velocity x_dot (x), and acceleration
x_dbl_dot (¥) are each set to an array of 2501 elements initialized at zero.

The expression (x,), x(1) = 1 + x(1) is where the initial conditions of the displacement
(x) are set, where the x on the left side is the current value of x and is set to 1 mm plus
the value of the first element in the x array, which is zero. The next expression as
written in MATLAB is (x,), x_dot(1) = 0 + x_dot(1), which is where the initial conditions
of the velocity x (x_dot) are set; the x_dot on the left-hand side is the current value
of x_dot and is set to 0 mms™ plus the value of the first element in the x_dot array,
which is zero. Thus, the programming loop can be started to calculate the value of the
displacement (x) with respect to time, x(t). The counter-variable, n, is set to run from
2 to 2501 in steps of 1.

The mathematical expression used to calculate the acceleration (¥ ), x_dbl_dot, as
written in MATLAB is:

x_dbl_dot (n) = - (((c_value - gamma) * (x_dot (n-1)) + ((k) * x (n - 1))) / m)
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which is derived from the rearranged equation of motion of the aircraft wing (Equation
2). The expression used to calculate the current value of velocity (X, ), x_dot(n), as
written in MATLAB is:

x_dot (n) = x_dot (n-1) + x_dbl_dot (n) * dt

where (x ) x_dot(n-1) is the value of velocity from the previous step plus the current
value of acceleration multiplied by the time step. Likewise, the expression used to
calculate the current value of displacement, x(n) as written in MATLAB is:

x(n) = x (n-1) + x_dot (n) * dt

where x(n-1) is the value of displacement from the previous step plus the current value
of velocity multiplied by the time step. The loop of the programming circuit ends, and
the plot of displacement x versus time is established. The boundaries of the plot are set
as follows: the horizontal axis limit is set between 0 and 5 s and the vertical axis limit is
set between -5 and +5 mm. Finally, the simulation can be terminated by writing “End”,
so the aircraft wing simulator ends.

RESULTS AND DISCUSSION

To clarify the performance of the proposed inverted pendulum, a numerical simulation
was carried out using MATLAB software based on the physical parameters of the
pendulum system, which were set. In the inverted pendulum simulation system, the
initial results found the spring’s stiffness at the limit of stability k, =32.69 N m™, then
the time-domain simulation was programmed to determine the angular displacement
(rotation (0)) as a function of time.

Before running the time domain simulations for the two systems, the limiting
coefficients of the springs and viscous dampers of the two systems (spring’s stiffness
kli
for the inverted pendulum was considered to be the spring’s stiffness at the limit of

. and damping coefficient ¢, ) need to be manually calculated. The limiting factor

stability, k. . The calculation was as follows:

-2
k( 2mg> fim = k( 2(0.5 kg) (9.807 ms >lim =32.69 N m
7 0.3m

When the value of k,_(32.69 N m™) was used, the time-domain simulation for the
inverted pendulum could be run for various values of stiffness (k) to obtain the
rotation angle (0). An inverted pendulum with an affected force (mechanical energy)

has an initial position of theta >0 ° at t = 0 s (Figure 2).

The behavior of an inverted pendulum (Figures 2-4) showed its response is evident
at different values of stiffness (k, ) when the simulation was run at 0.1, 0.5, 0.9, 0.99,
1, 5, and 10 k. The angular displacement of the moving inverted pendulum mass
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at 0.1 k,_; B: rotation at 0.5 k,_; C: rotation at 0.9 k, ; D: rotation at 0.9 k_, .

was considered to be a function of time. The response of the pendulum model (Figure
2) clearly depicts the instability of the system with different levels of stiffness (k; ),
namely 0.1, 0.5, 0.9, and 0.99 k,_. With the proper optimal spring stiffness (k), the
system’s state stabilized within a few seconds. The same responses were studied with
different initial conditions (0.087 rad (= 0.1 rad) for angle) (Figures 2 and 3). Further
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simulations were run with a step disturbance (Figure 4), and the proposed optimal
controller was able to stabilize the system successfully.

As seen in the figures, the function describing the rotation angle varied greatly when
the value of k was changed. Unfortunately, for values of k less than k,_, the system
displayed divergent instability and immediately deviated sharply from the mean
without stabilizing. In the model, this would represent the case where the inverted
pendulum moved all the way to one side and stayed there without being able to
stabilize itself about the mean angle.

The output of the pendulum’s vibration was where the system was able to stabilize
the pendulum in 7 s (Figure 4B). The swinging stabilization system had a number
of decreasing swings before the pendulum reached a vertical position. The angular
displacement of the pendulum deviated to a maximum of 5 ° when the vibration was
introduced, but the swinging stabilization system was able to reduce the oscillation
in less than 8 s, which made the pendulum maintain its upright position. For values
of k greater than k, , the system displayed asymptotic stability. The rotation angle
approached an equilibrium position of 8 = 0 °, with the magnitude of vibrations
decreasing over time. This means that the pendulum could reach the vertical position

(6 =0 °); however, with parameters set (at the ideal step response of 10 k. ), the time

lim.
the system takes to reach stability is important (in 7 s).

In the particular case where the stiffness was equal to the limiting stiffness (k =k, ),
the system displayed stable behavior. The rotation angle in this case remained at the
initial value without deviation over time. This could be seen when k, was entered as
the value of k in the original differential equation (with an initial displacement (6) of 5 ©

and an initial velocity (9) of zero), as in the following formulae:

k=k(—2”;g>]jm

m129+%9+(%'mg1)9:0

2mg ), )
0=0

—L— - (mgh)

m6+<6+ ()6 =0

leé+CTP9+

mi6+ < 0) + (0)(5°) = 0
ml*6 =0
So, 6=0

In this case, no vibratory motion occurred, and the system remained at the initial
displacement angle. This makes sense because of the small angle assumption made at
the start of the process (Sin (0) = 0 and Cos (0) = 1). In general, the figures illustrate that
the angle and position of the pendulum system can provide an acceptable response
since the initial condition of 8 = 5 © was not large. The initial displacement angle at
time ¢ =0 s for this system was 5 °. The pendulum’s response shows that for a unit step
actuated by a force, the system was unstable, and a settling time of 7 s was achieved
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by increasing the value of the spring’s stiffness, k. In the beginning, with a small value
of stiffness k, there was a small amount of oscillation, but it took an unacceptably long
time to reach the steady state. The result of theta rotation (0) versus time (t) at different
levels of limiting the spring’s stiffness (5 and 10 k) is shown (Figure 4). It is clear that
for 10 k,_, the pendulum’s position became almost stable in a short settling time (7 s).
In addition, for the second system, to clarify the performance of the proposed simple
aircraft wing subject to aerodynamic forces, a numerical simulation was carried out
using MATLAB software based on the parameters of the wing system that were set.
Furthermore, as shown in the simulation figures, the displacement of the moving
system’s mass was considered to be a function of time. For the system analysis, in the
case of self-excited vibration (flutter), the factor limiting the motion was the damping
coefficient at the limit of stability (c, ). This is because the aerodynamic forces on
the wing are velocity-dependent (similar to the damping force), feeding back into the
differential equation of motion and thus affecting the stability of the system.

The limit of stability occurs when the damping ratio (C, dimensionless) reaches zero
(C=0), meaning the damping coefficient at the limit of stability (c, ) can be calculated
as follows:

A
——

_\c Yy _

= =0
¢ 24/ km
Clim = Y

So, Clin =1 X 10" N s m™

Using this value for ¢, (10 000 N s m™), the simulation for the aircraft wing was run
for various values of the damping coefficient (c) to determine the wing’s position
(displacement x) as a function of time (t) and implemented by using the Euler
Method. Therefore, the simulation’s output results for different values of the damping
coefficient (c), namely 0.5, 0.9, 0.99, 1, 1.1, and 2 ¢, show the displacement response
of the moving system’s mass (x) versus time (t) (Figure 5).

The model’s response shows that for the 0.5 and 0.9 ¢, damping coefficients, the
instability of the system showed a clear periodic oscillation (Figure 5). Moreover, the
displacement amplitude of the system’s oscillations and the period of oscillations
increased with time. Furthermore, a negative dynamic stability (dynamically unstable,
with divergent oscillation) at damping coefficients at limits of stability (c, ) of 0.5, 0.9,
and 0.99¢, _(i.e., the disturbance caused a magnification of the amplitude over time) was
found (Figures 5A, 5B, and 5C). An undamped oscillation (a neutral dynamic system)
was obtained at 1 ¢, (Figure 5D). The results also show that as the damping coefficient
increased with time, the displacement amplitude of the oscillations decreased, but
the period of the oscillations was still at the increasing limit (Figures 5A-5D). The
system was under damped oscillation (dynamically stable, called a positive dynamic
system in a stable equilibrium position) when the damping coefficient at the limit
of stability (c, ) was 1.1 and 2 ¢, (Figures 5E and 5F). In general, as only applied
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to this study, for the flight of an aircraft to be stable, the results of the oscillation
must be damped immediately, and this can be achieved by increasing the value of the
damping coefficient (c).

Moreover, as seen from the simulation figures, the stability of the aircraft wing was
dramatically affected by changes in the damping coefficient (which relate to a change
in the damping ratio C of the system). For values of c less than c, , the damping
ratio, C, will be negative. In these cases, the system will be unstable and will show an
exponential rise due to underdamping (i.e., disturbance over time). This can be seen
in the first four cases (Figures 5A-5D), where the damping coefficient (c) was less than
the damping coefficient at the limit of stability (c, ). However, for the cases where
the system (Figures 5E and 5F) exhibited stable behavior (or
asymptotically stable behavior, as C <1 for the given cases). The displacement rapidly

c was greater than c_,
approached the equilibrium position of 0 mm as time (t) increased. In addition, in the
particular case where c = ¢, (Figure 5E), the airplane wing displays what is known
as marginal stability (in 3.5 s). This is because the damping ratio C of the system was
equal to zero, as shown by:

According to this result, if the damping ratio (C) is equal to zero, the system will vibrate
consistently at its natural frequency of oscillation (w), i.e., for a zero-damping effect,
it will never deviate so drastically as to become unstable, but it will never stabilize at
a final value. Significantly, one can observe in the figures that the displacement of the
moving system mass and the position of the aircraft wing system as simulated in the
MATLAB experiment showed a satisfactory response.

For the inverted pendulum (Figures 2—4), the critical angular displacement (0) versus
time (t) measured by simulation of the pendulum’s vibration for different levels
of the spring’s stiffness k , demonstrated that the system contained the positive
characteristics of the equation of motion and that its step response to the inputs could
also increase to infinity (i.e., an unbounded response), and thus the angle 0 could
increase infinitely (Figure 2). In this case, the k, command can be utilized to simulate
the response of the angular displacement 6 of the pendulum model to random inputs.
The result confirmed that the response of the pendulum system to a step input with
slow oscillation was unstable around the vertical position (Monir, 2018); however, the
pendulum could become stable in its inverted position (i.e., the inverted pendulum
can eventually reach the vertical equilibrium position) if the pendulum oscillates at
a constant velocity, or the inverted pendulum will stabilize at an angle (the stability
angle of the inverted position). It can be seen that the pendulum swung until it settled
at 0 =5 ° (the angle of stability) (Figure 3). Additionally, the pendulum remained in
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Figure 3. Angular displacement 6, with rotation at spring’s stiffness 1 k. (neutral position).

an upright position with rapid oscillation, and the pendulum’s oscillation around
the vertical position remained small. Thus, with fast oscillation, in which the initial
oscillation amplitude of the inverted pendulum was 5 °, the pendulum could be kept
stable around its vertical position (Figures 4A and 4B), and the pendulum swung at 0
=5 ° until it settled at0=0°in 7 s.

Over time, the angular amplitude of the oscillations decreased, but the period of the
oscillations was still at the increasing limit (Figure 4A). Fluttering was dampened
in about 7 s (Figure 4B), when the value of the spring’s stiffness was about 10 k.
In general, the results show that the inverted pendulum can be kept vertical within
5 © when controlled by using different spring displacements k, and that when the
pendulum is in the vertical position (6 =0 °), the springs do not extend. In these figures,
it is obvious that the amplitude of vibration decayed over time. The simulation results
demonstrated that the lateral angular (angular rotation) response of the inverted
pendulum, which showed a normal vibration with different values of the spring
coefficient (k), had a very small settling time with increased spring coefficient (k)
values, which efficiently brought the pendulum to the inverted position (i.e., upswing).
The method of analyzing the aerodynamics that affect the aircraft can be used to
analyze the stability and flight control of UAVs. This can be accomplished by comparing
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the stability of an inverted pendulum system to the wings of an uncrewed aircraft.
Accordingly, there are some noticeable aerodynamic forces that affect a UAVs’ flight:
thrust, drag, lift, weight, and the coefficients of pitch moment and attack angle (FAA,
2016). Furthermore, from the perspective of an aircraft wing subject to aerodynamic
forces, the displacement of the moving system’s mass (mm) versus time (seconds)
when the simulated values of the damping coefficient c increased, namely 0.5, 0.9,
099,1,1.1,and 2 Cliv reflected a stable system (Figures 5A-5F).

For the aircraft wing (Figure 5), the initial displacement at time t = 0 s for this
system was 1 mm. The initial displacement response of the moving system’s mass
(x) varied between +5 and -5 mm at the lowest damping coefficients (c) at the limit
of stability. With increasingly higher coefficients, the displacement decreased to the
initial displacement limit between +1 and -1 mm. The time-domain responses in
displacement of the moving system’s mass for the two highest values of the damping
coefficient ¢ (the damping coefficient at the limit of stability), namely 1.1 and 2 ¢,
showed the minimum amplitude of the mass displacement of this system and the least
time required for the system to reach stability (Figures 5E and 5F). This illustrated
greater responsiveness to relatively rapid changes in state and thus represented the
most efficient flight path.

In addition, the results showed that with time, the displacement amplitude of the
oscillations decreased and the period of the oscillations also decreased (Figures 5E and
5F). Therefore, to stabilize the flight, the oscillation was completely damped after a
certain time period. Finally, the originally proposed equivalent viscous damping ratio
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Figure 5. Displacement response of the moving system’s mass at different values of damping coefficient ¢, . A: response at 0.5

¢, B: response at 0.9 ¢
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C:response at 0.99 ¢, ; D: response at 1 ¢, ; E: response at 1.1 ¢, ; F: responseat2c, .
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was 0 % (C < 1), with the displacement amplitude ranging from less than 1 to 5 mm,
according to the Euler method. The time taken to reduce the displacement amplitude
from 5 mm to less than 1 mm was reduced from about 5 s to 400 ms. The results show
that a damping coefficient of more than 10,000 N s m™ was more effective. The aircraft
took a very short time to return to its reference condition and was kept at a certain
rotation angle (i.e., the aircraft took off in an accurate and stable position).

This system gave anactual time response with arelatively smallmagnitude of oscillation,
since the figures clearly show that the amplitude of oscillation decayed over time more
quickly, thus achieving the objective of designing effective aircraft wings. There was
only a small degree of oscillation for 400 ms (Figure 5F). For a system controlled by the
damping coefficient, the system’s model is more responsive to relatively fast alterations
in its state induced by aerodynamic forces, and so the model of a dynamic system will
therefore be faster to reach a steady-state position and to respond to disturbances
than a system with a poorly-tuned damping coefficient or one in which the dynamic
system has not achieved damping control. In addition, these results also show that
the flight instability of UAV aircraft during the turbulence associated with takeoff and
the subsequently delayed flight stability were more pronounced than that of flight at
higher airspeeds, and significant stability disturbances could be caused by the action
of small external forces on the aircraft’s propellers or the aircraft itself. Inefficiencies in
the flight control systems can also be a problem for stable operations.

Recently, UAVs have been widely applied in agriculture, especially for operations in
precision agriculture (PA) (Radoglou-Grammatikis et al., 2020; Wang et al., 2021), which
require a highly efficient aircraft control system. Therefore, modern automated control
systems have been applied in many areas, but are of particular importance in flight
operations. The elements of the control system need to be clearly understood, and the
basic concepts of controllers need to be developed to maintain stability while reacting
to external forces, such as unexpected vibration on the uncrewed aircraft’s structure
or the multirotor aircraft arms (rotary wings) that operate almost autonomously,
which may indicate the presence of external noise entering the UAV’s control systems,
typically caused by sequential excitation of aerodynamic or atmospheric air turbulence
(i.e., external sources) (Al-Mashhadani, 2018, 2019; Ghazali and Rahiman, 2022).

CONCLUSIONS
This research indicated that for the establishment of flight stability, the first dynamic
moments of flight in an uncrewed aerial vehicle (UAV) and its response to any
surrounding disturbances are the most significant. The findings from the simulation
of the inverted pendulum showed that as the value of the spring’s stiffness at the limit
of stability, k
stable. The system vibrated consistently at its natural frequency (w, ), never deviating

v increased, the system became more convergent and, as a result, more
drastically to become unstable, but also never stabilizing at a final value. The simulated
inverted pendulum’s displacement versus time showed that the inverted pendulum
could become stable despite the slightly periodic oscillation with an increase in the
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value of the spring coefficient. The aircraft system displayed stable behavior with an
increase in the value of the damping coefficient. The displacement amplitude of the
system’s oscillations, as well as the period of the oscillations, increased with time when
the damping coefficient was below a certain value. These results would significantly
help in creating a clear and understandable path for improving the implementation
of UAVs in agricultural field operations, especially with an additional payload, which
may affect the center of gravity of the UAV and its flight stability.
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ABSTRACT

With a cultivated area of approximately 800 thousand hectares distributed in 15 states, sugarcane
(Saccharum spp.) is one of the main crops in Mexico. Despite its socioeconomic importance, the
genetic base of this crop has been reduced in recent decades, making the production system
vulnerable to both biotic and abiotic stresses. For this reason, the Colegio de Postgraduados
Campus Cordoba initiated a varietal selection program in 2009. In this study, morphological
and agronomic attributes of 20 advanced hybrids were analyzed during the 2020-2021 and 2021-
2022 growing seasons to determine genetic variability based on principal component analysis
(PCA) and cluster analysis. Commercial cultivars widely planted in the area of influence of the
Cordoba Campus (CP 72-2086, Mex 79-431, Mex 69-290 and Mex 05-204) were used as reference
samples. In terms of agronomic indicators, most of the new hybrids showed higher averages
than the commercial control cultivars. The hybrids COLPOSCCMex 09-50 and COLPOSCCMex
09-66 showed better germination capacity. The average height of the tallest milling stems was
presented by the hybrids COLPOSCCMex 09-341 (318.1 cm) and COLPOSCCMex 09-93 (311.85
cm). The hybrid COLPOSCCMex 09-289 showed outstanding values for five variables: diameter
(36.43 mm), °Brix (21.89 %), stem height (149.33 cm), leaf width (5.36 cm) and number of leaves
(11.15). Morphological characterization was carried out according to 54 descriptors, combining
categorical and continuous traits that were easy to observe, with a high degree of differentiation
and low environmental influence. Principal component and cluster analyses showed the
distribution of hybrids into five groups. These results show promising sugarcane lines with
high yields, which can contribute to genetic diversity in agroecological zones where they can
be adapted.

Keywords: Poaceae, genetic variability, promising lines, descriptors, agroecological zones.
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INTRODUCTION
Sugarcane (Saccharum spp.) is the largest plant source of table sugar and one of the
most important crops for the generation of green energy worldwide. Currently, 80 %
of the sugar consumed in the world comes from this grass (FAO, 2023). The sugar
industry has positioned itself as one of Mexico’s main economic activities, generating
income through agricultural, processing and marketing activities. The total area
of Mexico is 198 million hectares, of which only 27.5 million hectares are used for
agriculture (INEGI, 2014; Torres-Torres and Rojas-Martinez, 2018). Of these, about
800,000 hectares are planted with sugarcane annually (CONADESUCA, 2021).
Increasing agricultural productivity in the sugar industry has become more important
in recent years, aiming for a more competitive level in global markets. In the 2020-2021
growing season, the national average yield was 64.92 Mg ha”, which was considered
low compared to previous harvests. The highest national yield was recorded in the
2012-2013 harvest, with a value that reached 78.74 Mg ha' (CONADESUCA, 2021).
These variations are closely related to the need for innovation in sugarcane production,
since adaptation to climate change, efficient use of water, fertilizers, biofertilizers and
manures, resistance and tolerance to biotic and abiotic stress factors, increased yields
and the generation of cultivars for different uses are among the main demands to be
considered to improve the primary sector of this agribusiness (Gomez-Merino et al.,
2014; 2017).
With respect to genetic variability, the sugar industry in Mexico mainly relies on four
commercial cultivars: CP 72-2086, Mex 69-290, Mex 79-431 and ITV 92-1424, with
percentages of land planted of 31, 26, 8 and 6 %, respectively (CONADESUCA, 2016).
This highlights the need to increase the genetic base of the crop, as it is exposed to the
severe effects of climate change and the attack of new pests and diseases. Prioritizing the
main problems of the sugar industry in Mexico, in 2009 the Colegio de Postgraduados
implemented a program for the selection and exchange of sugarcane cultivars (Lavin-
Castaneda et al., 2020). The main objective of this program has been to increase the
productivity and profitability of the sugar agroindustry through the selection of new
outstanding sugarcane genotypes. Among other elements requiring improvement,
there is a need for a greater ability to adapt to the different agroecological zones
where sugarcane is grown in Mexico, higher sucrose yields than current commercial
cultivars, greater resistance to pests and diseases, and agronomic characteristics that
facilitate its cultivation and management.
The correctselection of anew genotype tobe planted in one of Mexico’s sixagroecological
zones is a fundamental requirement to exploit its maximum productivity. This is why
the analysis of genetic diversity has become one of the main tools for studying the
relationships that exist among sugarcane genotypes. Biotechnology has provided
breeders with a large number of DNA-based markers to analyze the genetic diversity
of sugarcane (Junior et al., 2020; Emegha et al., 2021). Phenotypic traits to estimate this
type of diversity are now widely used because, compared to molecular markers, they
are simple, easy to identify and collect, inexpensive, effective and practical (Wu et al.,
2021).
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Among the different characteristics that define a genotype, morphological, agronomic
and agro-industrial traits are used to identify a new sugarcane cultivar. Several
statistical approaches are used to study genetic diversity, depending on the amount
and nature of data collected. Multivariate data analysis techniques and the use
of morphological data are frequently employed for the understanding of genetic
diversity. Cluster analysis and principal component analysis (PCA) use agronomic
and quality characteristics to investigate the nature of genetic divergence among
different genotypes (Seema et al., 2017). These analyses also help to quantify the
variability available in the gene pool, as well as to identify groups of genetically similar
or different plants (Baloch et al., 2017).

The objective of this study was to analyze the genetic diversity of a group of 20 hybrids
in advanced selection processes and four commercial cultivars (controls) based on
analysis of variance (ANOVA), multivariate cluster analysis and principal component
analysis of morphological and agronomic variables. The multivariate analysis was
based on the clustering technique to form groups of observations (hybrids) with
common characteristics through Euclidean distance. On the other hand, the principal
component analysis showed the formation of small groups of uncorrelated variables
(morphological and agronomic) that can facilitate the interpretation of the genetic
diversity of the hybrids through small groups based on the original variables.

MATERIALS AND METHODS

Plant material and experimental design

The study involved 20 new sugarcane hybrids (Table 1) selected on the basis of
their performance during previous phases, compared to three control cultivars with
the largest area planted in Mexico: CP 72-2086 of early maturity, Mex 79-431 of
intermediate maturity and Mex 69-290 of late maturity. As an additional control, an
outstanding cultivar selected by the Colegio de Postgraduados Campus Tabasco was
evaluated: COLPOSCTMEX 05-204 (Mex 05-204), also early maturing.

Genotypes were evaluated in experimental plots at the Colegio de Postgraduados
Campus Coérdoba, located in the municipality of Amatldn de los Reyes, Veracruz,
Mexico (18° 51" N, 96° 51" E; 650 m elevation), during the 2020-2021 and 2021-2022
growing seasons. The climate of the area is tropical humid, with rainfall in summer
and an average annual temperature of 20 °C, a maximum temperature of 35 °C and
a minimum of 10 °C. Average annual precipitation is 1807 mm (Soto-Esparza and
Garcia, 1989). The main soil types of this experimental center are vertisols and feozems
(CONABIO, 2011).

The 24 genotypes (20 hybrids and four commercial controls) were planted in a
randomized block design in plots with dimensions of 6 m long x 6 m wide and 2 m
between each plot, with 1.2 m row spacing. For the characterization of the genotypes,
nine traits of interest were recorded 2 m linearly from the center of each plot: stem
height (cm); stem diameter (mm); leaf number, length (cm) and width (cm); SPAD
indirect chlorophyll index (ICC); °Brix and sprouting of the sown buds (%). The entries
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Table 1. Sugarcane genotypes (Saccharum spp.) evaluated during the Semi-commercial
Stage of the genetic improvement program of the Colegio de Postgraduados Campus
Cordoba.

No. Cross Parents Genotype
Female Male
01 222 LCP 81-10 x Gloria 57 COLPOSCCMex 09-29
02 255 CP 52-68 x  CP70-1527 COLPOSCCMex 09-50
03 257 CP 92-1401 x  CP 81-1384 COLPOSCCMex 09-66
04 258 CP 81-10 x CP 70-133 COLPOSCCMex 09-93
05 258 CP 81-10 x CP 70-133 COLPOSCCMex 09-95
06 264 Tue 72-9 x  CP 80-1827 COLPOSCCMex 09-97
07 264 Tue 72-9 x  CP 80-1827 COLPOSCCMex 09-125
08 294 CC 93-3826 x CP 62-378 COLPOSCCMex 09-132
09 CMIV LTMex 92-52  x &? COLPOSCCMex 09-208
10 CMIV LTMex 92-52  x &? COLPOSCCMex 09-212
11 CMIV LTMex 92-52  x &? COLPOSCCMex 09-217
12 CMIV LTMex 92-52  x & COLPOSCCMex 09-222
13 774 PR 62-632 x  CP80-1743 COLPOSCCMex 09-273
14 707 Mex 79-431 x  CP 89-2377 COLPOSCCMex 09-289
15 707 Mex 79-431 x  CP 89-2377 COLPOSCCMex 09-290
16 529 ITV 92-1424 x B 45-181 COLPOSCCMex 09-312
17 529 1TV 92-1424 x B 45-181 COLPOSCCMex 09-321
18 527 ITV 92-1424 x  CP81-1384 COLPOSCCMex 09-333
19 523 CP 87-1490 x  Mex 79-341 COLPOSCCMex 09-341
20 523 CP 87-1490 x  Mex 79-341 COLPOSCCMex 09-348
21 Control 1 CP 62-374 x CP 63-588 CP 72-2086
22 Control 2 Co 421 x  Mex 57-473 Mex 79-431
23 Control 3 Mex 56-476 x  Mex 53-142 Mex 69-290
24 Control 4 CC92-2198 x  CC93-4206 Mex 05-204

were made every month throughout the crop cycle, except for °Brix, which was not
evaluated until cane maturity, i.e., 12 months after planting.

The hybrids were characterized by 50 descriptors, using morphological and
agronomic characteritics based on the methodologies described in the UPOV (2005)
and Goémez-Merino and Senties-Herrera (2015). The traits were identified in fully
developed sugarcane plants from the useful section of each experimental plot in the 24
genotypes. The descriptors evaluated were: growth habit, stem diameter, stem height,
internode arrangement, longitudinal aspect of internodes, internode length, color of
sun-exposed internodes, color of non-sun-exposed internodes, wax on internodes,
bud canal, length of bud canal, narrow fissures or grooves, stem cracks, root band
shape, bud position at node, bud shape and color, pubescence and bud position, node
color, bud size and type, bud lala width, leaf width, leaf blade conformation, leaf blade
color, leaf edge pubescence, amount of sheath wax, sheath color, sheath pubescence,
length of sheath hairs, auricle shape, ligule shape, ligule width, collar color, collar
shape, sheath adherence, crown conformation, crown size, inflorescence, presence of
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lalas, number of water suckers, spreading, pith, hollowness, °Brix, number of milling
stems, and growth ring thickness on bud side and opposite bud side.

Statistical analyses

The data obtained were processed using Minitab statistical software version 19.2020
(Minitab; State College, PA, USA). An analysis of variance (ANOVA) was performed
for each agronomic variable studied and a comparison of means was applied using
Tukey’s test (p < 0.05). Multivariate analyses were carried out considering agronomic
and morphological variables, using cluster analysis by similarity of observations with
the complete linkage method, with which a dendrogram was constructed. A principal
component analysis was also performed for the same group of variables.

RESULTS AND DISCUSSION
Some of the hybrids evaluated showed a faster emergence than the controls. At 13 days
after planting, up to six shoots were found on some hybrids, compared to controls that
showed three shoots on average (data not shown). The results revealed differences
in the development of the hybrids (Figure 1). One month after planting, the hybrids

140 —
Genotypes
120 — X COLPOS CCMex 09-132
O COLPOS CCMex 09-208
> COLPOS CCMex 09-212
100 H ®  COLPOS CCMex 09-29
38 -+ COLPOS CCMex 09-312
& go- A COLPOS CCMex 09-321
= X COLPOS CCMex 09-50
° O COLPOS CCMex 09-66
£ 60 @ COLPOS CCMex 09-95
5 X  COLPOS CCMex 09-97
2 404 O Mex 05-204
$ P 72-2086
O Mex 69-290
20 - Y Mex 79-431
0 —
I I I I I I I
L9 N AN N N
R T N R I
A A QY Y QY N

Dates of assesment

Figure 1. Comparison of the number of plants in hybrids under selection and commercial control cultivars of
sugarcane (Saccharum spp.) in the Semi-commercial Stage, grown at the Experimental Field of the Colegio de
Postgraduados Campus Cérdoba, 2020-2021 and 2021-2022 growing seasons.
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that showed the best development were COLPOSCCMex 09-66 and COLPOSCCMex
09-50, with average values of 85.33 and 68.67 shoots emitted, respectively, higher
than those observed in the control cultivars. Just recently, Lesmes-Vesga et al. (2023)
demonstrated that lalas may produce more tillers and higher shoot dry biomass than
pop-eyes and ungerminated buds, while both lalas and pop-eyes produced higher
root dry biomass than ungerminated buds.

This greater initial development was maintained throughout the crop cycle since these
same hybrids presented the highest number of milling stems in May and June of the
first cycle, which coincides with the tillering phase, with means of 138.83 and 108.50
stems, respectively. At this evaluation stage, COLPOSCCMex 09-312 outperformed
the aforementioned hybrids with an average of 162.3 shoots in June, followed by
COLPOSCCMex 09-321 with an average of 120.7 shoots (data not shown in the graph).
Others such as COLPOSCCMex 09-29, COLPOSCCMex (09-95, COLPOSCCMex 09-
132 and COLPOSCCMex 09-212 reached their highest value during this same month,
with averages of 98.8, 93.3, 89.0 and 92.2 stems emitted, respectively.

During the high growth phase, from June to September, the hybrids exhibited a
significant decrease in the number of milling stems, a negative characteristic that
should be avoided in new commercial cultivars, since the number of stems is closely
related to the final yields obtained in the field. Finally, the hybrids that presented the
highest number of stems at the final stage of the harvest cycle were COLPOSCCMex
09-66, COLPOSCCMex 09-29 and COLPOSCCMex 09-312, with averages of 88, 84.8
and 80.8 stems, respectively.

The germination percentage is a critical characteristic that determines the productive
potential of the cultivars to be established (Ganapathy and Purushothaman, 2017).
The first factor determining germination percentage is genetic (Patil and Patel, 2017).
Furthermore, the age of the buds used in planting and their position on the stalk
also affect germination indicators, which can be increased when using buds from the
middle and upper part of the sugarcane (Samiullah et al., 2015), due to the greater
availability of reserves in these parts. Temperature, humidity and soil conditions
are also determinants of germination. Temperatures close to 35 °C and irrigation
immediately after planting increase germination, as well as planting with a 6-10 cm
layer of soil (CINCAE, 2004). In a study on integrated selection criteria in sugarcane
breeding programs using discriminant function analysis (DFA), Abu-Ellail et al. (2020)
determined that the most important attributes are stalk weight, stalk height, purity,
°Brix and milling stalk yield.

In this study, there were significant differences (p < 0.05) among the hybrids evaluated
for the characteristics plant height, stem diameter, SPAD index and °Brix (Table 2).
The greatest height was observed in the hybrids COLPOSCTMex 09-93, with 311.8 cm,
and COLPOSCCMex (09-341, with 318.1 cm, while the lowest heights were obtained
with COLPOSCCMex 09-222 and COLPOSCCMex 09-333 with values of 236.9 cm
and 225.31 cm, respectively. In general, most hybrids responded significantly to this
variable when compared to the control cultivars. The length of milling stalks is one
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Table 2. Average performance with respect to stalk height, stalk diameter, SPAD index and °Brix in hybrids under selection

and commercial cultivars of sugarcane (Saccharum spp.) in the Semi-commercial Stage, grown at the Experimental Field

of the Colegio de Postgraduados Campus Cérdoba, 2020-2021 and 2021-2022 growing seasons.

Genotype Stem height (cm) Stem diameter (mm) SPAD Index (ICC) °Brix (%)
CP 72-2086 283.43+6.56™ 29.11+0.638hik 29.43+1.14Mik 22.42+0.17*
Mex 79-431 265.46+4.018M 32.13+0.66 36.70+1.59"ik 20.58:0.27] bedefehi
Mex 69-290 301.24+5.118" 34.95+0.56° 28.30+1.668" 19.45+0.24sh
Mex 05-204 272.31+4.67 26.7+0.56! 45.52+2 86 16.64+0.56/
COLPOSCCMex 09-29 277.06+4.83fsh 25.25+0.474 29.05+1.96/m 19.21+0.27
COLPOSCCMex 09-50 292.59+3.74m 27.59+0.48'™ 12.96+0.69™ 19.79+0.32fh
COLPOSCCMex 09-66 299.31+4.62bde 27.73+0.53"ikl 18.66+1.48%m 19.33+0.17"
COLPOSCCMex 09-93 311.85+6.68° 30.01+0.771K 36.51+1.79" 20.2620.24¢°fsh
COLPOSCCMex 09-95 285.63+5.684 25.12+0.42" 27.16+1.76%sh 20.30+0.434¢fehi
COLPOSCCMex 09-97 292.31+4.58* 26.59+0.43™" 22.96+1.154m 22.16+0.14%®
COLPOSCCMex 09-125 310.93+4.188hik 28.8+0.47K 22.92+1.34!m 20.31+0.24defshi
COLPOSCCMex 09-132 293.9615.671 30.24+0.40M 32.0+1.271K 20.45+0.37 cdefehi
COLPOSCCMex 09-208 276.30+7.58 35.17+0.68"¢ 40.90+1.83 20.60+0.27Pedefehi
COLPOSCCMex 09-212 245.00+3.76"* 29.85+0.46"4 44.13+1.77 20.20+0.28¢fh
COLPOSCCMex 09-217 256.39+4.84b<4 28.85+0.521ehi 31.26x1.52%h 21.52+0.33bcde
COLPOSCCMex 09-222 236.94+6.198hik 29.05+0.44<fh 25.37+0.97Mik 20.97+0.38bcdefs
COLPOSCCMex 09-273 282.22+4.24m 30.29+0.538hi 20.01+0.98Km 20.98+0.38bcdefs
COLPOSCCMex 09-289 268.59+4.37¢f 36.43+0.76* 28.71+1.1748 21.89+0.15%<d
COLPOSCCMex 09-290 274.63+6.298" 30.29+0.71b<de 41.12+2.079¢ 20.09+0.26¢fh
COLPOSCCMex 09-312 286.98+6.008" 31.06+0.54f 52.33+3.81* 17.19+0.52
COLPOSCCMex 09-321 298.06+6.44" 29.99+0.368hik 51.76+2.06° 20.93+0.26°bcdefeh
COLPOSCCMex 09-333 225.3145.35™ 29.43+0.394s 22.65+1.06"k 22.04+0.422b¢
COLPOSCCMex 09-341 318.09+6.77° 33.45+0.56 22.54+1.09' 20.77:+0.34bcdefehi
COLPOSCCMex 09-348 309.33+6.84fs 32.98+0.88° 39.69+2.29< 21.17+0.223bcdef

Means+ standard error. Means with different letters indicate statistical differences (Tukey, p < 0.05). Averages of

measurements taken twelve months after planting are shown.

of the characteristics that can indicate the tolerance of sugarcane to drought stress,
in addition to having a wide heritability, so it can be used as a selection criterion
in breeding programs (Hartati and Yuniyati, 2022). In addition to the genotype
factor, the significant differences found in stem height may be related to the climatic
conditions and soil characteristics in the area where the study was conducted since the
driest period coincides with the formative phase of sugarcane, a limiting factor for the
normal development of the hybrids (Zhao et al., 2020).

The largest stem diameter was found in the hybrid COLPOSCCMex 09-289, with 36.43
mm, and COLPOSCCMex 09-208, with 35.17 mm. The latter genotype also showed
high values for the SPAD and °Brix index traits, with values of 40.90 ICC and 20.60 %,
respectively. Hybrids Mex 05 204, COLPOSCCMex 09-212 and COLPOSCCMex 09-
290 showed the highest values for the SPAD index, with averages of 45.52, 44.13 and
41.12 ICC, respectively.
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The hybrids showed significant differences in soluble solids content in the juice

extracted from their stems. However, none exceeded the control cultivar CP 72-
2086, which reached 22.42 °Brix. The hybrids that most closely resembled this value
were COLPOSCCMEX 09-97, COLPOSCCMEX 09-333, COLPOSCCMEX (9-289,
COLPOSCCMEX (09-217 and COLPOSCCMEX 09-348, with values of 22.2, 22.1, 21.9,
21.5 and 21.2 %, respectively (Table 2). The absence of significant differences observed

among the hybrids evaluated with respect to the °Brix variable could be due to the

uniform expression of genes controlling this attribute in the new sugarcane hybrids,

rather than to environmental or management conditions (Muhammad et al., 2014).

Regarding the means of the variables leaf length, leaf width and number of leaves
(Table 3), the hybrids Mex 79 431 and COLPOSCCMex 09-29 presented the longest leaf
length, with 163.65 and 163.37 cm, respectively. However, leaf width was narrower for
the hybrid COLPOSCCMex 09-29 (3.82 cm) compared to the other hybrids and control

Table 3. Agronomic response of phenotypic traits in control cultivars and hybrids of

sugarcane in the Semi-commercial Stage, grown at the Experimental Field of the Colegio de
Postgraduados Campus Cérdoba, 2020-2021 and 2021-2022 growing seasons.

Genotype Leaf length (cm) Leaf width (cm) Number of leaves
CP 72-2086 149.28+2 521 4.24+0.12 11.39+0.38¢<fs
Mex 79-431 163.65+2.21 ¢ 4.46+0.121shi 11.0+0.37b<d
Mex 69-290 161.39+2.694¢feh 5.08+0.11¢fsh 10.91+0.31%fs
Mex 05-204 157.91+2.53b< 4.93+0.14bcdef 10.15+0.31!
COLPOSCCMex 09-29 163.37+2.97° 3.82+0.12Mik 9.91+0.27%®
COLPOSCCMex 09-50 137.91+1.564 4.58+0.11% 10.56+0.29b¢
COLPOSCCMex 09-66 139.04+2.921h 4.57+0.148hi 9.21+0.28¢feht
COLPOSCCMex 09-93 142.61+3.09M 4.64+0.118hik 10.68+0.33®
COLPOSCCMex 09-95 141.31+2.044 4.68+0.13* 11.52+0.36¢
COLPOSCCMex 09-97 148.11+1.915 3.95+0.12% 10.33+0.31%M
COLPOSCCMex 09-125 132.50+2.55! 4.94+0.15%f 11.29+0.394s
COLPOSCCMex 09-132 150.91+3.03fs" 4.99+0.16%fsn 10.29+0.28"
COLPOSCCMex 09-208 142.78+2 52¢def 5.56+0.17Pcde 10.59+0.29¢<fsh
COLPOSCCMex 09-212 139.98+2.12¢fsh 5.85+0.14° 10.37+0.29#h
COLPOSCCMex 09-217 138.13+2.18cdefe 4.87+0.124efshi 10.67+0.35%fs
COLPOSCCMex 09-222 135.63+1.628M 4.73+0.13%¢ 10.61+0.422®
COLPOSCCMex 09-273 135.46+1.56™ 4.87+0.12fshi 10.68+0.36°f8"
COLPOSCCMex 09-289 149.33+2.39° 5.36+0.15<4 11.15+0.34*
COLPOSCCMex 09-290 129.81+2.18! 5.93+0.15 11.13+0.33
COLPOSCCMex 09-312 149.98+2.6% 5.23+(.133bcde 9.71+0.318n
COLPOSCCMex 09-321 142.02+3.95%" 5.81+0.13 10.24+0.42<d<f
COLPOSCCMex 09-333 127.80+3.08™ 5.53+0.14° 10.52+0.338M
COLPOSCCMex 09-341 159.11+2.65° 4.92+0.12"ik 10.15+0.314fs
COLPOSCCMex 09-348 151.0622.674 4.65+0.121shi 10.96+0.34cdef

Meansz standard error. Means with different letters indicate statistical differences (Tukey, p

<0.05). Averages of measurements taken twelve months after planting are shown.
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cultivars evaluated. The hybrid COLPOSCCMex 09-289 was the one that obtained
high values for the variables stem diameter, °Brix, width and number of leaves. The
hybrid COLPOSCCMex 09-290 showed significant values for leaf width (5.93 cm) and
number of leaves (11.13).

For the leaf length variable, the control cultivar Mex 79-431 and the hybrid
COLPOSCCMex 09-29 showed the highest averages, with 163.65 and 163.37 cm,
respectively. The hybrid COLPOSCCMex 09-290 had the shortest leaf length (129.81
cm), although the value for leaf width was outstanding (5.93 cm). Furthermore, the
latter genotype showed a higher number of leaves. The COLPOSCCMex 09-95 hybrid
presented the highest mean for leaf number, which was 11.52 (Table 3). Leaf area is
an important trait associated with plant growth rate and yield. Sugarcane stands out
for being a C4 plant, which allows a high photosynthetic rate and a great capacity for
carbohydrate synthesis (Rincon-Castillo and Becerra-Campifio, 2020).

Morphological characterization
After agglomerative hierarchical grouping, the hybrids and control commercial
cultivars were grouped into five clusters (Figure 2). The first one (cluster I) consisted
of nine hybrids and two control cultivars (Mex 69-290 and Mex 05-204) based on
their similarity. These genotypes were characterized by erect and semiprostrate
growth habit, thick stems and long internodes, no bud canal, absence of pubescence
on leaf structures, abundant stem wax and scarce sheath wax, large crown size and
representative leaf length. The control commercial cultivar Mex 79-431 conformed
to cluster II, with a more erect growth habit, medium height, yellowish-green nodes
with abundant wax, a narrow bud canal and a tender green arched leaf blade and a
brownish-green ligular collar.
Cluster III had five hybrids, which were characterized by an inclined growth habit
and curved internodes of medium diameter, medium stem height, medium leaf length
and width, and color variation from pale green to tender green. They had an open
cup conformation, medium sheath adherence and lateral lalas. Cluster IV consisted
of seven hybrids and the control cultivar CP 72-2086. These genotypes presented a
semi-erect growth habit, medium height and stem diameter with zigzag internodes,
stem color among yellow, green and purple with scarce wax, absence of bud canal,
smooth bark and some with cracks in their stems, large buds of bulky and erect forms,
with a curved apex of the leaf blade with a profuse inflorescence. Moreover, sheath
adherence was medium and presented significant values for the number of leaves.
Cluster V was formed by the hybrids COLPOSCCMex 09-66 and COLPOSCCMex 09-
222. The most representative features of these genotypes were their basket growth
habit, medium stem diameter, long internodes and zigzag internode arrangement.
The color of the nodes did not vary and presented a purplish-greenish coloration and
a large number of stems in two linear meters, abundant wax on their stems, a very
profuse inflorescence, lateral lalas on their stems and abundant pith.
Chidambaram and Sivasubramaniam (2017) found different morphological profiles of
ten sugarcane cultivars, which help in the identification of different genotypes in the
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Figure 2. Dendrogram of genetic relationships among different sugarcane (Saccharum
spp.) hybrids evaluated, based on morphological and agronomic traits. 1: COLPOSCCMex
09-29; 2: COLPOSCCMex 09-50; 3: COLPOSCCMex 09-66; 4: COLPOSCCMex 09-93; 5:
COLPOSCCMex 09-95; 6: COLPOSCCMex 09-97; 7: COLPOSCCMex 09-125; 8: COLPOSCCMex
09-132; 9: COLPOSCCMex 09-208; 10: COLPOSCCMex 09-212; 11: COLPOSCCMex 09-
217; 12: COLPOSCCMex 09-222; 13: COLPOSCCMex 09-273; 14: COLPOSCCMex 09-289;
15: COLPOSCCMex 09-290; 16: COLPOSCCMex 09-312; 17: COLPOSCCMex 09-321; 18:
COLPOSCCMex 09-333; 19: COLPOSCCMex 09-341; 20: COLPOSCCMex 09-348; 21: Mex 79-
431; 22: Mex 69-290; 23: CP 72-2086; 24: Mex 05-204.

field. Characteristics such as plant growth habit, stem bark surface, auricle shape, leaf
sheath, internode wax and growth ring were considered for their work. Knowledge
of morphology is of vital importance for a clear and precise identification of clones,
cultivars and species in the field.

Principal component analysis (PCA) was used to differentiate genotypes into discrete
groups associated with morphological and agronomic variables, and thus facilitate
the identification of the traits most responsible for the variations observed among
a set of genotypes. The first principal component (PC1) accounted for 12.4 % of the
total variation, followed by 12.1 % for PC2. The most outstanding factors of PC1
based on their loadings were: growth ring thickness on the opposite side of the bud
(0.33), presence of lalas (0.28), growth ring thickness on the bud side (0.21), leaf blade
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conformation (0.24), inflorescence (0.22) and pith (0.23). For PC2, the factors of highest
relevance were the number of water suckers (0.33), leaf length (0.26), ligule length
(0.26) and ligule width (0.26) (Figure 3).

The principal component analysis (PCA) is a statistical method that simplifies the
complexity of data, since a large number of variables can be reduced to just a couple of
them. Nevertheless, this method has advantages and disadvantages. Among the pros,
the PCA prevents overfitting, removes correlated features, speeds up other machine
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Figure 3. Loading biplot of 50 morphological and agronomic characteristics of 20 new hybrids
and four control cultivars of sugarcane (Saccharum spp.) on principal components PC1 and PC2.
GH: growth habit; DGS: diameter of ground stems (mm); IA: internode arrangement; SH: stem
height (cm); ILA: internode longitudinal aspect; IL: internode length (cm); CEI: color of exposed
internodes; CNEI: color of non-exposed internodes; NGS: number of ground stems; WI: wax on
internodes; BC: bud canal; LBC: length of bud channel; FC: fissures corked; CSB: cracks in stem
bark; TBR: thickness of bud side growth ring; TOR: thickness of opposite bud growth ring; RB: root
band; PBN: position of bud at node; SB: shape of bud; CB: color of bud; CN: color of node; BS: bud
size; BT: bud type; BWW: bud wing width; LL: leaf length (cm); LW: leaf width (cm); LBCn: leaf
blade conformation; LBCI: leaf blade color; LMP: leaf margin pubescence; AWS: amount of wax in
the sheath; SC: sheath color; SP: sheath pubescence; LSH: length of sheath hairs (mm); AS: auricle
shape; LS: ligule shape; LW: ligule width (mm); LiL: ligule length (cm); CCol: collar color; CS: collar
shape; SA: sheath adherence; SL: sheath length (cm); CCon: crown conformation; CS: crown size
(cm); INF: inflorescence; PL: presence of lalas; NWS: number of water suckers; SPR: spreading; BR:
°Brix; PI: pith; HO: hollowness.
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learning algorithms, and improves visualization. On the other hand, using the PCA
method can also have some disadvantages: all the variables should have a mean of 0
and a standard deviation of 1, which standardizes data; the PCA can lead to some loss
of information, and therefore, interpretation of the outputs may result complicated.
Indeed, Elhaik (2022) stated that PCA-based findings in population genetic studies
are highly biased and must be reevaluated. Therefore, attention should be paid when
implementing the PCA procedure and results must be deeply analyzed and correctly
interpreted.

CONCLUSION

Based on the results of the statistical analysis, the hybrids COLPOSCCMex 09-312 and
COLPOSCCMex (09-321 presented desirable agronomic characteristics, such as the
number of milling stems, with values of 162.33 and 120.67, respectively. The hybrids
COLPOSCCMex 09-341 and COLPOSCCMex 09-93 showed the longest stem length,
with means of 318.1 and 311.85 cm, respectively.

Thanks to multivariate analyses, and through the study of morphological traits, it was
possible to learn more about the genetic profile of this population. The classification
system concentrated the hybrids in clusters, relating the hybrids COLPOSCCMex
09-93, COLPOSCCMex 09-289, COLPOSCCMex 09-312, COLPOSCCMex 09-321 and
COLPOSCCMex 09-341, which could be selected based on traits of interest, such as
growth habit, stem height and diameter, internode size, amount of wax, leaf length
and width, and leaf blade size. It is suggested that the most representative sugarcane
genotypes in this work should be further tested in the different potential growing
areas, in order to identify the best genotypes according to the agroecological zone
where they are planted and grown.
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ABSTRACT
Flower cultivation has increased nationwide. Currently, species of the Dahlia genus (known
colloquially as Dahlias) are grown for ornamental purposes, with central Mexico having the
highest production rate. Due to its importance, we sought to evaluate the effect of three different
methods of cultivation (shade net, greenhouse, and open field) on the growth and development
of four dahlia varieties in Saltillo, Coahuila, Mexico. The experiment was carried out at the
Horticulture Department of the Universidad Autonoma Agraria Antonio Narro. Tuberous roots
of four D. pinnata varieties were sown directly into the soil and covered with mulch. The shade
netting production environment proved to be the best in production, with the best results in
plant height, stem diameter, number of leaves, and days to flowering. The highest-performing
cultivar was the Antje variety. On the other hand, the Antje variety (cultivated under shade
netting) had the longest flower stalks, the Boy Mick variety (cultivated in the greenhouse) had
the heaviest flowers, and the Canby Centennial variety (cultivated in open field) had the flowers
with the thickest stalks. The results show that Dahlias can be grown in northeastern Mexico

because the area meets suitable conditions for crop development and production.

Keywords: Protected agriculture, production, Dahlias, flowers.

INTRODUCTION
Mexico’s diversity of climates provides ample opportunities for the development of
first-rate floriculture (Tejeda-Sartorius et al., 2015). The cultivation of flowers has shown
a growth rate of 9 %, while the cultivation of grain corn only increased by 1 % during
2016 (Orozco-Hernandez et al., 2017). This demonstrates that this area of horticulture
is booming and has a high economic potential (Soriano-Melgar et al., 2018). As an
example, itis possible to cite the commercial success of lisianthus (Eustoma grandiflorum
(Raf.) Shinners), a plant native to northern Mexico that has gained importance within
the international market (Ferndndez-Pavia and Trejo-Téllez, 2018). Additionally, the
case of pascuilla (Euphorbia strigosa Hook and Arn), which has ornamental potential
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due to its red or crimson bracts and, because of its resemblance to the poinsettia
(Euphorbia pulcherrima Willd. ex Klotzsch), it can be considered a dwarf version of the
latter (Valdez-Hernandez ef al., 2018).

One of the most diverse botanical families native to Mexico is Asteraceae (Carrasco-
Ortiz et al.,, 2019), which includes 417 genera and 3113 species (Villasenor, 2018).
Within this large number of genera is Dahlia, which is characterized by its peculiar
inflorescences, or flower heads, with showy ligulate flowers located around the
outside. Dahlia has been widely explored and diversified in terms of ornamental
varieties abroad (Sekerci and Giilsen, 2016) and is a genus subject of diverse studies,
both taxonomic (Castro-Castro et al., 2012), phylogenetic (Sanchez-Chavez et al.,
2019), biogeographical (Carrasco-Ortiz et al., 2019), and biochemical (Hernandez-
Epigmenio et al., 2022). An example of the ornamental value of Dahlia is the more than
61 000 validated and accepted cultivars reported by the Royal Horticultural Society
of the United Kingdom. In contrast, in Mexico there are only 25 cultivars reported as
registered in the National Catalogue of Plant Varieties 2022 (SNICS, 2022).

The Dahlia was designated the national flower of Mexico in 1963 owing to its
ornamental and economic value (DOF, 1963; Mera-Ovando et al., 2008). It is a symbol
of Mexican floriculture due to its 38 species, all of which grow in Mexico (35 of which
are endemic) (Carrasco-Ortiz et al., 2019). Currently, the Dahlia is mainly used as
an ornamental plant, and its use has been promoted by utilizing its medicinal and
nutritional benefits (Mera-Ovando et al., 2008).

Cultivation of these plants occurs primarily in central Mexico, in the states of Puebla,
Mexico, and Mexico City, although there is production potential in other entities
(Heredia-Hernandez and Baltazar-Bernal, 2017), since their distribution includes
most of the Mexican territory, with the exception of the Yucatdn and Baja California
peninsulas (Carrasco-Ortiz et al., 2019). The main propagation methods used in
producing areas are seed and tuberous roots (Jiménez-Marifia, 2015; Mera-Ovando
and Bye-Boettler, 2006), although methods by cuttings and in vitro culture have also
been described (Jiménez-Marina, 2015).

The temperature requirements for dahlia cultivation range from 18 to 23 °C (Jiménez-
Marina, 2015), although however some research studies manage to bring production
even at temperatures of 45 °C (Heredia-Hernandez and Baltazar-Bernal, 2017). This
clearly demonstrates that the range of temperature tolerance is very broad. The city
of Saltillo, Coahuila, is located at an altitude of 1600 m, has a dry, semi-warm climate
with cool winter and summer rains (Molar-Orozco et al., 2020; Sanchez-Herrera ef al.,
2022), with annual average precipitation and temperature of 125 to 400 mm and 14 to
18 °C, respectively (Marroquin-Morales et al., 2018). These favorable conditions make
Saltillo a good candidate for Dahlia production.

In this study, the growth and development of the plants and quality of the cut flowers
of four dahlia varieties subjected to three varying production environments (open
field, greenhouse, and shade net) for their cultivation in Saltillo, Coahuila, Mexico,
were evaluated.
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MATERIALS AND METHODS

Experiment site

The research was carried out in three production environments: open field (c), semi-
automated greenhouse (i), and black shade net with 30 % shading (m). This took
place at the Experimental Agricultural Field of the Horticulture Department of the
Universidad Auténoma Agraria Antonio Narro in Saltillo, Coahuila, Mexico, located
exactly at 25° 21" 23” N and 101° 01’ 54” W, with an altitude of 1610 m and a mean
annual temperature ranging between 12 and 18 °C, during the spring-summer 2020
agricultural cycle.

Plant material

Tuberous roots of four varieties of Dahlia pinnata, obtained in the municipality of
Huamantla, Tlaxcala, Mexico, were collected during the autumn of 2019. They were
classified after being described (plant habit and growth habit, stem, leaf, flower head,
and tuberous root), according to the Graphic Manual for Dahlia Varietal Description
(Laguna-Cerda, 2007). For this purpose, 10 catalogs of varieties for this species were
reviewed, identifying the presence of the four varieties used. The inflorescence’s group,
color, and size, as well as the curvature of the ligule, were all taken into account. As a
result, the Dahlia Catalog Listing of Varieties (Crocoll et al., 2023) was chosen.

Crop management

The tuberous roots of the four varieties were kept under greenhouse conditions until
the day of planting. The planting of Dahlias was carried out directly in the soil on
March 10, 2020, in 12 m long culture beds, which were covered with silver-colored
mulch on the outside and black mulch on the inside. Eight tuberous roots were used
per variety and per environment, resulting in a total of 96 roots, which were planted
60 cm apart in single rows, and the distance between planting lines between beds was
90 cm.

The crop was grown in three environments: open field (c), semi-automated greenhouse
(i), and black shade net with 30 % shading (m). Prior to crop establishment, the ground
was heavily irrigated with water only. After planting, the crops were irrigated every
third day until the beginning of plant emergence, which occurred 7 days after planting
(DDS). Then, the plants were fertilized with a Steiner nutrient solution (Steiner, 1961),
which was adjusted based on the analysis of water used during the crop cycle. The
nutrition was modified according to the phenological stage of the crop: during the
post-emergence stage of the plant, the Steiner solution was used at 25 %, during
vegetative development at 50 %, at the appearance of flower buds at 75 %, and during
flowering at 100 %. Drip irrigation was applied every third day, for 45 to 60 min,
depending on the already present soil moisture.
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Variables evaluated

The following variables were evaluated in each of the three environments: plant height
(ADP) with a flexometer, basal stem diameter (DBT) with a Steren® HER-411 digital
vernier, and number of leaves (NH) expressed in units. The variables listed above
were evaluated weekly until the appearance of the first flower bud in all environments
(72 DDS). The total number of inflorescences (NTI) was estimated at the end of the last
harvest (143 DDS), and the number of days between sowing and the appearance of
the first expanded inflorescence on each plant (DAF) was estimated for all varieties.
The number of tuberous roots (NRT) was evaluated at the end of the production cycle,
once they were removed from the experimental area (167 DDS).

The variables evaluated in the inflorescences were: length of floral stem (LTF) using a
flexometer, fresh weight of inflorescence (PFF) with an OHAUS CS analytical balance
with a capacity of 3000 g, diameter of inflorescence (DF), and floral stem (DTF)
measured with a Steren® HER-411 digital vernier. These variables were evaluated on
the day the flower stalk was cut.

Statistical analysis

There were 12 treatments as a result of the combination of two factors: the dahlia
variety (four varieties) and the production environment (greenhouse, shade net,
and open field) (Table 1). A completely randomized experimental design (DCA) was
used to distribute the treatments. Each treatment had four replicates, each with two
experimental units. Each plant was considered an experimental unit. Analysis of
variance (ANOVA) was performed with the variable mean values; for the comparison
of means, a Tukey test was applied (Tukey, a < 0.05). A data correlation analysis
(Pearson’s coefficient) was performed for the variables ADP, NH, NRT, and NTI, using
the statistical software JMP Ver. 15 (Sall, 2020).

Table 1. Treatment description for four Dahlia pinnata Cav. varieties
evaluated in three production environments in southeastern Coahuila
de Zaragoza, Mexico.

Environment Variety Treatment Key
Antje c-A
. Babylon c-B
Open Field Boy Mick «BM
Canby Centennial c-CC
Antje i-A
Babylon i-B
Greenhouse Boy Mick i BM
Canby Centennial i-CC
Antje m-A
Babylon m-B
Shade Net Boy Mick m-BM

Canby Centennial m-CC
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RESULTS AND DISCUSSION
The varieties used in the present work were classified as Antje, Babylon, Boy Mick,
and Canby Centennial (Figure 1).

Figure 1. Photographs of four Dahlia pinnata Cav. varieties evaluated in three production
environments in southeastern Coahuila de Zaragoza, Mexico. A: Antje; B: Babylon; C: Boy Mick;
D: Canby Centennial.

The mean test performed on the agronomic variables evaluated showed significant
differences (p < 0.05). For 6 out of 8 variables, better results were reflected in the shade
net production environment (Table 2).

For the ADP variable, the Antje variety grown in the shade netting environment
was the tallest, which could be the result of elongation caused by low exposure to
light (Heredia-Herndndez and Baltazar-Bernal, 2017), exceeding by 500 % the Canby
Centennial variety, which presented the lowest value. Plants grown in shade netting
were larger in size, showing significant differences with those obtained in open field
and greenhouse. Plants with these characteristics represent an alternative for the
producer, since a reduction in size can improve handling and presentation as potted
plants (Laguna-Cerda et al., 2004). This variable is relevant for both crop management
and inflorescence selection, since they are classified according to stem length (Flores-
Ruvalcaba ef al., 2005).

On the other hand, for the DBT variable, the Boy Mick variety grown in the shade
net production environment had the thickest stems (27.13 mm), exceeding
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Table 2. Test of means for the interactions between the two factors and the variables evaluated in plants and

inflorescences of four varieties of Dahlia pinnata Cav.

Treatment ADP (cm) DBT (mm) NH NTI DAF (days) NRT
c-A 23.69 cd 12.39 cd 39.25 bed 5.50 de 102.75 ¢ 10.04 ab
c-B 31.92 cd 16.13 bed 31.79 cd 11.33 b-e 86.00 ab 15.00 a

c-BM 39.19 bed 20.40 abc 48.71 abc 16.06 a-d 80 a 13.42 ab
c-CC 24.28 cd 11.84 cd 49.86 abc 5.58 de 102.75 ¢ 10.92 ab
i-A 35.25 cd 10.80d 31.71 cd 12.31 a-d 87.50 abc 8.25 ab
i-B 20.23 cd 13.86 cd 19.33d 6.79 cde 82.00 a 9.92 ab
i-BM 16.38 d 11.71 cd 17.19d 11.38 b-e 101.25 be 10.44 ab
i-CC 15.00 d 7.19d 17.25d 322e 99.50 be 5.63 b
m-A 91.31a 20.58 abc 72.63 a 17.79 abc 76.75 a 11.42 ab
m-B 67.44 ab 23.38 ab 52.88 abc 19.88 ab 75.00 a 11.94 ab
m-BM 67.08 ab 2713 a 65.23 ab 27.67 a 79.25 a 10.04 ab
m-CC 45.33 be 16.32 bed 62.61 ab 14.94 b-e 81.75a 7.42 ab
Ccv 29.21 23.2 254 37.58 7.47 31.11

*Means with a common letter are not significantly different (Tukey, p < 0.05). CV: coefficient of variation;

ADP: plant height; DBT: basal stem diameter; NH: number of leaves; NTI: total number of inflorescences;

DAF: days

to flowering; NRT: number of tuberous roots. c-A: Open field-Antje; c-B: Open field-Babylon;

c-BM: Open field-Boy Mick; c-CC: Open field-Canby Centennial; i-A: Greenhouse-Antje; i-B: Greenhouse-
Babylon; i-BM: Greenhouse-Boy Mick; i-CC: Greenhouse-Canby Centennial; m-A: Shade Netting-Antje;
m-B: Shade Netting-Babylon; m-BM: Shade Netting-Boy Mick; m-CC: Shade Netting-Canby Centennial.

by 270 % the Canby Centennial variety grown in the greenhouse environment,
which had the thinnest stems. Dahlia stems are hollow, which gives them a weak
constitution (Jiménez-Marina, 2015) when compared to other species; for example,
Tithonia diversifolia (Hemsl.) A. Gray stems can measure 3.5 cm and have up to 36
vascular bundles, providing greater support (Gonzalez-Castillo ef al., 2014). Therefore,
it is recommended that the Dahlia crop be protected from wind currents or rain. In
contrast, Chrysanthemum stems show lower values (6 mm); however, their stems are
not hollow (Gaytan-Acunfa et al., 2006), giving greater consistency and support to the
inflorescence (Flores-Ruvalcaba et al., 2005).

In terms of NH, the Antje variety had the highest values, with an average of 72.63
leaves for plants grown in the shade netting environment. This is consistent with the
results obtained by Callejas-Chavero ef al. (2020), who found a higher leaf production
in closed sites than in open ones, which may be related to the absence of a canopy
since they are exposed to environmental factors and, therefore, are vulnerable to
various factors such as strong gusts of wind, rain, and hailstorms. On the other hand,
the lowest values were expressed in plants grown in greenhouses, demonstrating that
the high temperature in this environment induced stress on the plants, resulting in
lower production of this organ (Heredia-Hernandez and Baltazar-Bernal, 2017).
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The most productive variety, regarding NTI, was the Boy Mick variety grown in shade
netting, with an average of 27.67 inflorescences. The Canby Centennial variety, grown
in greenhouses, produced 750 % less than the first. The Boy Mick variety was the
second variety with the highest leaf production in the shade-mesh cover; since there
was no thinning of this organ, the passage of light to the stems was limited, a factor
that influences flowering (Sanchez-Vidana et al., 2018). This also coincides with the
fact that when grown under shade netting, this variety was the earliest in terms of
the DAF variable. Fertilization is a factor that influences the flowering process, which
was supplied under the same conditions in the three environments, inferring that
the result could be due to other factors such as the temperature and humidity of the
environments (Sanchez-Herrera et al., 2022).

The shade netting environment induced more precocity in DAF, since the four varieties
had their first inflorescence before 82 days, with statistically significant differences
(p < 0.05) when compared to the rest of the treatments. This demonstrates that this
environment is ideal for producing inflorescences in a short period of time. Studies by
Heredia-Hernandez and Baltazar-Bernal (2017) report that Dahlias flowered 6 weeks
after transplanting; however, the cultivation was carried out in 6” pots, whereas the
present work was carried out in soil. Other species, such as sunflower (Helianthus
annuus L.), may flower earlier (66 days after planting) (Carrillo-Criollo and Yumb]a-
Orbes, 2022), but the number of inflorescences varies from one for the latter and more
than two for dahlias.

There were statistically significant differences (p < 0.05) in NRT. The Babylon variety
produced the most units per plant in an open field environment, averaging 15 units
per plant. Similar values were obtained by Lopera-Marin et al. (2020) in a study carried
out on Yacon plants (Smallanthus sonchifolius (Poepp.) H. Rob.), which were established
in similar conditions of distance between rows and between plants to those of the
present study, and the high productivity may have been due to the generous distance
during their development.

Pearson’s correlation analysis applied to the variables showed a positive relationship (p
<0.05) between all of them (Figure 2), with the strongest relationship (r = 0.82) between
ADP and NH, followed by ADP and NTI (r = 0.75). Previous studies have shown that
when stems elongate, nodes appear, leading to an increase in the production of leaves
and flower stems (Garzén-Solis et al., 2009). On the other hand, it could have been
due to the use of shade netting, as it has been demonstrated that by reducing total
radiation and photosynthetically active radiation, leaf area increases, resulting in a
greater number of leaves (Ayala-Tafoya et al., 2011).

On the other hand, the variables LTF, PFF, and DTF showed significant differences
(p < 0.05) (Figures 3, 4, and 5). The LTF presented by the Anje variety in the shade
netting environment expressed the highest values (22.33 cm), significantly exceeding
the behavior of the same variety produced in open field (Figure 3). The plants were not
debudded, which was presumably the cause of the stem length, since doing so allows
the main flower to reach stems of 60 to 70 cm long (Jiménez-Marina, 2015), in addition
to obtaining flowers with greater diameter (Ldpez et al., 2017).
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Figure 2. Pearson correlation matrix of the variables evaluated. Significant values (p < 0.05).
NRT: number of tuberous roots; NH: number of leaves; ADP: plant height; NTI: total number
of inflorescences.
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Figure 3. Differences in floral stem length of four varieties of Dahlia pinnata Cav. grown in three
environments in southeastern Coahuila de Zaragoza, Mexico. Means with a common letter
are not significantly different (Tukey, p < 0.05). c-A: Open field-Antje; c-B: Open field-Babylon;
¢-BM: Open field-Boy Mick; c-CC: Open field-Canby Centennial; i-A: Greenhouse-Antje; i-B:
Greenhouse-Babylon; i-BM: Greenhouse-Boy Mick; i-CC: Greenhouse-Canby Centennial; m-A:
Shade Netting-Antje; m-B: Shade Netting-Babylon; m-BM: Shade Netting-Boy Mick; m-CC:
Shade Netting-Canby Centennial.
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Figure 4. Influence of environment and variety of Dahlia pinnata Cav. on fresh weight of flowers
produced in southeastern Coahuila de Zaragoza, Mexico. Means with a common letter are
not significantly different (Tukey, p < 0.05). c-A: Open field-Antje; c-B: Open field-Babylon;
c¢-BM: Open field-Boy Mick; c-CC: Open field-Canby Centennial; i-A: Greenhouse-Antje; i-B:
Greenhouse-Babylon; i-BM: Greenhouse-Boy Mick; i-CC: Greenhouse-Canby Centennial; m-A:
Shade Netting-Antje; m-B: Shade Netting-Babylon; m-BM: Shade Netting-Boy Mick; m-CC:
Shade Netting-Canby Centennial.

The PFF was higher in flowers of the Boy Mick variety produced in the greenhouse,
which increased by 250 % more than the variety with the lowest flower weight (Antje
in shade netting) (Figure 4). The greenhouse had higher humidity than the open field
and shade netting, promoting greater water absorption and resulting in higher fresh
weight (Morales-Pérez et al., 2014).

There were no significant differences in the DF variable among the variables
evaluated in the floral stems; however, the Antje variety grown in the greenhouse
outgrew the same variety grown in the shade netting environment by more than
250 %, demonstrating that the supply or reduction of light does not affect the average
diameter of the inflorescence (Chica-Toro and Correa-Londono, 2005). Flores-
Ruvalcaba et al. (2005) obtained a similar response, indicating that the genetic factor
may be responsible for biomass accumulation in the flower.
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Figure 5. Difference in floral stem diameter of Dahlia pinnata Cav. flowers from three
environments and four varieties of dahlias grown in southeastern Coahuila de Zaragoza,
Mexico. Means with a common letter are not significantly different (Tukey, p <0.05). c-A: Open
field-Antje; c-B: Open field-Babylon; c-BM: Open field-Boy Mick; c-CC: Open field-Canby
Centennial; i-A: Greenhouse-Antje; i-B: Greenhouse-Babylon; i-BM: Greenhouse-Boy Mick;
i-CC: Greenhouse-Canby Centennial; m-A: Shade Netting-Antje; m-B: Shade Netting-Babylon;
m-BM: Shade Netting-Boy Mick; m-CC: Shade Netting-Canby Centennial.

The thinnest DTF was shown by the inflorescences of the Babylon variety produced in
the shade netting environment (4.54 mm). In contrast, the Canby Centennial variety
grown in open field had 40 % thicker stems (Figure 5). Studies on flowering stems of
Freesia x hybrida (Miranda-Villagémez et al., 2014) showed similar values to those in
this experiment, indicating that even when the stems are hollow, their thickness is
superior to other species, promoting greater support to the flower. On the other hand,
the flower stalk of sunflower (Helianthus annuus) is a relevant parameter since it serves
as a food reservoir for the formation of future organs (Carrillo-Criollo and Yumbla-
Orbes, 2022).

CONCLUSIONS
Dahlia cultivation in northeastern Mexico produces better results when using a shade
netting production environment since it promotes plant productive development,
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flowering in less time, and flowers with longer stems. However, the open field and
greenhouse environments favor a higher production of tuberous roots and a higher
fresh flower weight (in the BM variety), respectively. It is worth mentioning that this
information represents an important turn in Dahlia production due to the economic
and social significance it represents, in addition to the little information available on
the same crop in southeastern Coahuila de Zaragoza, Mexico.
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ABSTRACT
The aim of this study was to evaluate the effect of 10 % supplementation with commercial
chicory fructans (I), commercial Agave tequilana fructans (ATC), experimental A. tequilana
fructans (ATE), experimental A. salmiana fructans (AS), rice starch (RS), and a control diet (C) on
Wistar rats, both healthy and carcinogen-induced to colorectal cancer. It was hypothesized that
agave and chicory fructans have similar effects. The supplements evaluated in both experiments
maintained the dry weight and length of rat femurs in both groups without producing significant
changes. Only healthy rats supplemented with chicory and both A. tequilana fructans showed
higher fecal nitrogen levels. The femur ash content in rats that were carcinogen-induced to
develop colorectal cancer was significantly lower (p < 0.05) than the content in healthy rats.
Minerals in the femurs of both groups of rats were similar. The hypothesis of this work was

rejected.

Keywords: prebiotics, colorectal cancer, femur mineral content, fecal nitrogen.

INTRODUCTION

Prebiotic consumption has been related to increased intestinal absorption and
bioavailability of some macro minerals such as calcium, magnesium, and phosphorus,
as well as micro minerals such as iron and zinc (Kruger et al., 2003; Scholz-Ahrens et al.,
2007; Weaver et al., 2011). The potential mechanisms of prebiotics” influence on calcium
absorption in the large intestine are related to the increase in calcium solubility as a
result of a pH reduction induced by the increase in bacterial synthesis of short-chain
fatty acids (SCFA), an increase in the dynamic trans-epithelial interchange of cellular
H* and Ca* triggered by the SCFA, or an increase in the absorption area growth and
levels of calbindin-D in the large intestine due to cellular proliferation promoted by
metabolites produced by the resident microbiota, such as butyrate or polyamines
(Whisner and Castillo, 2018).
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Prebiotics can increase the intestinal absorption of other minerals such as magnesium
and zinc, given that several of their effects are not specific to calcium, such as the
microstructure change of intestinal tissue and mineral availability (Raschka and Daniel,
2005). Phytic acid, naturally present and abundant in insoluble fiber, is considered to
be responsible for the absorption and retention of some minerals (calcium, magnesium,
and zinc) due to its chelation property. In contrast, soluble fiber consumption, such
as pectin, gum, resistant starch, lactulose, fructooligosaccharides (FOS), and inulin,
has been demonstrated to increase mineral absorption and bioavailability (Lopez
et al., 2000). This is due to intake and fermentation increasing SCFA concentrations,
decreasing pH, hypertrophying cecal tissue, and promoting phytic acid dissociation
and its negative effects on mineral homeostasis (Lépez et al., 2000).

Soluble fiber improves mineral solubility, permeability, and absorption in the gut
(Raschka and Daniel, 2005; Scholz-Ahrens and Schrezenmeir, 2007), as well as mineral
bioavailability for bones (Scholz-Ahrens et al., 2007). Moreover, diets with high soluble
fiber reduce protein utilization while increasing fecal nitrogen excretion (Falcon
et al., 2011). Fecal nitrogen originates from dietary protein that escapes digestion,
endogenous protein from pancreatic and intestinal secretions, detached epithelial
cells, blood urea after diffusing through the intestinal tract, and increased bacterial
mass (Beynen et al., 2002; Delzenne et al., 2011).

The aim of this study was to compare the effects of commercial chicory, A. tequilana
fructans, and standardized stem fructans from A. salmiana and A. tequilana on femur
mineral absorption and nitrogen content in the feces of healthy and carcinogen-
induced colorectal cancer Wistar rats. It was hypothesized that agave and chicory
fructans have similar effects in this regard.

MATERIALS AND METHODS

Tested polysaccharides

Chicory fructans (Cichorium intybus L.), known as inulin (Orafti® Synergy 1, Tienen,
Belgium), A. tequilana fructans F.A.C. Weber (Inufib™, Jalisco, Mexico), and rice
starch (Tres Estrellas®, Toluca, Mexico) were the commercial polysaccharides
used. In addition, A. salmiana and A. tequilana fructans extracted from the stems of
six individuals in optimum physiological maturity (Aguirre-Rivera et al., 2001)
from the Charcas (San Luis Potosi) and Arandas (Jalisco) regions were included as
noncommercial polysaccharides, both extracted according to the process developed in
our laboratory (Godinez-Hernandez et al., 2016).

Animals and diets
A total of 36 male, two-month-old Wistar rats with an average body weight of
200-250 g were used for each experiment. The animals were provided by the Centro
de Biociencias of the Universidad Auténoma de San Luis Potosi. The experimental unit
was regarded as each individual rat, which were housed in separate polypropylene
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cages in a climate-controlled environment with a temperature between 20 and 25 °C,
relative humidity between 30 and 60 %, and an inverted circadian cycle of 12 h of light
and 12 h of darkness. Animals were kept in accordance with the local ethical guidelines
for cautions and proper maintenance (NOM 062-ZO0-1999). Protocols were approved
by the institutional ethics committee (CONBIOETICA-24-CEI-003-20160830).

The animals were given a one-week adaptation period with a per capita portion of
25 g of standard rodent feed (Chow® 5008, Brentwood, MO, USA) and ad libitum water.
Moreover, six treatments were assigned at random (n = 6): standard commercial feed
(C) or 90 % same feed plus 10 % of the following polysaccharides: commercial inulin (I),
commercial fructans from A. tequilana (ATC), experimental fructans from A. tequilana
(ATE), experimental fructans from A. salmiana (AS), and commercial rice starch (RS).
Commercial fructans contain a higher proportion of FOS, whereas AS fructans have a
lower polymerization degree (Regalado-Renteria et al., 2020).

During the 20-week experimental trial, each feed portion for all treatments, with or
without supplementation, was administered every day at the start of the dark period.
Standard composition of the feed was 12 % moisture, 23 % protein, 6.5 % fat, 4 % fiber,
8 % ash, and 46.5 % nitrogen free extract: with an energy content of 84.12 Kcal per
25 g. At the end of the experiments, all animals were sacrificed with pentobarbital
sodium (0.063 g mL') (SEDALPHARMA®, Pet’s Pharma, Mexico) at an intraperitoneal
dose of 40 mg kg™ live weight.

Inducement of incipient colorectal carcinogenesis
After eight weeks of treatment, the colon cancer preneoplastic stage was induced
by administering two intraperitoneal doses of 15 mg of the carcinogenic drug
azoxymethane (AOM) (Sigma-Aldrich®, San Louis Missouri, USA, A2853) by kg of
body weight, dissolved in sterile solution saline (0.85 %) (Davila-Céspedes et al., 2014),
one at the end of the eighth week and the other at the end of the ninth week of the
experimental period.

Mineral content and femur characterization

At the end of the experimental period, both femurs per animal were dried and
immersed in a 0.85 % saline solution. The muscular tissue was removed and the
femurs were dried (at 40 °C for 36 h) (Shel-Lab FX-14, USA) until constant weight
(Sartorius BPAA1S, Germany) and their length was measured with a digital vernier
(Digital Cadena® Model A020, China).

Ash content was estimated using the left femur (550 °C after 6 h) (LINDBERG SB,
51844, Mexico). The macro and micro mineral content of the pulverized right femur
was estimated after the organic matter was removed with concentrated H,NO.,.
Calcium, magnesium, phosphorus, and potassium content were determined using an
optical emission spectrometer (Thermo Scientific iCAP 7000 Series, USA) and atomic
emission spectrometry with plasm coupled inductively (ICP-OES); sodium, iron, zinc,
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and sulfur were determined using mass plasma spectrometry coupled inductively
(ICP-MS) with a quadrupole system in a spectrophotometer of optical emission
coupled to a mass spectrometer.

Nitrogen content in feces
At the end of the experiment, sample feces were collected and dried to constant weight
15 (40 °C for 36 h) (Shel-Lab FX-14, USA); then, 100 mg of dry feces were used to
estimate the 16 nitrogen content, according to AOAC 993.13 methodology using a
FLASH 2000 17 N/Protein analyzer (Thermo Scientific™, Series No. 2015FO106).

Experimental design and statistical analysis
A completely randomized design was used in both groups of rats, healthy and
carcinogen-induced colorectal cancer. One-way analysis of variance (ANOVA) and
the Tukey test (p < 0.05) were used. SAS 9.2 (SAS Institute Inc., 2019) was used for
statistical analysis. The Student’s t-test was used to compare all variables between the
two experiments: healthy rats and carcinogen-induced colorectal cancer rats; the error
probability was set at 5 % (p < 0.05).

RESULTS AND DISCUSSION

Femur mineral content and characterization

There were no differences (p>0.05) in dry weight and femur length in both experiments,
in contrast to the results found by Lobo et al. (2006) and Rivera-Huerta et al. (2017),
who observed an increase in femur mass, density, and volume in response to FOS
supplementation, attributing this to fructan consumption decreasing bone turnover
through suppression of osteoclast resorption.

There were no differences (p > 0.05) among treatments for K, Zn, and Fe in healthy rats
(Table 1) or colorectal cancer rats (Table 2). In contrast, there were some differences (p
<0.05) in healthy rats and colorectal cancer rats for Ca, P, Na. and Mg (Tables 1 and 2).

Table 1. Mineral content (mg g dry matter) in femurs of healthy Wistar rats.

Treatment Ca P Na S Mg K Zn Fe

C 644.83+ 5.65a  294.34+4.76b  29.09+0.89b 17.60+0.22a 11.47+0.60a  1.54+0.14a 0.95+0.17a 0.21+0.11a
I 611.17£29.94ab  322.71+31.00ab 34.72+2.31a 17.88+0.36a 10.55+0.65ab 1.86+0.31a 0.91+0.10a  0.20+0.03a
CAT 599.94+23.76ab 343.97+24.10ab 25.56+0.78b 17.89+0.07a  9.71+0.81ab 1.55+0.07a 1.13+0.04a  0.25+0.06a
EAT 607.01+20.14ab  335.17+20.18ab  27.74+1.39b 17.94+0.65a 9.41+0.82b  1.67+0.28a 0.77+0.03a  0.28+0.07a
AS 600.85+5.65ab  343.77+5.21ab  25.32+0.88b 17.56+0.36a  9.60+1.02ab 1.52+0.32a 1.07#0.25a 0.31+0.09a
RS 586.37+12.60b  356.14+2.14a 27.04+2.14b  17.95#0.26a  9.77+0.07ab 1.65+0.21a 0.83+0.13a  0.25+0.04a
p-value 0.0484 0.0393 <0.0001 0.8391 0.0311 0.4359 0.3316 0.2807

C: control; I: commercial inulin; CAT: commercial fructans from A. tequilana; EAT: experimental fructans from A. tequilana; AS:
fructans from A. salmiana; RS: rice starch. a,b: Means with different letters in the same column are statistically different (p <0.05).



Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i8.2716

Scientific article 1713
Table 2. Mineral content (mg g dry matter) in femurs of carcinogen-induced colorectal cancer Wistar rats.

Treatment Ca p Na S Mg K Zn Fe

C 648.42+ 5.79a 290.62+4.56b 29.14+0.66ab  17.41+0.46a 11.52+0.04a  1.64+0.25a 0.95+0.02a 0.30+0.12a

I 610.75+24.09ab  332.21+39.17ab  26.66+0.76b  17.61+0.75a  10.65+0.98a  1.13+0.13a  0.82+0.03a  0.17+0.01a

CAT 607.86+10.89ab  337.40+£11.02a  25.59+0.58b  17.53+0.15a 9.02+0.36b  1.30+0.19a  1.00+0.22a  0.28+0.01a

EAT 616.81+12.29ab  324.68+9.53ab  27.66+1.76ab  17.74+0.66a  10.59+0.49a  1.45+0.22a  0.83x0.17a  0.21+0.06a

AS 589.46+ 7.39b 354.15+6.72a 26.18+1.31b  17.59+0.51a  10.09+0.45ab 1.18+0.24a  1.11+0.17a  0.22+0.05a

RS 627.69+ 2.88ab 309.22+3.21ab  30.79+0.52a  18.15+0.17a  11.24+0.18a  1.58+0.24a  1.11+0.41a  0.24+0.05a
p-value 0.0167 0.0074 0.0049 0.7307 0.0021 0.1376 0.4292 0.2645

C: control; I: commercial inulin; CAT: commercial fructans from A. tequilana; EAT: experimental fructans from A. tequilana;

AS: fructans from A. salmiana; RS: rice starch. a,b: Means with different letters in the same column are statistically different

(p <0.05).

In both healthy and colorectal cancer rats, the highest Ca concentrations were found in
the control treatment. Thus, the increased intestinal absorption and bioavailability of
Ca and P assumed for the fructans (Kruger et al., 2003; Raschka and Daniel, 2005) was
not reflected in a higher concentration in the femur, as reported by Garcia-Vieyra et al.
(2014). However, it is likely that this occurred for the P concentration in rats that were
carcinogen-induced to colorectal cancer for the AS treatment (Table 2), corresponding
to A. salmiana fructans. For all treatments with fructans, the Ca-P ratio changed from
1.6:1 to 1.9:1, which is less than the normal 2:1 ratio (Rivera-Huerta et al., 2017).

In general, supplementation with fructans has little effect on femur mineral
concentration. It should be noted that inulin (I) induced the highest Na content in
healthy rats, but one of the lowest values in colorectal cancer rats; in addition, in the
experiment with colorectal cancer rats, A. salmiana (AS) fructans induced the lowest
Ca content and the highest P content, in a 1.6:1 ratio.

Nitrogen content in feces

The experiment with healthy rats revealed a significant (p < 0.05) increase in nitrogen
content in feces for three out of the four fructan treatments (Table 3). In contrast, in
the experiment with unhealthy rats, all treatments had similar nitrogen fecal content.
In general, high levels of nutritional fiber increase N excretion in feces. Moreover,
diets high in soluble fiber reduce protein utilization while increasing fecal nitrogen
excretion (Falcon et al., 2011). Feces nitrogen is derived from dietary protein that
escapes digestion and endogenous proteins such as pancreatic and intestinal secretions,
detached epithelial cells, and blood urea after diffusion through the intestinal gut
(Beynen et al., 2002).

Fructans, in addition to interfering with protein digestion because they are indigestible,
are a basic substrate for a variety of intestinal acidophilous bacteria (Rendén-Huerta
et al., 2011); therefore, supplementation with these prebiotics significantly increases
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Table 3. Effect of supplementation on fecal nitrogen
content (mg g dry matter).

Treatment Healthy Colorectal cancer
C 36.0 £3.3b 38.3+22a

I 438 +1.8a 444+17a
CAT 43.6 +2.6a 418 +55a
EAT 44.3 +3.3a 37.7+4.1a
AS 40.5 + 4.6ab 37.7+5.7a
RS 349 +2.5b 38.7 £3.9a
p-value 0.0014 0.3756

C: control; I: commercial inulin; CAT: commercial fructans
from A. tequilana; EAT: experimental fructans from A.
tequilana; AS: fructans from A. salmiana; RS: rice starch.
a,b: Means with different letters in the same column are
statistically different (p < 0.05).

the quantity of these bacteria in the cecum, gut, and feces, which in turn incorporate a
significant portion of residual N, lower the pH, and thus reduce ammoniacal absorption
in the colon (Cani and Delzenne, 2011; Delzenne et al., 2011). Reduced intestinal
ammonia absorption reduces urea generation in the liver, causing N excretion to shift
from urine to feces. As a result, fructans favor the extra renal route of N excretion
while increasing N elimination via the feces (Younes ef al., 1999).

Contrast between experiments

Aspects probably involved in the prebiotics-mediated stimulation of mineral
absorption, solubility, and bone mineralization are due to the decrease in pH in
the intestinal lumen caused by the production of short-chain fatty acids, aside from
indirectly stimulating passive calcium absorption by increasing its solubility via
lowering the pH with the exchange of cellular proton (H*) for luminal cation (Ca*™)
(Scholz-Ahrens et al., 2007).

The dry weight, length, ashes, and main minerals in the bones were compared in both
experiments on healthy and carcinogen-induced colorectal cancer patients (Table
4). There were differences (p < 0.05) in ashes percentage with the lowest value for
the unhealthy rats, possibly due to the bone demineralization presented by cancer
patients due to their pathological and degenerative physiological processes (Rivera-
Huerta et al., 2017). There were statistical similarity (p > 0.05) for the rest of the variables
evaluated.
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Table 4. Femur parameters and minerals (mg g) by state of health.

Item Healthy Colorectal cancer p-value
Ashes (%) 67.28 +8.91a 57.78 +3.23b 0.001
Dry weigth (g) 0.88 +0.02a 0.92+0.11a NS
Length (mm) 4242 +221a 41.48 +2.23a NS
Ca 609.67 + 33.92a 612.82 +22.31a NS
P 331.62 +25.51a 329.12 + 24.42a NS
Na 28.4 +3.62a 27.3+1.92a NS
S 17.8 +1.14a 17.6 + 1.49a NS
Mg 10.0 + 0.92a 10.3 +0.77a NS
K 1.64 +0.21a 1.35+0.11a NS
7n 0.94+0.11a 0.98 +0.12a NS
Fe 0.25 +0.03a 0.23 + 0.04a NS

a,b: Means with different letters between rows are statistically different (p
<0.05).

CONCLUSIONS
The supplements tested in both experiments resulted in no significant changes in
femur dry weight or length. Only healthy rats supplemented with chicory and Agave
tequilana fructans had higher fecal nitrogen.
The femur ash content in rats affected by colorectal cancer was notably lower than in
healthy rats. The minerals in the femurs of rats in both experiments were similar.
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ABSTRACT
Pineapple (Ananas comosus L.) is a tropical fruit highly valued for its flavor, sweetness, aroma,
and nutraceutical properties. The “Cayena Lisa” cultivar is the most widely used for both fresh
consumption and industrial purposes in Mexico. The municipalities of Tuxtepec and Loma
Bonita, in the state of Oaxaca, produce around 582 thousand Mg of solid waste per year from
fruit processing, to which the waste from plantations attacked by pests and diseases must
be added. Consequently, these wastes must be processed in order to generate added value.
Isolation of cysteine proteases from industrial residues is one possibility. In the present study,
the parameters of the Mexican Official Standard for measuring pH (NOM-F-317-S-1978),
total soluble solids (SST) (NMX-F-103-1982), and cysteine-protease activity in pineapple fruit
processing residues at two stages of ripening over four months of harvest were used to determine
whether there is a factor of quality attributes that correlates with the activity of this protein. In
both ripening stages, cysteine-protease activity is higher in August. Regardless of the degree of
ripening, peel and core are the best sources of cysteine-proteases. SST and pH values have no
correlation with cysteine-protease activity, so they cannot be used as indicators of such activity.
The findings show that ‘Cayena Lisa’ pineapple residues grown in Loma Bonita, Oaxaca, could

be a good source of cysteine-proteases.

Keywords: agro-industrial wastes, peptidases, revalorization of agricultural wastes.

INTRODUCTION
Pineapple (Ananas comosus L.) is a tropical plant highly valued for the flavor, sweetness,
aroma, and nutraceutical properties of its fruit (Mohd et al., 2020). In Mexico, the
‘Cayena Lisa’ variety accounts for nearly 80 % of pineapple production, both for fresh
consumption and for industrialization of pulp, juices, and peptidases, due to its size,
weight, pale yellow color, pulp softness, and reducing sugar content (Uriza-Avila et
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al., 2018). Pineapple harvesting generates two types of waste: harvesting and canning
waste, both of which produce a large amount of solid waste. Some authors mention
that waste production from pineapple processing can constitute 25 to 35 %, or even up
to 50 %, of the total weight of the fruit (Seleni ef al., 2014; Conesa et al., 2015), depending
on the commercial form of the product. It is worth mentioning that waste derived by
food processing generates solid waste management and pollution problems (Hikal et
al., 2021).

Banerjee et al. (2018) pointed out that the low valorization of pineapple residues is
due to the lack of knowledge of their potential economic value. Pineapple residues
represent raw materials that can be converted into high-value products, such as
silage, paper, fabrics, biopolymers, cellulose and hemicellulose, fertilizers, methane,
ethanol, citric acid, antioxidant compounds, and proteolytic enzymes. Pineapple
proteases are proteins that have applications in the food industry as a meat tenderizer,
in the hydrolysis of soluble proteins, beer and wine production, cosmetic, and
pharmaceutical industries. In the clinical area, they have been successfully employed
as phytotherapeutics (Arshad et al., 2014; Banerjee et al., 2018; Santos et al., 2021).
Bromelain is the most well-known pineapple cysteine endopeptidase, with a global
market worth $2 956 120 000 USD and a compound annual growth rate (CAGR) of
4.72 % from 2022 to 2027 (Market Reports World, 2022). The ‘Cayena Lisa’ variety’s
potential utility for this purpose needs to be confirmed.

The Mexican state of Oaxaca contributes 13 % of national pineapple production, and
the municipalities of Loma Bonita and San Juan Bautista Tuxtepec generate 80 %
of state production (SIAP, 2022). Pineapple pulp and juice are the most commonly
used in industrial processing; the rest of the plant material (crown, peel, core, stem,
and trimmings) is discarded. In the Papaloapan Basin region, 582 thousand Mg of
solid waste are generated annually, to which the waste from plantations whose fruits
are attacked by pests and diseases must be added. There is a clear need to seek a
biotechnological solution for processing and generating added value from these
agroindustrial wastes (Hikal et al., 2021).

The objectives of this study were to determine: the cysteine-protease activity in the
pulp and in the different parts that make up the pineapple fruit residues (peel, core,
and crown); the changes in cysteine-protease activity during the harvest period (from
May to August); and the relationship between this activity and quality attributes (total
soluble solids (SST) and pH), in order to decide on the destination of the harvest and
its residues.

MATERIALS AND METHODS
Sigma-Aldrich reagents were used. Plant material was provided by the Union Estatal
de Productores de Pifia (State Union of Pineapple Producers) in Loma Bonita, Oaxaca,
during the period May-August 2019, in a commercial plantation (18° 4" 0.4”” N, 95° 53
32.4” W). Each month, fruits were selected from Ananas comosus (L). Merr, cultivar
‘Cayena Lisa’, without disease or pest symptoms, at two stages of physiological
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maturity, based on color criteria corresponding to Code 2 (C2) and Code 5 (C5)
according to NMX-FF-028-SCFI-2008 (Garcia-Tain et al., 2011).

The experimental unit consisted of five randomly selected fruits from each ripening
stage, in each sampling month. The fruits were transported to the Food Workshop
of the Universidad del Papaloapan (UNPA) in Tuxtepec, Oaxaca, where they were
washed with a water jet to remove soil and air-dried. The fruits were cut, and the
pulp and residues (peel, crown, and core) were separated. The pulp was used to
evaluate enzyme activity. Each type of residue from the five fruits was mixed to have
a composite sample.

To prepare the homogeneous fresh extract, 100 g of each composite mixture were
taken; they were ground in a centrifugal juice extractor (Oster) to obtain the crude
extracts. The resulting mixture was filtered using gauze, and 2 mL aliquots of each
crude extract were taken in triplicate and centrifuged at 10 000 xg for 20 min at 4 °C.
The supernatant was kept at 4 °C until enzymatic evaluation, which was performed
the same day upon completion of sample extraction of each residue and pulp.
Subsequently, the solid portion of each extract was removed by centrifugation at
5000 xg for 8 min at room temperature. The pH was measured according to Mexican
Official Standard NOM-F-317-5-1978 in a HI 2211 ORP Meter (Hanna® Instruments,
Mexico). SST was quantified as indicated in NMX-F-103-1982. Zero calibration of the
optical refractometer (Atago Master-M, Bellevue, WA, USA) was performed by adding
40 uL of distilled water at room temperature through the prism; for the experimental
samples, 40 pL of the supernatant of the centrifuged crude extract were used, waiting
one minute to obtain the sample result. The results were expressed in °Brix. Readings
were taken in triplicate for each crude extract.

For the calculation of the specific activity, total proteins were quantified by the
Bradford method, using bovine serum albumin (BSA) as a standard (Bradford, 1976).
From the crude extracts of each residue, 2 mL were taken in triplicate, centrifuged at
10 000 xg for 20 min at 4 °C; 25 uL of the supernatant of each sample were used and
mixed with 1 mL of Bradford’s reagent; absorbance was recorded at 595 nm in a UV-
Vis spectrophotometer (Thermo Scientific™ Waltham, MA, USA).

The proteolytic activity of cysteine endopeptidases in crude enzyme extracts was
determined by the method modified by Ketnawa ef al. (2012): the assay is based on
the proteolytic hydrolysis of casein by cysteine endopeptidases to release L-tyrosine.
The peptidase activity calibration curve was performed with six concentrations of
L-tyrosine (0, 100, 200, 300, 400, and 500 pg mL™") in reaction buffer (casein 1 % w/v,
cysteine 0.03 M, EDTA 0.006 M, potassium phosphate 0.05 M, pH 7.0).

For the samples, 1 mL of the supernatant of the crude extracts and 1 mL of the reaction
buffer were mixed. The reaction was carried out at 37 °C for 10 min and stopped
by adding 3 mL of 5 % w/v trichloroacetic acid (TCA) to precipitate the casein. The
reaction mixture was centrifuged at 8000 xg for 10 min and the supernatant with
L-tyrosine was measured at 275 nm. The reactions were carried out in triplicate. A
unit of enzyme activity was defined as the amount of enzyme releasing a product
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equivalent to 1 pg tyrosine min' mL"' under standard assay conditions and was
expressed as casein digesting units (CDU mL 'mg protein™).

Statistical analysis
Statistical analyses were performed in Minitab Statistical Software (19) and Microsoft
Excel (2019). Differences between samples for pH, SST, protein concentration, and
enzyme activity were determined by analysis of variance; comparison of means was
performed by Tukey’s test (p < 0.05).

RESULTS AND DISCUSSION
Representative images of the samples used in the study are shown below (Figure 1).

The average weight of the peel, core, and pulp of the four monthly samplings was
higher in the fruit at the most advanced ripening stage (C5, 88 % w/w) than in the fruit
at the C2 stage (80.2 % w/w). For the crowns, the highest weight corresponded to C2
(19.8 % w/w) (Table 1). The higher crown weight in C2 may be because the fruit filling
process had not yet been completed, so this structure was not yet entering senescence
(Uriza-Avila et al., 2018).

Degree of maturity:
by color code

Figure 1. Representative images of the Ananas comosus L. plantation and fruits used in the study. A: plantation in Loma

Bonita, Oaxaca; B: ripe fruit (C5); C: maturity degree classification; D: material used to obtain the fresh pulp extract (Pu)

and the peel (Cs), crown (Co), and core (Cz) residues.

Table 1. Average weight of pulp and residue of pineapple (Ananas comosus
L.) fruits at two ripening stages. Averages of four monthly samplings, May to

August 2019.
Maturity stage

Part of c2 G5

the fruit kg % w/w* kg % w/w*
Peel 0.843 30.7 0.978 32.1

Crown 0.543 19.8 0.358 11.8
Core 0.462 16.8 0.586 19.2
Pulp 0.899 32.7 1.124 36.9
Total: 2.747 100 3.046 100

*Weight proportion of residues compared to the whole fruit.
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At both ripening stages, pulp accounted for 33 and 37 % (w/w) of the average total
fruit weight, while the total sum of residue weight (peel, core, and crown) accounted
for 67 and 63 % (w/w) in C2 and C5 pineapples, respectively. These data were similar
to those obtained by Ketnawa et al. (2012) and Conesa et al. (2015) for ‘Nang Lea’
and ‘Phu Lea’ varieties, where the residues (peel, core, stem, and crown) produced
during processing represented approximately 50 % (w/w) of the total fruit weight.
These authors indicate that peel and core constituted the main residues, which was
confirmed in the present study as peel and core represented 47.5 and 51.3 % w/w of
the residues in pineapples at C2 and C5 stages, respectively. The municipality of Loma
Bonita produced approximately 123 038 Mg of pineapple in 2021, of which 74 901 were
of the ‘Cayena Lisa’ variety (SIAP, 2022). The usable industrial waste in the process of
extracting by-products, including cysteine-proteases, is approximately 37 450 Mg per
season; therefore, the potential for useful raw material is enormous.

Regarding the physicochemical characterization (Table 2), at the C2 ripening stage,
the pH values of the peel were the lowest compared to the other residues, and did not
show significant variations in any of the four months of harvest (Figure 2A).

Table 2. pH values of various parts of the fruit of pineapple (Ananas comosus L.) varieties.

Part of the fruit

Variety
Peel Core Other Reference
Morris 4.04 £0.02 3.89+0.01 3.92 £ 0.01 (pulp) Misran et al. (2019)
N36 3.94 +0.01 - -- Nadzirah et al. (2012)
Phu Lea 4.01+0.13 4.09+£0.22 4.64+ 0.22 (stem)
Nang Lea 402£030 4274024 4765016 (stem)  etmawactal (2012)
Cayena LisaC2  3.91+0.17 4.98 +0.22 4.61+ 0.97 (pulp) This study
Cayena Lisa C5  4.20 £ 0.49 4.48+ 0.47 5.26 £ 0.84 (pulp) This study

A Maturity stage C2 B Maturity stage C5

8.0 - 8.0 -

7.0 4 70 |

€0 6.0 -
QSO B o

: 5.0 -

4.0 - 4.0 -

e 3.0

May  June  July  August May  June  July  August

OCore X Peel TIHPulp 9-Crown
Figure 2. pH values in pineapple (Ananas comosus L.) from different parts of the fruit at two maturity stages,
during the months of harvest (n = 3).
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The pH values of the core, pulp, and crown remained at around 4 to 5 for the first
three months and increased significantly (p > 0.05) in August with comparison to the
peel values, showing no differences between them. The final pH value of the fruit
components, except the peel at this stage of ripening, was close to 6 (Figure 2A).

In the case of samples at the C5 ripening stage, the pH values of each fruit component
varied throughout the months (Figure 2B). In the month of May, the pH of the peel was
4.01x0.01, which was significantly lower than that of the other residues (around 5, on
average). In June, the pH of the pulp, peel, and crown increased; the core showed no
significant changes. In July, except for pulp, pH decreased in all residues. In August,
the pH values of the crown (6+0.01) were significantly higher than those of the peel,
core, and pulp (around 4).

The average pH of the residues during the period analyzed was 4.64+0.69 and 4.82+0.45
for C2 and C5, respectively, which are higher than the values described for ‘Cayena
Lisa’ grown in China, which ranged from 3.58 to 3.86 (Lu et al., 2014), or for ‘Cayena
Sarawak’ at maturity stage 5 (maximum maturity). Soloman et al. (2016) observed that
the mean pH value was around 3.88+0.18, and suggested that it is an internal indicator
of maturity that can be used to determine the best harvesting period. The pH of a
fruit is the result of the mixture of various compounds; Truc et al. (2008) observed that
the acid composition of unripe pineapple includes mainly citric acid, malic acid, and
succinic acid, which decrease during fruit ripening following a conversion of organic
acids to reducing sugars (Siti Rashima et al., 2021). These physicochemical changes
give pineapple its characteristic flavor and odor.

Another important parameter in the physicochemical characterization of fruit is SST,
which is usually expressed as a percentage or °Brix. At ripening stage C2 (Figure 3A),

A Maturity stage C2 B Maturity stage C5
14
12
10 +
=
=B
6 4
4
2
May  June July  August May  June July  August

-OCore 7X Peel IPulp 9Crown

Figure 3. Average total soluble solids content (°Brix) of pineapple (Ananas comosus L.) pulp and residues
at two maturity stages, during the harvest months (n = 3).
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core SST values did not show significant differences in any of the months and remained
between 8.3 and 10 °Brix, while those of the pulp and peel decreased significantly
in July and August compared to May (Figure 3A). This indicates that from May and
June onwards, the concentration of soluble solids, probably sugars, increases. The
residue with the lowest SST was the peel, while the pulp showed the highest SST
values (around 13) and these remained stable over time. On the other hand, at the
C5 ripening stage, the pulp had the highest SST values, followed by the peel, core,
and crown; this trend repeated itself in all harvesting months. Pineapple ‘Cayena’ is
described as one of the cultivars with high SST values compared to other varieties. The
results of this study for A. comosus cv. ‘Cayena Lisa’ (8 to 14 °Brix) are higher than the
cultivars ‘Nang Lae’, ‘Phu Lae’, “N36’, and the ‘Morris’ variety, where the °Brix range
from 2.55 for peel to 6.27 for crown (Ketnawa et al., 2012; Misran et al., 2019).

Finally, the results indicated the presence of cysteine protease activity in the pulp and
in all pineapple residues (Figure 4). The CDU activity was very similar, regardless
of residue type or ripening stage. Proteolytic activity was minimal in the period
from May to July in all parts analyzed, except the crown in May. In August, activity
increased significantly in the pulp and in all residues.

Regardless of maturity stage, the maximum activity for all tissues occurred in August,
though the parts showed differential proteolytic activity in this month. This could be
due to the functions of proteases within the plant, as explained below. At stage C5, the
peel had the highest activity and the crown had the lowest (Figure 5). The activity of
cysteine proteases at the C2 ripening stage in the pulp and peel (20.48 and 17.39 mL"!
mg") was significantly higher than that in the core and crown (16 and 2.84 CDU mL"
mg?, respectively). In the case of C5 samples core and peel (15.73 and 21.85 CDU mL™
mg, respectively) had significantly higher activity compared to pulp and crown.
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Figure 4. Cysteine protease activity in pulp and residues of pineapple (Ananas comosus L.) of two ripening stages,
during the months of harvest (n = 3).
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Figure 5. Proteolytic activity of different pineapple parts corresponding to the month of August for two ripening
stages (n = 3; different letters indicate significant differences, Tukey p < 0.05).

This behavior is similar to that described by other authors; for example, in cultivars
‘Nang Lae’ and ‘Phu Lae’, it was observed that the extract from each type of residue
exhibited different proteolytic activity and protein content: the highest value was
from the crown, while the extract from the stem had the lowest value in both cultivars
(Vasiljevic, 2019). On the other hand, pineapple core extracts have greater effect on
meat tenderizing than peel and pulp extracts; this may indicate that pineapple core
contains bromelain with higher enzymatic activity than that of any other part of the
fruit (Clavijo et al., 2012).

Cysteine-proteases are involved in the control of apoptosis, the hypersensitive response
(HR), senescence, embryogenesis, floral development, several types of environmental
stress, and pathogen resistance in various plant species (Grudkowska and Zagdanska,
2004; Lopez-Garcia et al., 2012). Hydric stress is one of the most common stresses in
plants; although studies of its effect on pineapple are scarce, drought is known to
delay flowering and affects fruit morphology and quality (Ortiz, 2022).

One of the mechanisms of stress response includes protein degradation by proteases,
which is closely related to the synthesis of new proteins. On the other hand, although
the effect of excess moisture on protease activity has been less studied, it is known to
affect fruit morphology (water core) and increase susceptibility to pathogen attack,
particularly fungi (Shu, 2019). The above suggests that seasonal environmental factors
could influence protease activity. From May to August, in the Loma Bonita area,
rainfall gradually increases; the month with the most rainfall is August (CONAGUA,
2022) which coincides with the maximum peak of cysteine protease activity (Figure 6).
Temperature is another environmental factor to consider.
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Figure 6. Relationship of proteolytic activity of pineapple fruit parts with environmental conditions of temperature and

rainfall during the harvest months.

The record does not show significant differences in temperature during the sampling
months; however, such months correspond to the hottest time of the year in Mexico
(CONAGUA, 2022). In particular, the period of highest temperature during the year
is known as “canicula”, which in 2019 lasted 40 days and officially ended on August
20 of that year.

As indicated, the edible portion of pineapple fruit is about 35 %. Waste in the canning
industry ranges between 45 and 65 %, and includes, among others, peel and trimmings
(Difonzo et al., 2019), which, due to their large volume, can become a focus of
microbiological and environmental infection. Therefore, revaluing waste by obtaining
by-products is an attractive alternative; in particular, obtaining enzymes is interesting,
as there is a market for them. Extracts obtained from A. comosus residues can also
be a source of phosphatases, glucosidases, peroxidases, cellulases, glycoproteins, and
carbohydrates, in addition to cysteine-endopeptidases.

CONCLUSIONS

Two stages of pineapple fruit ripening (C2 and C5) were evaluated, and both showed
different behaviors for pH and SST. The pH of fruit increased during the C2 stage
and peaked in August; on the contrary, in the C5 stage, pH increased in June and
decreased again in August. On the other hand, SST decreased compared to May and
remained stable until August. As for cysteine protease activity, the maximum values
occurred in August in all parts of the fruit. In particular, the peel and core sections
had a significantly higher activity than the pulp and crown in both ripening stages,
which represents an advantage since proteases can be obtained from these residues,
remaining as an element to be considered in the value chain of the commercialization
of the ‘Cayena Lisa’ pineapple in the Papaloapan Basin region.
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ABSTRACT
Pollinators depend on the melliferous flora for food, in return, flowers are pollinated, which
contributes for the maintenance of ecosystems and conservation of biodiversity, increasing
food production and ensuring food security. This research aims to provide an inventory of
melliferous flora and its annual availability in Cervantes y Lozada, Cérdoba, Veracruz, Mexico.
During 26 months, the plants interacting with bees were collected on defined rural roads;
we also documented the resource provided by the flowers (pollen, honey, etc.), their origin
(native or exotic), life form and flowering periods. From 122 collections, 76 melliferous species
were inventoried, grouped in 74 genera and 35 botanical families, being Asteraceae (25 %) the
family with more species, followed by Malvaceae (9.21 %) and Lamiaceae (7.89 %); 67.11 %
are polliniferous, 7.86 % nectariferous, and 25 % provide both; 82.89 % are native and 17.11 %
exotic; 15.79 % are trees, 28.95 % shrubs and 55.26 % herbs. Seven species provided resources
for bees all year round, two for 10 months and the rest for shorter periods. The flora species that
were inventoried have different uses, so it is important to protect and promote the sustainable
management of the melliferous flora, which is essential for the conservation of the pollination
service, which in turn is essential for agriculture and ecosystems, in addition to protecting

species of social, ecological, and economic importance.

Keywords: bee flora, pollinators, nectar, pollen, flowering season.

INTRODUCTION
Bees depend on the melliferous flora for food and to obtain nesting sites; in return,
flowers are pollinated for succeeding in reproduction that provides seeds and fruits
for humans and other animals, thus contributing to food security and the ecological
balance of ecosystems (Bonet and Vergara, 2016; Montoya-Bonilla et al., 2017).
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Despite its importance, melliferous flora is under threat, mainly due to deforestation.
In this regard, Mexico suffered an average annual gross deforestation of 212834 ha
in 2021, caused primarily by changes in land use for agriculture, livestock, mining,
tourism developments and/or real estate projects (CONAFOR, 2022). Other factors
affecting the melliferous flora are the use of agrochemicals, the presence of invasive
exotic species, diseases, pests, transgenic varieties, and climate change (Quezada-
Eudn and Ayala-Barajas, 2010). Climate change causes loss of biological corridors for
pollinators, as it promotes habitat fragmentation, soil erosion, loss of biodiversity, and
reduction of environmental services. All these problems result in small and isolated
populations, increasing their probability of extinction (Aguilar et al., 2019; Ramirez-
Bravo and Hernandez-Santin, 2016; Von ef al., 2021).

In Mexico, the state of Veracruz has an inventory of 63 families, 176 genera and 216
species of honey plants. Of that, Asteraceae and Fabaceae families have the largest
number of species (Real-Luna ef al., 2021). In Mexico, the Asteraceae is the most diverse
botanical family, with approximately 3000 species, that means 14 % of Mexico’s flora
as a whole (Villasefior-Rios et al., 2013). Thus, Mexico has 147 species of Asteraceae
reported as significant for beekeeping (Cadena et al., 2019; Castellanos-Potenciano et
al., 2012; Quiroz and Arreguin-Sanchez, 2008). Additionally, the families Fabaceae,
Convolvulaceae, Combretaceae, Bignoniaceae, and Verbenaceae are also considered
important sources of pollen and nectar (Gonzalez et al., 2016). This research aims to
provide an inventory of melliferous flora and its annual availability in Cervantes
y Lozada, Cérdoba, Veracruz. We expect to provide fundamental contribution of
scientific knowledge for the implementation of effective and viable conservation
strategies, both for pollinators and for the regional honey flora.

MATERIALS AND METHODS

Description of the study area

The study was carried out in the rural locality of Cervantes y Lozada located to the
northeast of the municipality of Cérdoba, in the “Sierra del Gallego” region; at 18°
57 14.4” N and 96° 55" 35.04” W with an altitude average of 1214 m (Figure 1). It has
a semi-warm humid climate with abundant rainfall in summer, and a temperature
ranging from 18 to 24°C, and precipitation of 1900-2100 mm (Sistema de Informacion
Estadistica y Geografica del Estado de Veracruz de la Llave, 2021).

There are two types of vegetation in the area, according to Rzedowski’s classification
(1978): Cloud forest (deciduous forest or medium or low evergreen forest, according
to Miranda and Hernandez-X., 1963), and tropical evergreen forest (or medium sub
evergreen forest, according to Miranda and Hernandez-X., 1963), as well as a transition
strip between these two vegetal communities and patches of secondary vegetation
derived from these types of vegetation.

The location is considered highly marginalized with a population of 173 inhabitants
provided of essential needs (drinking water, basic schools, electricity, etc.); the main
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Figure 1. Location of Cervantes y Lozada, Cérdoba, Veracruz, Mexico.

productive activity is agriculture, with coffee, banana, beans, corn, chili, and squash
(Sistema de Informacion Estadistica y Geografica del Estado de Veracruz de la Llave,
2021). The inhabitants conduct an agroecological production system combining
different kinds of crops in their plots, such as coffee (Coffea arabica L.), different
varieties of banana (Musa x paradisiaca L.) and other ornamental species as the parlour
palms (Chamaedorea elegans Mart. and Ch. metallica O.F. Cook ex H.E. Moore), cornstalk
dracaena (Dracaena fragrans (L.) Ker Gawl.) and ti plant (Cordyline fruticosa (L.) A.
Chev.).
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Inventory of melliferous flora

We established a weekly collection of plants on the community roads for 26 months,
following the periods of March to December 2020, January to December 2021 and
January to April 2022, from 10:00-16:00 h, when bees present greater activity. All the
species that were visited by bees were collected. The plants were herborized using
traditional techniques of pressing, drying, and disinfecting (Lot and Chiang, 1986).
Subsequently, they were taxonomically determined through the use of specialized
literature (dichotomous keys), as well as by comparison of herbarium vouchers. Plant
taxonomy was based on the Missouri Botanical Garden Tropics database proposal
(Tropicos.org, 2023) and the International System established by the Angiosperm
Phylogeny Group IV (Chase et al., 2016). Taxon authors were abbreviated according
to the Tropicos database of the Missouri Botanical Garden (Tropicos.org, 2023). On
the other hand, the resources provided by the plants to the bees (pollen, nectar, or
both), its origin (native or exotic), the life form (tree, shrub, or grass) were documented
through a bibliographic review of scientific articles published in databases such as
Scopus, Web of Science Group, Academic Google, Elsevier and Springer Link, and the
flowering periods were recorded through observations made during the field work.
Botanical specimens were deposited in the following herbaria: Herbarium of the
Colegio de Postgraduados Campus Coérdoba (CPC) (in Manuel Leén, Amatlan de los
Reyes, Veracruz), Herbarium “Jerzy Rzedowski Rotter” of the Facultad de Ciencias
Biologicas y Agropecuarias de la Universidad Veracruzana, Zona Cérdoba-Orizaba
(CORU) (in Pefiuela, Amatlan de los Reyes, Veracruz), and Herbarium of the Instituto
de Ecologia (XAL) (in Xalapa, Veracruz).

RESULTS AND DISCUSSION

Inventory of melliferous flora

A total of 122 plant collections were made for a total of 76 species, distributed in 74
genera and 35 families. The most important family was Asteraceae with 19 species
(25 %), coinciding with those reported by Granados-Argiiello ef al. (2020), Gonzalez-
Suérez et al. (2020) and Real-Luna et al. (2021). They are followed in order of
importance by Malvaceae with seven (9.21 %), Lamiaceae with six (7.89 %), Fabaceae
and Verbenaceae with three species each (3.95 %) and Acanthaceae, Amaryllidaceae,
Cucurbitaceae, Euphorbiaceae, Ranunculaceae, Rubiaceae and Solanaceae with two
species each (2.63 %) (Table 1).

The species of the Asteraceae family were the most visited by bees, since they have
flowers that provide them with nectar and pollen, as well as being easily accessible,
thus have the function of shelter sites. Asteraceae is one of the families with the largest
number of species on the planet, being common and sometimes even dominating
different regeneration sites, such as the edges of crops and roads. The importance
of the Asteraceae family for bee foraging has been recorded in Argentina, Brazil,
Colombia, and Mexico (Araujo-Mondragon and Redonda-Martinez, 2019; Chamorro-
Garcia et al., 2013).
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Table 1. Botanical families that make up the melliferous flora of the Cervantes y Lozada location, in Cérdoba, Vera-

cruz, Mexico.

Families Genus % Species % Families Genus % Species %
ANGIOSPERMS Fabaceae 3 4.05 3 3.95
MONOCOTYLEDONS Heliotropiaceae 1 1.35 1 1.32

Amaryllidaceae 2 2.70 2 2.63 Lamiaceae 5 6.76 6 7.89
Arecaceae 1 1.35 1 1.32 Loranthaceae 1 1.35 1 1.32
Asparagaceae 1 1.35 1 1.32 Lythraceae 1 1.35 1 1.32
Hypoxidaceae 1 1.35 1 1.32 Malpighiaceae 1 1.35 1 1.32
Iridaceae 1 1.35 1 1.32 Malvaceae 7 9.46 7 9.21
Orchidaceae 1 1.35 1 1.32 Meliaceae 1 1.35 1 1.32
EUDICOTYLEDONS Myrsinaceae 1 1.35 1 1.32
Acanthaceae 2 2.70 2 2.63 Myrtaceae 1 1.35 1 1.32
Adoxaceae 1 1.35 1 1.32 Nyctaginaceae 1 1.35 1 1.32
Amaranthaceae 1 1.35 1 1.32 Onagraceae 1 1.35 1 1.32
Asteraceae 19 25.68 19 25 Petiveriaceae 1 1.35 1 1.32
Bignoniaceae 1 1.35 1 1.32 Polygalaceae 1 1.35 1 1.32
Bixaceae 1 1.35 1 1.32 Ranunculaceae 2 2.70 2 2.63
Campanulaceae 1 1.35 1 1.32 Rosaceae 1 1.35 1 1.32
Convolvulaceae 1 1.35 2 2.63 Rubiaceae 2 2.70 2 2.63
Cucurbitaceae 2 2.70 2 2.63 Solanaceae 2 2.70 2 2.63
Euphorbiaceae 2 2.70 2 2.63 Verbenaceae 3 4.05 3 3.95
TOTAL 74 100 76 100

Of the total number of species recorded, 67.11 % are polliniferous, 7.86 % nectariferous
and 25 % nectariferous-polliniferous. Regarding the origin, 82.89 % are native species
and 17.11 % exotic. Indeed, we have expected such results, since Mexico has a
lower number of exotic species than in other regions of the Americas. However, it is
important to conduct more studies on exotic species, which are mostly herbaceous
and can become invasive (Espinosa-Garcia and Villasefior-Rios, 2017; Pérez-Postigo et
al., 2021). Regarding the life forms of the melliferous flora, 15.79 % are trees, 28.95 %
shrubs, and 55.26 % herbs. Similar results were reported for Tamaulipas, with 42.32 %
herbaceous species identified (Gonzalez-Suarez et al., 2020) (Table 2).

Species that were found in bloom throughout the year represent 7.89 % (Bidens alba,
Cuphea hyssopifolia, Holmskioldia sanguinea, Eriobotrya japonica, Malvaviscus arboreus,
Melampodium divaricatum and Thunbergia alata); those that were in bloom for 10
months were 2.63 % (Teucrium vesicarium and Aldama dentata); eight months, 3.95
% (Bougainvillea glabra, Salvia xalapensis and Anoda cristata); seven months, 6.58 %
(Ageratum houstonianum, Salvia lasiocephala, Melanthera nivea, Solidago altissima and
Hamelia patens); six months, 7.89 %; five months, 5.26 %; four months, 3.95 %; three
months, 6.58 %; two months, 18%; and one month, 36.84 %.

During fieldwork, January had the lowest number of flowering species (15) and the
months with the most floral resources were May (32), July (29), November (28), and
December (29) (Figure 2).
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Table 2. List of melliferous plant species from the community of Cervantes y Lozada, Cérdoba, Veracruz, Mexico. Origin:
N = Native, E = Exotic. Life form: H = Herb, S = Shrub, T = Tree. Product for pollinator: P = Pollen, N = Nectar, P/N = Pollen/
Nectar. Flowering Period: JA = January, FB = February, MC = March, AP = April, MY = May, JN = June, JL = July, AG = August,
SP = September, OC = October, NV = November, DC = December, AY = all year. Collectors: NRL = Natalia Real-Luna, JERH =
Jaime Ernesto Rivera-Hernandez and MAJC = Marco Antonio Juarez-Calderén. Herbaria: CPC = Herbarium of the melliferous

flora of Veracruz, Colegio de Postgraduados Campus Cérdoba, Manuel Leén, Veracruz; CORU = Jerzy Rzedowski Rotter
Herbarium of the Facultad de Ciencias Bioldgicas y Agropecuarias, Zona Orizaba-Coérdoba, Pefiuela, Veracruz; and XAL =
Herbarium of the Instituto de Ecologia, Xalapa, Veracruz.

Family/ Local common Life Product for  Flowering Collector
Scientific name name form pollinator period (herbarium)
AMARYLLIDACEAE
Agapanthus africanus (L.) “ciento en uno”, H P MY-JL NRL 55 (CPC,
Hoffmanss “agapando africano” CORU)
Zephyranthes miradorensis “Ezgzﬂgzz ! H P MY NRL 61 (CPC)
(Kraenzl.) Espejo y Lopez-Ferrari Y NRL 66 (CPC)
veracruzanas
ARECACEAE
Syagrus romanzoffiana (Cham.) “palma coyolera”, H P AP-AC JERH 6329 (CPC,
Glassman “palmera pindo” CORU)
ASPARAGACEAE
. . “gracena morada”, JERH 6330 (CPC,
Cordyline fruticosa (L.) A. Chev. “banderilla” S P JA CORU)
HYPOXIDACEAE
L . " ‘o NRL 60 (CPC,
Molineria capitulata (Lour.) Herb. palma acordeon H P MY CORU)
IRIDACEAE
L y r ., NRL 53 (CPC,
Trimezia steyermarkii R.C. Foster iris ojo de tigre H P MY-JL CORU)
ORCHIDACEAE
“flor de mayo”,
Oncidium sphacelatum Lindl. “orquidea dama H P MY NRL 54 (CPC,
o CORU)
amarilla
EUDICOTYLEDONS
ACANTHACEAE
) “ ” NRL 1 (CPC,
gdéﬁtiﬁe;? cizlltlzzztachyum (Schltdl. Hzarrla Eﬁl())(’)’sa , H P DC-MC CORU, XAL)
am.) [ ant NRL 34 (CORU)
“manto”, “hierba NRL 27 (CORU)
Thunbergia alata Bojer ex Sims . ! W H N AY NRL 87 (CPC,
africana del susto
CORU)
ADOXACEAE
. " "o ” ) NRL 79 (CPC,
Sambucus nigra L. sauco”, “sauco negro T P JL-AG CORU)
AMARANTHACEAE
. . e ” NRL 29 (CPC,
Chamissoa altissima (Jacq.) Kunth bejuco de agua H N DC CORU)
ASTERACEAE
NRL 18 (CORU)
. . “chichan”, “yerba del NRL 30 (CORU)
Ageratum houstonianum Mill. zopilote” H P OC-AP NRL 90 (CPC,

CORU)
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Local common
name

Family/
Scientific name

Origin

Life
form

Product for
pollinator

Flowering

period

Collector
(herbarium)

Aldama dentata La Llave “acahual”

Baccharis trinervis Pers. “cortadillo”

“amor seco”,
Bidens alba (L.) DC. “amozote”, “acahual
blanco”

Chromolaena odorata (L.) RM. King
& H. Rob.
Critonia morifolia (Mill.) R M. King
& H. Rob.

“albahaquilla”

“hoja de San Nicolas”,
“arbol de Santa Maria”

1

Fleischmannia pycnocephala (Less.)

R.M. King & H. Rob. cruz dulee chica

Heliopsis buphtalmoides (Jacq.) Dunal“botoncillo”

Y

“cabezona”,
amarillo”

Melampodium divaricatum (Rich.) acahual

DC.

“capitaneja”,

Melanthera nivea (L.) Small “totolquelite”

P/N

P/N

P/N

P/N

MC-DC

FB-AP

AY

MC-AP

JAJN

MC-AP

AP-JL

AY

MY-NV

NRL 8 (CPC,
CORU)
NRL 11 (CPC,
CORU)
NRL 85 (CPC,
CORU)

NRL 5 (CPC,
CORU)
NRL 38 (CORU)
NRL 44 (CORU)

NRL 3 (CORU)
NRL 14 (CORU)
NRL 16 (CORU)
NRL 86 (CPC,
CORU)

NRL 4 (CPC,
CORU)
NRL 114 (CPC)
MA]JC 4 (CPC)
NRL 2 (CPC,
CORU)
NRL 42 (CPC)

NRL 9 (CORU)
NRL 41 (CPC)
NRL 68 (CPC,
CORU XAL)
NRL 84 (CPC,
CORU)
MA]JC 5 (CPC)

NRL 10 (CPC,
CORU)
NRL 43 (CORU)
NRL 83 (CPC,
CORU, XAL)
NRL 99 (CPC,
CORU, XAL)

NRL 59 (CPC,
CORU)
NRL 95 (CPC,
CORU)
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Table 2. Continue.
Family/ Local common Origin Life  Product for Flowering Collector
Scientific name name & form  pollinator period (herbarium)
NRL 15 (CPC,
CORU, XAL)
NRL 100 (CPC,
Montanoa grandiflora (DC.) Sch. Bip. CORU, XAL)
ex Hemsl. “cecilia”, “acahual” N S P/N NV-DC NRL 103 (CPC,
CORU, XAL)
NRL 109 (CPC,
CORU, XAL)
NRL 104 (CPC)
; . " "o s NRL 7 (CORU)
Schistocarpha bicolor Less polocote”, “margarita N S p FB-MC NRL 37 (CORU)
NRL 71 (CPC,
Smallanthus maculatus (Cav.) H. “polocote morado”, CORU)
Rob. “conquelite” N H P JL-DC NRL 81 (CPC,
CORU)
NRL 63 (CPC,
Solidago altissima L. ” V CORU)
vara de oro E H P/N MY-NV NRL 98 (CPC,
CORU, XAL)
Tithonia diversifolia (Hemsl.) A. “gigantén”, “acahual”, N H P NV NRL 102 (CPC,
Gray “arnica” CORU, XAL)
Verbesina turbacensis Kunth lengua de vaca”, N H P NV NRL 106 (CPC)
capitaneja
NRL 6 (CPC,
s s ou CORU)
I\georgzonunthum patens (Kunth) H. Clclzquelslrlrt; g flor de N S P/N MC NRL 45 (CPC,
’ CORU)
NRL 46 (CORU)
Vz’guzem cordata (Hook. & Arn.) ]abah 3 mozote N H P DCJA NRL 20 (CPC)
D’Arcy amarillo
Lo “viuda”, “flor de San NRL 93 (CPC,
Zinnia elegans Jacq. Miguel” N H P/N JL-NV CORU, XAL)
BIGNONIACEAE
Podranea ricasoliana (Tanfani) “campana rey E S P FB-JL NRL 111 (CPC)
Sprague sudafricana” MA]JC 3 (CPC)
BIXACEAE
NRL 22 (CORU)
Bixa orellana L. “achiote” N S P JL-AG NRL 78 (CPC,
CORU)
CAMPANULACEAE
NRL 13 (CPC,
. . “berros”, “barba de CORU)
Lobelia xalapensis Kunth guajolote” N H P OC-DC NRL 97 (CPC,
CORU, XAL)
CONVOLVULACEAE
Ipomoea hastigera Kunth “bejuco”, “campanillas” N H N AP NRL 49 (CPC,

CORU)
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Table 2. Continue.
Family/ Local common Oriein Life  Product for Flowering Collector
Scientific name name & form pollinator period (herbarium)
NRL 32 (CPC,
. “quiebra platos”, : CORU)
. indica (Burm.) Merr. “Pejuco blanco” N H N AG-DC NRL 82 (CPC,
CORU)
CUCURBITACEAE
NRL 105 (CPC,
Polyclathra cucumerina Bertol. “calabacilla”, CORU, XAL)
“chilacayotillo” N H P NV-DC NRL 107 (CPC)
NRL 108 (CPC)
. p P NRL 75 (CPC,
Sechium edule (Jacq.) Sw. chayote”, “erizo N H P JL-DC CORU)
EUPHORBIACEAE
Croton draco Schitd]. & Cham. sangregado”, “sangre T N MC-AP  NRL 40 (CPC)
de grado”, “drago
. u "oz ” NRL 62 (CPC,
Jatropha podagrica Hook. botella”, “tartago N S P MY CORU)
FABACEAE
Inga vera Willd. Uvamlllo ! jinicuil”, N T P/N AP-MY NRL 47 (CORU,
aguatope XAL)
Leucaena leucocephala (Lam.) de Wit suae /:Fepehua]e N T p MC NRL 115 (CPC)
dormilén
Mimosa albida Humb. & Bonpl. ex “chomapique”, N S p NV-JA NRL 101 (CPC,
Willd. “dormilona grande” CORU, XAL)
HELIOTROPIACEAE
L .. “tlachichinole”, “hierba NRL 50 (CPC,
Tournefortia hirsutissima L. rasposa” N S P AP CORU)
LAMIACEAE
“bugambilia
Holmskioldia sanguinea Retz. extranjera”, “sombrilla E S P/N AY JERH 6331 (CPC,
-, CORU)
china
Huyptis capitata Jacq. “botoncillo” H DC-JA NRL 24 (CORU)
o “mariguana NRL 91 (CPC,
Leonurus sibiricus L. cimarrona”, “altamisa” E H oC CORU, XAL)
o . JERH 6340 (CPC,
Salvia lasiocephala Hook. & Arn. N H P SP-AP CORU, XAL)
§. xalapensis Benth. “salvia jalapena” N H P MY-DC lélgf{zjz (chLC)’
NRL 36 (CORU)
Teucrium vesicarium Mill. “mozote”, “pega pega” N H P JA-OC NRL 51 (CPC,
CORU)
LORANTHACEAE
Struthanthus quercicola (Schltdl. & ,, . o P NRL 73 (CPC,
Cham.) Blume hiedra”, “correhuela N H P JL CORU, XAL)
LYTHRACEAE
Cuphea hyssopifolia Kunth “falso brezo mexicano” N S P AY NRL 69 (CPC,

CORU, XAL)
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Table 2. Continue.
Family/ Local common Origin ife  Product for Flowering Collector
Scientific name name & form pollinator period (herbarium)

MALPIGHIACEAE

MAJC 2 (CPC);
Byrsonima crassifolia (L.) Kunth “nanche”, “nananche” N T P/N MY NRL 56 (CPC,

CORU, XAL)

MALVACEAE

NRL 17 (CORU,

XAL)

. “violeta de campo”, NRL 21 (CORU,
Anoda cristata (L.) Schltdl. #alache” N H P MY-DC XAL)

NRL 92 (CPC,
CORU, XAL)

. . “ O ” JERH 6332 (CPC,
Bernoullia flammea Oliv. platanillo”, “amapola N AP CORU)
Heliocarpus americanus L. “jonote” N FB NRL 39 (CORU)

“chochito”, “tulipan NRL 77 (CPC,
Malvaviscus arboreus Cav. . o }?, N S P/N AY CORU); NRL 112
corriente”, “altea
(CPC)
Pseudobombax ellipticum (Kunth) ., ., . JERH 6333 (CPC,
Dugand lele”, “coquito N T P/N AP CORU)
NRL 19 (CORU,
Robinsonella lindeniana (Turcz.) Rose,, 1 e » XAL)
& Baker manzanillo”, “jocorrd N T P NV-DC NRL 31 (CORU,
XAL)
Triumfetta semitriloba Jacq. “cadillo”, “mozote” N S P DC NRL 28 (CORU)
MELIACEAE
Trichilia havanensis Jacq. rama tinaja”, “palode T P JA NRL 113 (CPC)
cuchara
MYRTACEAE
. . “guayaba”, “guayaba : NRL 48 (CORU,
Psidium guajava L. dulce” N T P/N AP-MY XAL)
NYCTAGINACEAE
o . “ e g NRL 58 (CPC,
Bougainvillea glabra Choisy bugambilia E S P AP-NV CORU)
ONAGRACEAE
P . s . NRL 89 (CPC,
Oenothera rosea L’Hér. ex Ait. hierba del golpe N H P/N OocC CORU, XAL)
PETIVERIACEAE
NRL 65 (CPC,
. . et CORU)
Rivina humilis L. bajatripa N H N MY-AG NRL 70 (CPC,
CORU)
POLYGALACEAE
. s Cm NRL 96 (CPC,
Polygala berlandieri S. Watson hierba de yodex N H P OC-NV CORU, XAL)
PRIMULACEAE
.. “capulin”, “capulin NRL 110 (CPC,
Ardisia compressa Kunth negro” N S P DC CORU)
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Table 2. Continue.
Family/ Local common Origin Life  Product for Flowering Collector
Scientific name name & form pollinator period (herbarium)

RANUNCULACEAE

Clematis dioica L. “barba de chivo” N H P DC lggi‘és ()SPI:I?),
NRL 67 (CPC,

Ranunculus petiolaris Humb., Bonpl.,, ..., CORU, XAL)

& Kunth ex DC. subsp. Petiolaris aceitilla N H P MY-OC NRL 94 (CPC,
CORU, XAL)

ROSACEAE

Eriobotrya japonica (Thunb.) Lindl. C;‘ilig,e,ro e E s P L NRL 76 (CPC)

RUBIACEAE

Coffea arabica L. “café”, “cafeto” E S P MY lggigjl ()SPI:E),
NRL 52 (CPC,

Hamelia patens Jacq. “coralillo” N S P/N MY-NV NRE C;fng)P Q)
NRL 88 (CPC)

SOLANACEAE

“florifundio”,
Brugmansia arborea (L.) Lagerh. “florifundio E S P/N JL-DC NRL 33 (CPC)
sudamericano”
. “chile tabaquero”, NRL 57 (CPC,
Capsicum annuum L. “chile” N H P MY CORU)
VERBENACEAE
Lippia myriocephala Schltdl. & popot:)ca , “colpanchi N T P/N DC NRL 26 (CORU)
Cham. blanco
“rasca petate”, “raspa

Petrea volubilis L. sombrero”, “bejuco de N H P FB-JN J ERHCg’Ii%()CPC’
ajofl

Verbena carolina L. “verbena de perro” N H P/N DC NRL 25 (CORU)

However, further studies on the availability of floral resources are needed, as climate

change may affect plant phenology by bringing forward flowering and affecting plant-

pollinator interaction, as there is no synchronization with pollinator emergence. Plants

may also alter their nectar composition and pollen protein concentration, which may

affect pollinator longevity. Another aspect that can be affected is foraging activity,

since if temperatures increase, they can be critical and lethal for insects, which will

impede foraging, resulting in a lack of pollination (Farias-Silva and Freitas, 2020).

During the fieldwork we could observe that the species with the greatest number of

floral visitors were: Heliopsis buphthalmoides, Aldama dentata, Bidens alba, Byrsonima

crassifolia, Eriobotrya japonica, Hamelia patens, Melampodium divaricatum, Montanoa
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Figure 2. Number of flowering species during the year in Cervantes y Lozada, Cérdoba, Veracruz,
Mexico.

grandiflora and Sechium edule. Those that presented a regular number of visiting species
were Smallanthus maculatus, Odontonema callistachyum, Tithonia diversifolia and Viguiera
cordata, which coincides with the data reported by Araujo-Mondragon and Redonda-
Martinez (2019).

In Cervantes y Lozada the main agricultural products obtained during the rainfed
period are: coffee, banana, chili, beans, corn, and squash; as well as chayote, nanche,
guava and loquat. Most of these crops require pollination by external agents for fruit
production, so the presence of pollinators is important in this place. However, these
crops have short flowering periods, thus, it is crucial to maintain pollinators for its
ecological importance.

We observed in Cervantes y Lozada a great diversity of pollinator species such as those
belonging to the orders Hymenoptera, Lepidoptera and Apodiformes. Regarding
bees, there are different species, including nine species of meliponines (Partamona
bilineata (Say, 1837), Plebeia pulchra Ayala, 1999, Scaptotrigona mexicana (Guérin, 1845),
Scaptotrigona pectoralis (Dalla Torre, 1896), Scaura argyrea (Cockerell, 1912), Trigona
corvina Cockerell, 1913, Trigona fulviventris Guérin, 1845, Trigona fuscipennis Friese,
1900, and Trigona nigerrima Cresson, 1878). In addition, there are some Apis mellifera
L. hives brought to Cervantes y Lozada by people outside this place, as they found a
perfect place with a high quantity of melliferous flora to assure honey production. The



Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i8.3028
Scientific article

1742

Cervantes y Lozada inhabitants only rent their land to this foreign people, but do not
produce their own honey.

We suggest further research studies on bees’ biology as their flight capacity, which is
a function of body size, for instance, small bees as Plebeia droryana (1.35 mm maximum
forewing length) could become isolated in case of the distance between vegetation
fragments are greater than 600 m. Species such as Melipona compressipes (3.25 mm) and
Melipona quadrifasciata (2.90 mm), could be isolated if the forest fragments are more
than 2 km apart (Meléndez et al., 2013). Therefore, the risk of extinction is greater in
smaller species.

Another aspect worth considering is their behavior for dispersion within the research
area; to do this, bees depend on the parental nest to provide the new nest with food
and material for the construction of the new nest. In this sense, Cervantes y Lozada is
immersed in the forest, supplying all the resources needed, and bees would not have
to travel long distances to find the resources needed for their survival.

It is also important to emphasize that the melliferous flora supports ecosystem
services, as the provisions for insects, birds, bats, etc., pollination, soil conservation,
availability of food and habitat for the natural enemies of pests, as well as for the
contribution of aesthetic and social services. On the other hand, these species have
uses by humans, whether medicinal, food, coloring, ornamental, timber, fodder,
agroforestry, fungicide, for restoration, ceremonies, fuel, construction, biofuel and/or
handicrafts, which highlights the importance of the conservation of this flora, mainly
composed of herbaceous plants (Albrecht et al., 2016; Herndndez-Villa et al., 2020).

CONCLUSIONS
The melliferous flora of Cervantes y Lozada provided scientific knowledge of 76
species, distributed in 74 genera and 35 families. The most important families were
Asteraceae, Malvaceae, Lamiaceae, Fabaceae, and Verbenaceae. Most species provide
pollen as the principal resource for pollinators, 82.89 % are native and 55.26 % are
herbaceous. Seven species provided resources for bees all year round, two for 10
months and the rest for shorter periods. The months with the most flowering species
were May, July, November, and December.
The present study seeks to provide enough information about the melliferous flora;
thus people would be able to promote their conservation, especially those that are
generally considered weeds and normally grow in gardens, roadsides, and crops.
Many of these plants are eliminated or prevented from growing, because we do not
know how important they are for the ecosystem and indirectly to produce our food.
The species of melliferous flora have different uses, so this information will allow
the development of strategies to protect and promote sustainable management for
the conservation of the pollination service, which is essential for agriculture and
ecosystems, as well as strategies to protect species that have social, ecological, and
economic importance.
Based on the results and the knowledge that the inhabitants have about bees, an
awareness campaign can be proposed to reduce the use of agrochemicals and avoid
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the elimination of vegetation on roadsides and crop edges, which will contribute to a
greater availability of resources for pollinators, favoring their conservation.
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ABSTRACT
Integrating green walls (GWs) and green roofs (GRs) into urban areas enables several sustainable
development objectives to be met. However, there is little research on the aesthetic perception
and environmental and psychological benefits that users assign to these greening systems.
Therefore, this paper evaluated the perception towards these two green infrastructures, GWs
and GRs. The research was conducted via the Internet through a semi-structured survey with
Likert scale questions, with a total of 243 participants. The results revealed that approximately
90 % of the participants have a positive perception of GWs and GRs. The psychological and
environmental benefits of greening in urban environments are recognized, such as creating
habitats for small species, reducing stress, and improving mood, among others. Some significant
differences were seen in some socioeconomic aspects, such as age, gender and educational level.
Women showed a tendency to find calm when in contact with plants, while the tendency for men
is more neutral. Participants with a lower educational level, secondary school and a technical
career, do not fully agree that nature positively affects their mood. In general, green walls were
found to be preferred to green roofs; however, it is suggested to consider incorporating more

colors, flowers and a greater variety of plants to improve the aesthetics of these structures.

Keywords: Aesthetic perception, green walls, vertical gardens, green roofs, psychological and

environmental benefits.

INTRODUCTION
Perception allows people to interpret, differentiate and analyze the environment
around them according to their values. Landscape perception is influenced by an
individual’s memory and experiences, cultural background, beliefs and preferences
(Rahman et al., 2015). The study of landscape perception, also called environmental
assessment, is a transdisciplinary methodological tool, necessary in the territorial
planning process, in which users actively participate by responding to the perceived
needs of the environment (Bruno-Rivera ef al., 2014).
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In cities, vegetated areas have decreased and with it the quality of life of the
inhabitants. Despite the changes and evolution of the human habitat, man still
perceives the environment as a source of comfort and pleasure that plays a pivotal
role in his emotional and psychological state (Rosley et al., 2014). The World Health
Organization (WHO) recommends 9 to 12 square meters of green area per inhabitant
(Thaiutsa et al., 2008); however, there are few places in the world that comply with this
recommendation. For example, in Mexico City the average is 12.75 square meters of
green area per inhabitant, since in some areas such as in the south of the city the index
is higher, but in the north and east it is much lower (Checa-Artasu, 2016).

In recent decades, greening elements have been incorporated into urban infrastructure
as conservation tools (Manso et al., 2021). Greening systems in buildings are established
both vertically and horizontally and are called green walls (vertical gardens, green
facades, living walls) and green roofs (naturalized roofs), respectively. These two
systems contain a set of layers that may vary with the complexity of the design, but
the essential ones are vegetation, substrate, irrigation system (may not include it,
especially on roofs), a waterproof membrane (green roofs and living walls), and a
support system (Perini and Ottelé, 2012; Abass et al., 2020).

Green infrastructures, such as green walls and green roofs, are highly visual
implementations that contribute to several sustainable development goals, such
as 3 (health and well-being), 10 (reduced inequalities), 11 (sustainable cities and
communities), 13 (climate action) and 15 (life on land) (Nguyen-Dang et al., 2023).
Liberalesso et al. (2020) emphasize that these greening systems bring various economic,
social and environmental benefits, such as supplying food and ornamentals through
urban agriculture, improving aesthetics, regulating microclimates, and significantly
improving air quality, among others. This is why researchers encourage stakeholders
and the public to adopt greening infrastructures, such as green roofs and green walls,
as a climate change mitigation strategy (Shafique et al., 2020).

Many cities promote the installation of green roofs and green walls, such as Mexico
City, Tokyo, Chicago, Toronto, Copenhagen, and Lisbon, among others. However,
globally, few studies have evaluated public perception regarding the benefits and
potential problems of these greening systems, as well as the policies for promoting
them (Loder, 2014; Avila-Hernandez et al., 2023). Garcia-Albarado et al. (2021) show
that infrastructure in good condition, cleanliness and evident maintenance (signs of
care) are necessary to improve the visual attractiveness of green areas in cities, as
could apply to greening systems.

There are several studies on the perception of urban greening, carried out mainly
from the aesthetic, economic, social and environmental points of view. Aesthetically,
differences in perception have been found. On the one hand, Butler et al. (2012) found
that, among green roof experts, architects are the most likely to promote native species
while engineers are on the opposite end of the spectrume, and landscape architects
and biologists are in the middle. On the other hand, Nagase and Koyama (2020)
found that Japanese people prefer green roofs with turf because they are “neat and
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tidy” and they like biodiverse meadow roofs less, totally contrary to what was found
by (Jungels et al. (2013) who indicate that Americans had more positive reactions to
mixed perennial roofs than to grass ones. In Copenhagen, Denmark, Danuta-Lausen et
al. (2022) found that 70 % of their interviewees have a positive opinion of the aesthetics
of wild vegetation.

Zhang et al. (2020) found that residents of Guangzhou, China value environmental
services related to their daily life such as air pollution, high temperatures and noise
pollution, and care less about biodiversity protection services. Jim et al. (2022) note
that Tokyo residents agree with the contribution of green roofs and green walls to
improving air quality, thermal comfort and the aesthetics of the urban landscape, but
they find the costs high and consider the presence of mosquitoes and the accumulation
of plant waste a problem.

From an economic point of view, studies show that not all users of these greening
systems are willing to pay for them. At a train station in Lisbon, Portugal, Benoliel
et al. (2021) found that users attributed value to greening systems, but are willing to
pay only a little and prefer more seats or better waiting areas. In Guangzhou, China,
80 % of 409 participants were willing to pay to use and maintain greening systems,
especially young people (Zhang et al., 2020). For their part, Tokyo residents, according
to Jim et al. (2022), are mostly unwilling to pay to improve neighborhood vegetation
(40.2 %), and of those who are willing to pay, 29.4 % would not pay more than $ 300
MXN (2000 JPY).

The objective of this study was to analyze the perception of green roofs and green
walls from an aesthetic, psychological and environmental point of view in order to
recommend design criteria to landscaping professionals.

MATERIALS AND METHODS

A semi-structured survey was conducted to ascertain people’s perceptions. This
was prepared in Google Forms and was executed via the Internet during the month
of November 2022. The instrument consisted of three sections; in the first, the
socioeconomic characteristics of the respondents were collected: age, sex, place where
they lived, place where they currently live, monthly income (MXN), occupation and
educational level. The importance of these characteristics lies in the fact that they
usually constitute the independent variables used in experimental research. The
second included two photographs, an extensive green roof and an outdoor green wall
(Figure 1) that respondents evaluated aesthetically: liking, color, design, and plant
selection, as well as their affinity to the existence of these greening systems. In the
third section, participants chose their degree of agreement (strongly disagree (1),
disagree (2), neutral (3), agree (4) and strongly agree (5)) with statements indicating
the psychological and environmental benefits associated with nature and greening
systems.

The survey consisted of 30 questions divided into 3 sections. Sections 2 and 3 used
4- and 5-level Likert scales, as shown in Table 1. The survey items are long sentences,
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Figure 1. A: Extensive green roof; B: Outdoor green wall.

Table 1. Perception survey applied via the Internet.

Variable Code Values entered in R
Section 1. General data
Age Age 16 to 64 (years)
Gender Gen Female (F), Male (M)
Place where you grew up Lived Rural area (RA), Urban area (UA)
Place where you live Live Rural area (RA), Urban area (UA)
. Elementary, Secondary, High School,
Educational level Educa Technical career, University, Postgraduate
. Student, Employed, Unemployed,
Occupation Occup Retired, Other
. . <5,000; 5,000 - 10,000 ; 10,000 — 15,000;
. ’) 7 7 7 7 7 7 7 7
;What is your monthly income ($MXN)? Income 15,000 — 20,000; 20,000 — 30,000; > 30,000
Section 2. Design of greening systems
(Photos of a green roof and a green wall are evaluated)
. . o Not at all (1), a little (2), somewhat (3)
2t
How much do you like this green roof? GRliking and a lot (4)
How attractive do you find the green roof design? * GRdesign
How attractive do you find the plant selection? * GRplants Not at all (1), a little (2), somewhat (3)
How attractive do you find the and very attractive (4)
. GRcolors
color selection? *
What would you like to add or remove to make the NA (Keywords were identified in the
i ot GRadd , . ®
green roof to your total liking? respondents’ comments in Excel®).
How much would you agree that there should be Strongly disagree (1), disagree (2),
. . MoreGRs
more green roof spaces in the city? * agree (3) and strongly agree (4).
How much do you like this green wall? * GWIliking Notatall (1), a little (2), somewhat (3)
and a lot (4)
. . PN .
How attract%ve do you ﬁnd the design? . GWdesign Not at all (1), a little (2), somewhat (3)
How attractive do you find the plant selection? GWplants and very attractive (4)
How attractive do you find the color selection? * GWcolors y
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Variable Code Values entered in R
What would you like to add or remove to make the NA (Keywords were identified in the
. GWadd , .
green wall to your total liking? * respondents’ comments in Excel®).
How much would you agree that there should be Strongly disagree (1), disagree (2),
. . MoreGWs
more green wall spaces in the city? agree (3), and strongly agree (4)
. A green roof (1), a green wall (2),
2t
Which do you prefer, a green roof or a green wall? GRvsGW both (3) and neither (4)
Section 3. Benefits of greening systems
Green roofs and walls provide a space for the
development of small animal species (bees, SmallAni
butterflies, and other insects). **
I like the aesthetics of a building with greening ) GreenBuild
(green walls and roofs) more than a concrete one.
Itis 1mporta1+1+t to integrate nature into NatUA
urban areas.
Integrating vegetation into urban areas represents Culture
an opportunity to manifest Mexican culture. ** Strongly disagree (1), disagree (2),
I consider that the presence of nature positively neutral (3), agree (4), and strongly
+H PosMood
affects my mood. agree (5).
I consider that being in contact with nature
T LessStr
reduces my stress level.
I associate nature with pleasant memories. " PleasMem
Being in contact with plants makes me calm. ** PlantCalm
I see}( more c?::tact with plants after the COVID PlantCOV
confinement.
I'would like to have a green wall or roof HomeGWGR

in my home*

tAesthetic, "environmental and "*psychological criteria.

so they were coded for handling in the Rstudio software and for the creation of the
graphs.

The statistical analysis was performed in the free software Rstudio and Excel®.
Cronbach’s alpha was applied to the items to evaluate the reliability of the questions.
The Kolmogorov-Smirnov test was used to evaluate the normality (p-value > 0.05)
of the variables. Graphs were made of the distribution of responses (percentage of
agreement, disagreement, etc.) for sections 2 and 3. Because of the type of variables
in the survey, the non-parametric Kruskal Wallis test was performed, with the
dependent variable being one of the items and the independent variable being
some socioeconomic data (age, gender, lived, live, education, occupation, income).
The non-parametric Kruskal Wallis test was also included, in which the evaluation
of the aesthetics of the green roof and the green wall was considered to depend on
the design, colors and plant selection. In addition, manually, with the help of Excel®
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filters, keywords were identified for open-ended questions 5 and 11, which sought the
essential characteristics of green roofs and walls.

RESULTS AND DISCUSSION

Socioeconomic characteristics of respondents

A total of 243 participants were obtained, of which 125 were women and 118 were
men, 51.4 % and 48.6 %, respectively. Of these, 53.1 % grew up in rural areas; however,
82.7 % currently live in urban areas, which is consistent with the phenomenon of
rural-to-urban population change in Mexico. Ages ranged from 16 to 64 years, with
most of the participants being between 16 and 40 years old (83.6 % of the sample).
The educational level of the respondents is high: 49.8 % have a university degree,
40.3 % have a postgraduate degree, 7.4 % have a high school diploma, 1.2 % have a
technical diploma and 1.2 % have a secondary school diploma, and more than half of
them are students (51.9 %). It should be noted that, like age, educational level does
not represent the reality of the Mexican population and this could impact the results
since people with higher levels of education are more aware of current environmental
damage and the need to make changes.

Statistical analysis of the survey

The tool used in this research was the survey, in which sections 2 and 3 contain closed
questions using the Likert scale with 4 and 5 categories. Some researchers, who have
also applied surveys using a Likert scale, have carried out parametric analyses such
as ANOVA and Tukey’s test, as in the case of Jungels et al. (2013) and Nagase and
Koyama (2020). However, in the present research, the Kolmogorov-Smirnov normality
test was performed on the survey variables (p-value > 0.05, normal), and the data did
not present normality, so they were analyzed with non-parametric tests as was done
by Lee et al. (2014) and Liberalesso et al. (2020) who also found their variables to be
non-normal. Jamieson (2004) is of the opinion that Likert scale data are ordinal, that
is, they can be ordered, so they should be treated as interval data since the intervals
between Likert scales are not equal.

Reliability and distribution of perception responses

Cronbach’s alpha internal consistency test was used to check the reliability of the
survey. It was applied to the items with a Likert scale and an alpha of 0.891 was
obtained, indicating that the internal consistency of the data is good (Taber, 2018).
Subsequently, response distribution plots of all respondents were made with the
“Likert” package in R.

Participants had a positive response towards green infrastructures, with green roofs
receiving 94 % and green walls 96 % (Figure 2), which is consistent with the biophilia
effect, which describes the human drive to connect with nature (Garcia-Albarado et al.,
2021; Rosley et al., 2014). It is noteworthy that green walls received more of the “I like
it a lot” response than green roofs with 76.5 % and 55.1 %, respectively.
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Figure 2. Distribution of preferences for green walls and green roofs (n=243). GW: green wall, GR:

green roof. GWliking: How much do you like this green wall, GRliking: How much do you like

this green roof?

Green walls obtained higher positive percentages and within positive appreciation

they received more “very attractive” responses for design, plant selection and color

selection than green roofs. In this study, participants tended to express greater liking

for the outdoor green wall (Figure 3). Even with the differences in aesthetic perception

between green roofs and green walls, the participants showed similar behavior in
acceptance towards the establishment of these greening systems (94 % GR, 95 % GW).
Respondents generally gave positive responses about the psychological and

environmental benefits of green structures (Figure 4). Of the 10 items, 6 had more

than a 90 % positive response (“agree” and “strongly agree”). Likewise, 3 other items

exceeded 85 % positive response. The item “I seek more contact with plants after the

GWdesign
GWhplants
GRdesign
GWcolors

GRplants

GRcolors

5%

6%

7%

7%

1%

14%

100

. Not at all attractive

95% |

94% |

93% |

93% |

89% |

86% |
0 ' 50 ' 100
Percentage

Mot very attractive . Somewhat attractive . Very aftractive

Figure 3. Perception of green roofs and green walls (n=243). GW: green wall, GR: green roof,

Design: How attractive do you find the design?, Colors: How attractive do you find the color

selection?, and Plants: How attractive do you find the plant selection?
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NatUA 3% 96%
LessStr 3% 95%
SmallAni | 3% 94%
PleasMem 3% 93%
PlantCalm 3% 93%
GreenBuild = 5% 91%
HomeGWGR 5% 89%
PosMood 8% 89%
Culture | 7% 86%
PlantCOV  15% 67%

100 50 0 50 100
Percentage

. Strongly Disagree Disagree Neutral . Agree . Strongly Agree

Figure 4. Benefits that respondents associate with greening systems (n=243). NatUA: it is
important to integrate nature into urban areas, LessStr: I consider that being in contact with nature
reduces my stress level, SmallAni: green roofs and walls provide a space for the development
of small animal species (bees, butterflies and other insects), PleasMem: I associate nature with
pleasant memories, PlantCalm: being in contact with plants makes me calm, GreenBuild: I like
the aesthetics of a building with greening (green walls and roofs) more than a concrete one,
HomeGWGR: I would like to have a green wall or roof in my home, PosMood: I consider that the
presence of nature positively affects my mood, Culture: integrating vegetation into urban areas
represents an opportunity to manifest Mexican culture, and PlantCOV: I seek more contact with
plants after the COVID confinement.

COVID confinement” was the most varied, with 11.1 % answering “strongly disagree,”
4.1 % “disagree,” 18.1 % “neutral,” 25.5 % “agree” and 41.2 % “strongly agree.”

The results show a trend indicating that 9 out of 10 participants considered integrating
nature into urban areas, due to the benefits of less stress, calm and pleasant moments in
these spaces (Arvay, 2016). This also agrees with Benoliel et al. (2021), who suggest that
integrating vegetation into the urban environment provides several environmental,
economic and social benefits.

According to descriptive statistics, the results indicate that participants positively
valued the psychological and environmental benefits attributed to the presence of
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greening systems presented in the survey. A study that agrees with what was found
here is that of Zhang et al. (2020), who stated that the inhabitants of Canton, China
value the environmental services of greening systems that are related to their daily life,
such as the reduction in noise and air pollution. Moreover, the findings of Williams
et al. (2019) give evidence that green roofs can provide greater aesthetic enjoyment,
attention control, and restorative experiences.

Respondents indicated that they really like green roofs and green walls, and they also
agree on the benefits they bring. However, there was a lack of research on how much
they are willing to pay for these greening systems, so it is suggested that future work
should include this variable, as other authors have done (Benoliel ef al., 2021; Jim et
al., 2022).

Differences in aesthetic perception, and psychological and
environmental benefits by socioeconomic variables

The non-parametric Kruskal Wallis test (a = 0.05) was applied to determine whether
there are significant differences in the aesthetic, psychological and environmental
perceptions of the respondents. Most of the items showed no significant differences,
with a few exceptions (Table 2). Similarly, Nguyen-Dang ef al. (2023) found, at a Sydney
university, that user perception did not differ by sociodemographic characteristics,
although students perceived social benefits more than administrative staff. It should
be noted that in this study 51.9 % of the participants were students; however, there
were no differences by occupation.

The age group of 49-56 years old unanimously mentioned that they like the green wall
“a lot” and the youngest group, 16-24 years, responded similarly. In their research,
Liberalesso et al. (2020) found no significant differences (Kruskal Wallis test) between
the age ranges and the dependent variable “green infrastructure as a decision point for
choosing a hosting location.” On the other hand, Zhang et al. (2020) found that age had

Table 2. Kruskal Wallis test for all items.

Independent Dependent Chi-square Significance level

variable variable xX?» p-value
Age (6 intervals) GWIiking 11.749 0.038 *
Gender PlantCalm 4.139 0.041 *
Like GRvsGW 4.051 0.044 *i1
Education NatUA 13.510 0.009 g
Education PosMood 10.248 0.036 *

Significance levels: NS (Not significant), * (P < 0.05), ** (P <0.01). GWliking: How much
do you like this green wall?, PlantCalm: Being in contact with plants makes me calm,
GRvs GW: Which do you prefer, a green roof or a green wall?, NatUA: It is important to
integrate nature into urban areas and PosMood: I consider that the presence of nature
positively affects my mood.
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a significant effect on willingness to pay for the maintenance of green roofs and green
walls, with young Cantonese people (18-35 years old) being the most willing to pay.
In terms of gender, the results also show that there is a greater tendency for women
to “totally agree” with the statement “Being in contact with plants makes me calm,”
while the tendency for men is more “neutral.” Given this, Liberalesso et al. (2020)
indicated that women have a moderately stronger environmental concern and
sensitivity than men since the “urban men” group frequently responded with lower
ratings to questions about possible benefits, disadvantages and their perception of the
installation of green roofs and green walls than the “urban women” group (significant
differences). Garcia and Dunnett (2009) suggest in their study that these differences
between men and women, as well as by age, could be due to cultural factors or
evolutionary theories of landscape perception. They also found a tendency for women
to have a more favorable perception of naturalistic plantings compared to those with
a more formal appearance.

Education also influenced the items “It is important to integrate nature into urban
areas” and “Nature positively affects my mood,” as respondents with a technical
diploma, unlike the other levels of education, only “agreed” and not “strongly agreed”.
However, it is very likely that this difference occurred because this group did not have
a representative number.

Allard-Poesi et al. (2022) proposed a model that measures how the individual’s
perception and the characteristics of nature influence the sense of well-being. In this
study, the respondents, 2500 French citizens, indicated that small spaces with nature
(a balcony, a patio, or a roof garden) contribute to well-being, but to a lesser extent
than less domesticated natural areas (forests, fields, and scrubland).

Differences in aesthetic perception between green roofs and green walls
There was a difference between the aesthetic perception of green roofs and green walls
(Table 3). The green wall shown in this survey was consistently rated more positively
in terms of overall liking, design, plant selection, and color scheme compared to green
roofs. This indicates a widespread preference for green walls over green roofs among

Table 3. Kruskal Wallis test for aesthetic perception of green roofs and

walls.
Variable Chi-square (X?) p-value Significance level
Liking 23.076 1.557E-06 o
Design 22.779 1.82E-06 *x
Plants 21.976 2.76E-06 **
Colors 18.918 1.37E-05 **
More 0.600 0.4385 NS

Significant levels: NS (Not significant), * (P <0.05), ** (P <0.01).
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participants. The inclination towards green walls may be associated with properties
that characterize the aesthetics of a landscape, such as colors, textures, and shapes,
and how these relate to each other, as noted by Lopez-Contreras et al. (2019) in their
research.

Liberalesso et al. (2020) had similar results, where respondents, hostel users in Lisbon,
Portugal, showed a preference for five types of greening structure in the following
order: 1) Indoor living wall, 2) Accessible green roof, 3) Outdoor living wall, 4) Green
facade and 5) Inaccessible green roof. Teotdnio et al. (2020) found that users prefer and
are willing to pay more for accessible greening systems. In their research, users valued
the additional space of an accessible green roof for recreational activities more than
the aesthetic improvement obtained through the greening of the building.

The work of Avila-Hernandez et al. (2023) shows that in Mexico there is more research
on green roofs than on green walls; however, it is necessary to increase the research
and legislation on green walls, since they are of interest to potential users.

Respondents’ proposals for aesthetic improvement

From the main responses to the questions “What would you like to add or remove
to make the green roof/green wall to your total liking,” it is indicated that for both
greening systems, more needs to be added in terms of colors, flowers and plant variety.
Among others, it was mentioned to include plants for pollinators and plants with low
water consumption (Table 4).

The design of greening systems and their attractiveness are correlated with the
selection of plants and their colors. That is, they are more attractive if they integrate
a diversity of colors, flowers and plant species. In addition to these characteristics,
Garcia-Albarado et al. (2021) state that infrastructure in good condition, cleanliness
and evident maintenance (signs of care) are necessary to improve the visual appeal of
green spaces where greening systems can be included.

Lee et al. (2014) found the following preferences of employees in Melbourne, Australia:
herbaceous plants over succulents, green foliage over gray and red foliage, and taller
vegetation over lower-growing vegetation on green roofs. They also found that flowers

Table 4. What respondents would add to the green roof and green wall to improve its

aesthetics.
Green roof Green wall
Characteristic Frequency Characteristic Frequency
More colors 44 More colors 38
More flowers 32 More flowers 19
Edible plants 20 Creeper plants 7
Design (improve) 16 Red color 6
Shade plants 13 Symmetrical shapes 5
Greater plant variety 10 Greater plant variety 4
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make any arrangement of vegetation on a green roof more attractive. On the other
hand, Nagase and Koyama (2020) found that Japanese people prefer green roofs with
turf because they are “neat and tidy” and like biodiverse meadow roofs less, contrary
to Jungels et al. (2013) who indicate that Americans prefer green roofs with mixed
perennial or Sedum-dominated species over those with grasses. Likewise, Garcia and
Dunnett (2009) found that women tend to prefer plantings with a greater diversity of
colors and flowers. They attribute this in part to the fact that, evolutionarily speaking,
women, in charge of the fruit-gathering process, have specialized their sense of
selection, unlike men.

CONCLUSIONS
In Mexico, little has been studied about the perception of urban greening systems,
green roofs and green walls, although it is important since this type of work provides
a guide for the characteristics and types of greening systems that users are willing to
adopt and therefore maintain in order to improve their quality of life.
In this study, in general, no significant differences were found in the perception of the
participants based on the socioeconomic variables, although some differences were
observed by age, gender and educational level. Within the scope of this research we
found a positive tendency of the participants towards green walls and green roofs; in
addition, they attribute psychological and environmental benefits to these greening
systems such as the creation of habitats for small species, stress reduction, mood
improvement and evocation of pleasant memories. This suggests that greening is
perceived as beneficial to the quality of life. From the results of this research, it can be
suggested that greening systems, green roofs and green walls, should include a greater
diversity of plants, colors and flowers to make them more aesthetically appealing. This
finding is consistent with previous studies and can help in the design and creation of
these green infrastructures in cities.
Furthermore, and given that perception is affected by all the sensory senses, namely
touch, smell, hearing, taste and not just vision, it is suggested that future research
include in situ perception surveys applied in the greening systems.
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ABSTRACT
In this study, the antagonistic potential of Trichoderma erinaceum 10-15 and T. virens 32-09
against the nematode Meloidogyne incognita was evaluated in tomato (Solanum lycopersicum L.)
plants. A solution of 10° conidia mL" of each strain was inoculated on tomato plants, and the
variables of nematode control, galling index, eggs per gram of root, and females per gram of
root were determined. The in vitro antagonism of Trichoderma filtrates on the hatching of eggs
and ]2 juveniles of M. incognita was evaluated. The results were used for analysis of variance and
comparison of means using the Tukey method (p < 0.05). Control variables of the phytopathogen
on S. Iycopersicum were determined by measuring the area under the disease progress curve
(AUDPC), the Weibull parameter, the coefficient of determination, and the final severity of root
damage. T. erinaceum 10-15 showed a greater inhibitory effect on M. incognita, relative to T. virens
32-09. Both strains evaluated showed significant differences in comparison to the uninoculated
control, resulting in a 60 % reduction in juvenile stage mobility and egg hatching, as well as
greater control of the phytonematode in the AUDPC variables, Weibull parameter, and final
severity under controlled conditions. The strain T. erinaceum 10-15 showed a better antagonistic
effect on egg formation at 68 days, at 60.3 %, and on reducing the number of M. incognita females
with at 60 days, at 80.6 %. Both T. erinaceum 10-15 and T. virens 32-09 were found to be potential

biocontrol agents of M. incognita in S. lycopersicum.

Key words: galling, filtering, nematode, severity, tomato.

INTRODUCTION

Tomato (Solanum lycopersicum L.) is one of the vegetables with the highest demand
worldwide, where Mexico is the main supplier of exports. However, in recent years,
the total area of the crop has decreased (SIAP, 2020) due to production losses from
diseases caused by fungi, viruses, bacteria, and nematodes, the latter with a wide
geographical distribution and host range (Mukhtar et al., 2018).

Parasitism caused by nematodes is a devastating and difficult-to-manage problem,
as in the case of root-knot nematodes of the genus Meloidogyne, which are the most
destructive and cause significant crop yield losses (Khan et al., 2020). Meloidogyne
incognita is a polyphagous, obligate endoparasitic, gill-forming nematode on plant
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roots and is considered one of the most damaging agents for crops worldwide (Fan
et al., 2020) because it reduces plant growth, quality, and yield, and has reduced host
resistance to biotic and abiotic stresses. In its juvenile stage, this organism penetrates
the root through the cortex, near the elongation zone, and migrates towards the root
tips, where it establishes its feeding site, which generates hypertrophy and hyperplasia
of the surrounding cells (Temitope et al., 2020), which causes weakening of the tips,
inhibition or excessive root stimulation, and also induces the formation of knots or
galls in the root system (Martinez-Medina et al., 2017).

Several strategies have been developed to control M. incognita, the most common of
which is the use of chemical nematicides, which are sometimes ineffective (Cristébal-
Alejo et al., 2018), as they affect human health and generate resistance. Because of
this, it is necessary to implement safe and sustainable alternatives, such as the use of
biological controllers through microorganisms, which offer a safe and economically
feasible alternative for the control of nematodes (Pocurull ef al., 2020). Herrera-Parra
et al. (2017) demonstrated a greater nematicidal effect of T. atroviride compared to the
chemical Oxamyl 24 % at a dose of 1 mL L. Trichoderma spp. can be an alternative
biocontrol against M. incognita by reducing the number of galls, eggs, females, and
galling index in S. lycopersicum (Candelero et al., 2015). In Capsicum chinense, it showed
similar effects from the nematicide Oxamyl at the same dose. (Herrera-Parra et al.,
2018). Moo-Koh et al. (2018) evaluated incompatible combinations of T. citrinoviride 33-
58 and T. harzianum 33-59 that, when interacted, showed promising results in reducing
M. incognita, in addition to improving the growth of S. lycopersicum.

The objective of the present study was to evaluate the in vitro antagonistic effect of
two native species, T. erinaceum 10-15 and T. virens 32-09 against M. incognita, under
controlled conditions on S. lycopersicum L. plants.

MATERIALS AND METHODS

Trichoderma strains used

The strains T. erinaceum 10-15 and T. virens 32-09, previously identified (Martinez-
Canto et al., 2021; Moo-Koh et al., 2018), were seeded on potato dextrose agar medium
PDA (BD BIOXON, Mexico) (4 g potato infusion, 20 g dextrose, and 15 g agar per L, pH
5.6) for 8 days (d). Then, 5 mm diameter mycelial discs were extracted and deposited
in 250 mL Bosch bottles (PYREX®, Czech Republic) with the potato-dextrose broth
culture medium CPD (SIGMA-ALDRICH, Saint Louis, MO, USA) (300 g potato and
20 g dextrose per L, pH 6.8). Cultures were maintained at 30 °C without shaking for 27
d. The culture supernatant was filtered with sterile gauze and centrifuged (SOLBAT
C600, Mexico) at 3000 rpm for 10 min, subsequently filtered with Whatman No. 1
paper and finished with a 0.45 um millipore filter (Fisherbrand, Ireland); filtrates were
deposited in sterile 50 mL Falcon tubes and stored at 4 °C until use (Candelero et al.,
2015).
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Obtaining of Meloidogyne incognita

Egg masses were obtained from galled roots of S. Iycopersicum that were disinfected
with 1 % sodium hypochlorite (NaClO) for 2 min before being washed with potable
water in sieves with 300 and 400 mesh numbers (FIIC S. A. de C. V., Mexico) to remove
excess NaClO and incubated at 30 °C until ]2 hatching (Cristobal-Alejo et al., 2018).
The M. incognita species was confirmed through perineal patterns of females and
morphotaxonomic characterization (Jepson, 1987), for which a compound microscope
(LABOMED Lx500, USA) was used.

Antagonistic effects of Trichoderma on the immobility of ]2
of Meloidogyne incognita

The assay was carried out using a siracusae, 2.5 cm wide by 3 cm high, with 100 pL
of the filtrate of the cultures of T. erinaceum 10-15 and T. virens 32-09, and 900 pL of
esteril distilled water, to which 20 viable ]2 nematodes of M. incognita were added.
The nematostatic effect was determined at 72 h under laboratory conditions with an
environmental temperature of 30 °C. Sterile distilled water was used as a negative
control, and the commercial product Oxamyl 24 % (Vydate®, Dupont, Mexico)
was used as a positive control at a concentration of 1 mL L*. Using a stereoscopic
microscope (Leica ZOOM 2000, Buffalo, NY, USA) and with the help of a brush, the
immobility of the nematode was corroborated when stimulated in the cephalic region,
and, when no response to the stimulus was presented, it was considered immobile
(Cristébal-Alejo et al., 2018), the percentage of immobility was calculated according to
the formula proposed by Abbott (1925).

In vitro effect of Trichoderma on hatching inhibition of M. incognita eggs

In this assay, 100 pL of the filtrates of T. erinaceum 10-15 and T. virens 32-09 were added
to the siracusae. Five egg masses of M. incognita were placed in each egg mass, and the
ability to inhibit egg hatching was evaluated with the aid of a stereoscopic microscope.
Hatched juveniles were counted at 7, 14, and 21 days after hatching (dah) to fungal
filtrates. Sterile distilled water was used as a negative control and the commercial
product Oxamyl 24 % at a concentration of 1 mL L* was used as a positive control
(Moo-Koh et al., 2018), the percentage of hatching inhibition was calculated according
to the formula of Abbott (1925).

Effect of Trichoderma spp. on M. incognita in S. lycopersicum
To evaluate the level of antagonism of Trichoderma strains on M. incognita on S.
lycopersicum, a suspension of 10° conidia mL* of T. erinaceum 10-15 and T. virens 32-
09, obtained from mycelium grown in Petri dishes on potato dextrose agar medium
PDA (BD BIOXON, Mexico) for 8 d, was prepared. At the time of transplanting S.
lycopersicum plants from the seedbed to plastic pots (capacity 8 kg) with previously
homogenized soil, inoculations of 10° conidia mL" of each strain were made directly
at the base of the stem, which was maintained with daily irrigation. The commercial



Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i8.2784
Scientific article

1763

product Oxamyl 24 % was used as a positive control, dosed at 1 mL L at the time
of transplanting, and sterile distilled water was used as a negative control, without
the application of conidia. Two more applications of the same concentration (10°
conidia mL™) of Trichoderma were made at 15 and 30 days after transplanting (dat).
Each treatment included 10 replicates, homogeneously distributed in a completely
randomized design under protected conditions (Moo-Koh et al., 2018).

Estimation variables in the control of nematodes

Galling index

The galling index was determined at 68 dat, estimated using the severity scale
proposed by Taylor and Sasser (1978), where root damage was evaluated: 0 = healthy
root system, 1 =1 to 10 % small galls present in the root system, 2 =11 to 25 % severely
galled root system, 3 =26 to 50 % severely galled root system, 4 = 51 to 75 % severely
galled root system, and 5=76 to 100 % severely galled root system with sparse healthy
roots (Moo-Koh et al., 2018). The galling index test was defined by an analysis of
variance that determined the area under the disease progress curve (AUDPC), the
distribution parameter of the Weibull model, the coefficient of determination (r?) and
the final disease severity (Y,).

Eggs per gram of root

To determine the number of eggs per g of root, 2 g of fragmented galled roots were cut,
homogenized, and one gram of the sample was taken and liquefied in 30 mL of 2 %
NaClO for 10 s. In order to recover the eggs, the mix was sieved successively in sieves
of 50, 100, 200, 325, and 500, respectively. They were rinsed in running water and
counted using compound microscopy with the aid of a nematode counting chamber
(Cristébal-Alejo et al., 2018).

Females per gram of root

To determine the variable of the number of adult females per root, 1 g of root was
stained with 4 mL of acid fuchsin (Analytyka, Mexico) in 50 mL of distilled water until
boiling point for 10 min. The mix was left to cool at room temperature. A series of
washes with running water were made, and these were deposited in flasks with 78 %
glycerin (Golden Bell, Mexico). Using stereoscopic microscopy, roots were dissected
and adult females were counted (Moo-Koh et al., 2018).

Statistical analysis
For the analysis of the effect of Trichoderma spp. on ]2 immobility and inhibition of M.
incognita egg hatching, each treatment consisted of five replicates (five siracuses). With
the data obtained, analysis of variance and comparison of means were performed
using Tukey’s test (p < 0.05) with the help of the InfoStat 2019 program.
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To determine the estimation variables in nematode control, each treatment (T.
erinaceum 10-15, T. virens 32-09, Oxamyl, and distilled water) consisted of 10 replicates,
distributed in a completely randomized design. The data obtained were analyzed
in SAS version 9.0 software for analysis of variance (ANOVA) and the separation
of means was performed using Tukey’s test (p < 0.05). The measurements of the
variables recorded were determined in triplicate and calculated separately. Using SAS
software, the galling index test was defined using an analysis of variance (p < 0.05)
that determined the area under the disease progress curve (AUDPC), the distribution
parameter of the Weibull model, the coefficient of determination (r?), and the final
disease severity (Y,).

RESULTS AND DISCUSSION

Antagonistic effect of Trichoderma on the immobility of J2 of M. incognita
Differences were observed in the mobility of ]2 at 72 h of exposure to the filtrates of
the Trichoderma strains compared to the control; however, they were lower than those
shown by the commercial product Oxamyl. Between the two Trichoderma strains, no
significant differences were found, since T. erinaceum 10-15 showed an efficiency of 76
% of immobility and T. virens 32-09 had 64 %, while the chemical product (Oxamyl)
showed a total capacity in the percentage of immobility of the ]2 of M. incognita, while
the control indicated a value of 1.6 % (Table 1).

Table 1. In vitro antagonistic effect of Trichoderma spp. filtrates on M. incognita.

J2 immobility Inhibition of egg hatching
Treatment
at 72 h (%) at day 7 (%)
Oxamyl 100.0 a 100.0 a
T. erinaceum 10-15 76.0 ab 84.2 a
T. virens 32-09 64.0b 63.3a
Control 1.6¢ 0.0b

a,b,c Means with different letters are statistically different (Tukey, p < 0.05).

In similar assays against second instar larvae of Meloidogyne sp., Xalxo et al. (2013)
reported that T. viride filtrates, isolated from agriculturally active soil, had an
immobilization capacity on juveniles of 65 % at 48 h, and 93.7 % at 72 h. Similarly,
T. harzianum has been reported to possess nematicidal activity from the first 24 h
of exposure as it showed significant antagonistic effects on M. incognita juveniles
(Pinzon-Espinoza et al., 2015); these results match with those reported by Sellami et al.
(2017), who showed that T. harzianum Th.6 and T. atroviride Ta.13 possess significant
mortality rates of juveniles at three different concentrations evaluated, where the
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most effective was T. harzianum (71.9 %) with 100 % filtrate, while T. atroviridae had
an effectiveness of 56.94 %. Zhang et al. (2015) determined the antagonistic capacity
of different concentrations of T. longibrachiatum on J2 of M. incognita, demonstrating a
linear relationship between the lethal effects of this antagonist and the juvenile stage
of the phytoparasite, as higher concentrations of T. longibrachiatum increased the
mortality rate of ]2 of M. incognita.

It is known that the antagonistic capacity of filtrates, more than the species itself
evaluated, is associated with the type of strain, the element composition of the substrate
used for its growth, and the exposure time of the J2 of M. incognita to the volatile
and non-volatile secondary metabolites contained in Trichoderma filtrates, such as
peptaibols, siderophores, policetides, and terpenoids (Fan et al., 2020). In the working
group, previous trials have been conducted with the strain T. virens 32-09, where the
antagonistic effect against M. incognita in tomato was determined (Pinzén-Espinoza et
al., 2015; Moo-Koh et al., 2018). It has also been shown that residual filtrate fractions
of T. virens 32-09, at a concentration of 100 %, presented a mortality of 83 % on M.
incognita juveniles at 72 h, while the antagonistic effect of ethyl acetate fractions from
this same strain registered a mortality of 100 % against M. javanica juveniles, also at
72 h (Moo-Koh et al., 2022). These differences in sensitivity in the behavior of different
nematode species, or even between different populations of the same species, are
attributed to various exposure conditions, both in their habitat and the environment
in which they develop (Nourani et al., 2015). No studies were found evaluating the
antagonism of T. erinaceum, so the use of this species as a potential biological controller
of M. incognita was considered.

In vitro inhibitory effect of Trichoderma on hatching of M. incognita eggs.

The egg hatch inhibition parameter indicates the ability to reproduce and could be
interpreted as a decrease of the phytonematode in the field (Cristébal-Alejo et al.,
2018). At 7 d, a significant difference between treatments was observed because the
filtrate of strain T. erinaceum 10-15 had a percentage inhibition of egg hatching of 84.1
%, followed by strain T. virens 32-09 with 63.3 %. The commercial nematicide Oxamyl
showed 100 % hatch suppression (Table 1). Sellami et al. (2017) determined that T.
harzianum Th.6 filtrate was the most effective in suppressing M. incognita egg hatching
after 8 d of exposure, comparable to those used in the present study. Hernandez-
Ochandia et al. (2015) demonstrated the parasitic capacity of T. asperellum Ta. 90 on
eggs of M. incognita race 2 using microscopy, indicating that the fungus is capable of
penetrating and damaging the egg contents, generating dark spots characteristic of
parasitism, as well as emerging hyphae, which caused the embryos to die.

Similar percentages to those obtained in this study were reported by Fan et al. (2020)
when evaluating the ovicidal capacity of T. citrinoviride Snef1910, indicating that it
had an inhibition in the hatching of M. incognita eggs higher than 90.2 % at 48 h, since
it maintained its ovicidal potential on M. incognita eggs for approximately 96 h. An
increase in enzymes (chitinases and proteases) prevented hatching by parasitizing the
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different layers that protect the embryo inside the egg, such as vitellin and chitin,
which, together with primary, secondary metabolites and various active compounds,
give Trichoderma its antimicrobial and biocontrol properties (Zhang et al.,, 2015;
Benttoumi ef al., 2020).

Variables in nematode control

Galling index

To evaluate the galling index, a comparison was made between the roots of the
different treatments by analysis of variance (p < 0.05). Differences between treatments
were observed, as well as a correlation between the different parameters of epidemic
intensity. The AUDPC values fluctuated between 817.1 of the negative control and
310.4 of the positive control (Oxamyl). The two Trichoderma strains did not show
significant differences in this value; however, T. erinaceum 10-15 showed the greatest
effect with a value of 539.0 (Table 2). As for the Weibull parameter, Oxamyl recorded the
lowest value (0.0100), followed by T. erinaceum strain 10-15, with 0.0109. A relationship

Table 2. Variables in the control of the severity of M. incognita in tomato plants
inoculated with Trichoderma spp.

Treatment AUPPC Weibull r? Y. (%)
(% unit day™) f
Oxamyl 3104 a 0.0100 a 0.9983 16.6 a
T. erinaceum 10-15 539.1b 0.0109 a 0.9675 27.7 ab
T. virens 32-09 581.4b 0.0123 ab 0.9960 358b
Control 817.1c¢ 0.0145b 0.8363 60.2 c

a,b,c Means with different letters are statistically different (Tukey, p < 0.05). 1
coefficient of determination; Y : final disease severity.

between r? and Y, was also observed in the Trichoderma treatments, where T. erinaceum
10-15 was the strain that achieved a decrease in the galling index with a coefficient of
determination of 0.9675 and a final severity of 27.7 (Table 2).

The variability of the results obtained in this work could be due to the interaction of
the different Trichoderma strains with the pathogenic capacity of the nematodes, the
origin of the isolates, genetic variability, or efficiency of the antagonists to parasitize
the nematodes. These results are in agreement with those reported by Al-Hazmi and
TariqJaveed (2015), who indicated that higher concentrations of T. harzianum and
T. viride persistently and significantly suppressed the gilling index of M. javanica in
tomato, in addition to the number of eggs and juveniles, where it was found that T.
harzianum was able to suppress the reproductive characteristics of the nematode.
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Some Trichoderma species have been shown to have the ability to induce systemic
resistance in plants through an early increase in transcript levels of jasmonic acid
marker genes (Babu and Kamra, 2021). Martinez-Medina et al. (2017) pointed out that
T. harzianum T78 could limit the infection cycle of M. incognita, as it affected galling,
fecundity, and invasion in tomato roots. Temitope et al. (2020) reported that the higher
the application rate of T. asperellum, the lower the population of M. incognita on Celosia
argentea. This was due to the fact that Trichoderma conidia can adhere to and parasitize
the eggs and prevent the mobilization of the juveniles. As they are not present, galling
does not occur; therefore, the number of nematodes is directly proportional to the
galling index. The antagonism exerted by Trichoderma varies according to species and
isolate, as different strains show variable controlling activity on M. incognita (Moo-
Koh et al., 2018).

Number of M. incognita eggs

At 60 d, strain T. virens 32-09 showed a mean egg number of 1756, which represented
67.55 % relative to the control, which had a mean of 5412, while strain T. erinaceum
10-15 recorded a mean of 4065, equivalent to 24.88 % (Figure 1). However, at 68 d,
the strain T. erinaceum 10-15, with a mean of 5808.67, showed a greater suppressive
effect on the hatching of M. incognita eggs per gram of root with 60.27 %, while the
strain T. virens 32-09 recorded a suppression of hatching of 20.62 % compared to the
control, which had a mean average number of eggs of 14621.33 (Figure 1). On both
days, Oxamyl recorded higher hatch suppression. Zhang et al. (2015) reported that T.
harzianum has the ability to decrease both the number of eggs and the galling rate per
gram of root of M. incognita in a short time; however, such effects tend to decrease in
the long term, a result that matches what was observed in the present work with strain
T. virens 32-09, which up to day 60 showed an ascending effect, but at the conclusion of
day 68, a decrease in its ability to suppress egg production was observed.
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—+—Control —8— T. eringceum 10-15 ar— T. vinens 32-059 Creamyl
12300 4
10000
3
a 7500
E:i
5000
2500
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0 — T T
0 45 &0 [
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Figure 1. Temporal dynamics of the antagonistic effect of Trichoderma inoculum on the number
of M. incognita eggs in S. lycopersicum roots.
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On the other hand, strain T. erinaceum 10-15 decreased its suppressive capacity,
but with a significant difference from the results obtained with strain T. virens 32-
09. The literature indicates that many factors can contribute to the different levels of
efficiency among Trichoderma species, such as contact time between antagonist and
pathogen, pathogenicity of the fungus, species and origin of the nematodes, climatic
adaptability, and crop type influence, among other unknown factors (Zhang et al.,
2015). Kiriga et al. (2018) evaluated the efficacy of three Trichoderma species against
M. javanica on commercial pineapple, Ananas comosus, and reported that T. asperellum
M_,RT,t reduced the number of galls by 81.8 %, number of egg masses by 78.5 %, and
the number of eggs by 88.4 %.

These results suggest that the aggressiveness possessed by each Trichoderma species
may be influenced by the origin and interaction of various biotic and abiotic factors
during its development, as well as the dependent dose of the inoculum, since it has
been shown that results obtained in biological control depend on the amount of
inoculum applied and the time of exposure to it (Saikia et al., 2013). Similarly, when
evaluating the antagonistic effectiveness of T. viride against M. incognita in tomato, it
was reported that it is able to reduce the number of galls per plant, egg masses per
gall, number of eggs per egg mass, and reproductive factors of the nematode when
treating the crop soil with this fungus (Sonkar et al., 2018). Previous reports indicated
that, although there is no reduction in the nematode galling index and number of
galls, a decrease in the number of females and eggs per female is possible, suggesting
a better behavior of plants still parasitized by nematodes (Herndndez-Ochandia et al.,
2015). There is evidence that Trichoderma is able to activate systemic defense in plants
triggered by pests or pathogen attacks, which reduces the possibility of infections as
well as the impact of a pest (Martinez-Canto et al., 2021; Poveda et al., 2021).

Number of M. incognita females

Regarding the number of females per gram of root, the analysis of variance showed
significant reductions (p < 0.05) in this variable. At 45 d, no significant differences
were observed between the treatments of the two Trichoderma strains, but significant
differences were observed in relation to the negative control, which recorded an average
of 471 females. T. erinaceum 10-15 recorded an average of 311.67 eggs, equivalent to
33.82 %, and T. virens 32-09 recorded a percentage of 48.05 %, with an average of 244.67
eggs per gram of root; Oxamyl obtained the best effect with 84 % inhibition in hatching
(Figure 2). However, at 60 d, the treatment with the best results was strain T. erinaceum
10-15 with an average number of females of 43, which corresponds to 80.60 % with
respect to the control, which had an average of 221.67 females per gram of root, while
T. virens 32-09 and Oxamyl obtained percentages of 26.76 and 36.39 %, respectively
(Figure 2).

These results agree with Herrera-Parra et al. (2017), who reported that T. atroviride and
T. harzianum C1 and C2 performed better against M. incognita on Capsicum annuun with
reductions of 21.90, 14.52, and 8.80 %, respectively, in relation to Oxamyl at 24 % in
doses of 1 mL L of water. Also, Herrera-Parra et al. (2018) demonstrated the ability to
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Figure 2. Antagonistic effect of Trichoderma on the number of M. incognita females at 45, 60 and
68 d on S. lycopersicum roots.

reduce the number of females per gram of M. incognitain C. chinense, indicating that T.
atroviride and T. harzianum C1 and C2 were able to reduce the number of females above
50 % compared to the control, but without exceeding the product Oxamyl at 24 % in
doses of 1 mL L of water. At the end of 68 d, all treatments achieved a reduction of
females greater than 80 % compared to the control, where the best result was Oxamyl
with 92.47 %, although among the two strains evaluated, T. erinaceum was the best
performer with 86.74 % (Figure 2).

Applications with T. harzianum and T. virens also achieved a decrease in the number
of M. incognita females in tomato crops, with a percentage higher than 80 % (Pinzon-
Espinoza et al., 2015; Cetz-Chi et al., 2018). Medeiros et al. (2017) reported that T.
atroviride is able to activate a defense system in response to the attack of M. javanica
on tomato plants, where the number of adults and galls was significantly reduced,
even without establishing direct contact with the nematode. These results coincide
with those obtained in this work, where a reduction of the nematode was observed
before the inoculum of Trichoderma due to the effect exerted by this fungus against
phytonematodes. This could be explained as the result of the production of diverse
non-volatile metabolic compounds of enzymatic type, which are capable of exerting a
defense response by hydrolyzing the main component of the nematode walls, besides
increasing the production of phenolic compounds that intervene in the systemic
resistance.

CONCLUSIONS
The Trichoderma species evaluated in this work, T. erinaceum 10-15 and T. virens 32-
09, were able to reduce juvenile mobility at 72 h and egg hatching at day seven by
more than 60 %. T. erinaceum 10-15 stood out in both variables, with values of 76
and 84.17 %, respectively. Regarding the results obtained in the galling index, both
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strains achieved similar performances in terms of ABCPE, Weibull parameter, and
final severity; however, the antagonistic effect on egg formation at 68 d was better
for T. erinaceum 10-15 (60.27 %) than T. virens 32-09 (20.62 %). T. erinaceum 10-15 had
a similar performance, reducing the number of M. incognita females by 80.60 % at 60
d, surpassing the commercial control Oxamyl and which led to the conclusion that
under optimal conditions, the Trichoderma strains used in this research could have
better results than the commercial chemical products.
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ABSTRACT
Tequila is an alcoholic beverage that must be produced exclusively from the species Agave
tequilana Weber var. azul (blue) and only in regions with certification of origin within Mexico.
The “Tequila Boom” began in 1992, making it a popular beverage in several countries, including
Mexico. This boosted exports, production, and the expansion of blue agave plantation areas,
which had negative social, economic, and environmental consequences in producing regions
and for agave farmers. The aim of the study was to evaluate the degree of sustainability of
the Agave tequilana crop in two types of agroecosystems: monoculture and polyculture. The
research hypothesis was that the A. tequilana polyculture agroecosystem is more sustainable
than monoculture. A random sample of agave farmers from the municipality of Tequila, Jalisco,
was surveyed and distributed equally: 25 agave farmers who practice monoculture and 25 who
practice polyculture. The methodology was based on and adapted from the Framework for the
Evaluation of the Natural Resource Management Systems incorporating Sustainability Indices
(MESMIS), which was used to create a Composite Sustainability Indicator for A. tequilana
(ICSAT) to compare both agroecosystems. The results show that polyculture is more sustainable
than monoculture in 13 of the 15 indicators evaluated. Polyculture displayed a sustainability
level of 77.06 % in the Composite Sustainability Indicator, whereas monoculture had 58.43
%. Our conclusion is that the evaluation of sustainability helped to determine that the Agave

tequilana polyculture agroecosystem is more sustainable than monoculture.

Keywords: Composite Sustainability Indicator, monoculture, polyculture, tequila industry,

agroecological practices.




Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i8.2638
Scientific article

1774

INTRODUCTION
Tequila is an alcoholic beverage produced from the fermentation of sugars extracted
from the pirias (hearts) of the Agave tequilana Weber var. azul (blue). Tequila was named
after the region of Tequila, Jalisco, Mexico, the place where the drink originated in the
16" century (CRT, 2019).
Tequila must be produced exclusively from the species Agave tequilana Weber var.
blue, and the name “tequila” can only be given to an alcoholic beverage that meets
the Official Mexican Standard (NOM-006-SCFI-2012, Alcoholic Beverages, Tequila-
Specifications) (Secretaria de Economia, 2012). The resolution of the Secretariat of
Industry and Trade (1974), published on December 9th, 1974, in the Official Journal
of the Federation, protects the Certificate of Origin of the plantation of A. tequilana
and the production of the beverage known as tequila for production in municipal
areas of five Mexican states: the entire state of Jalisco, eight municipalities of Nayarit,
30 in Michoacan, 11 in Tamaulipas, and seven in Guanajuato. When the beverage is
obtained from other agave species or varieties, it is known as mezcal or other local
names (IMPI], 2023).
In 1992, the “Tequila Boom” began, making the beverage fashionable in several
countries. This resulted in an increase in exports, increased production, and the
expansion of the species A. tequilana. Between 2009 and 2018, tequila production
increased 24.1 %, exports increased 64.3 %, and agave demand grew by 23.1 %. From
2017 to 2018, tequila production increased by 13.9 %, while exports increased by 5.1
% (CRT, 2019).
Because the tequila industry forces farmers to grow agave in monoculture, the
“Tequila Boom” has created environmental problems in the production areas. Some of
the problems affecting the biophysical environment as a result of agave monoculture
include soil deterioration, inefficient nutrient recycling, pest susceptibility,
displacement of traditional crops, and biodiversity loss (Gerritsen et al., 2011).
Valenzuela-Zapata (2003) and Gémez-Arriola (2012) found that blue agave is produced
in polyculture associated with beans, maize, and peanuts. These authors indicate that
there are benefits to producing agave in polyculture, such as increased plant coverage,
which reduces erosion, retains moisture, and improves soil fertility. When associated
with legumes, it helps to reduce pest attacks while also increasing nitrogen fixation in
the soil.
Evaluating the sustainability of productive agroecosystems is a complex process since
they are dynamic and multidimensional systems. In addition, it must consider farmers’
perspectives since agroecosystem management is the result of an evolutionary process
that has frequently been passed down from one generation to the next and has adapted
to the biophysical, social, and economic circumstances (Astier and Arnés, 2018).
Moreno-Hernandez et al. (2011) carried out eminently agronomic evaluations of
the sustainability of the agave crop and developed a composite indicator known
as the Agronomic Management Index (IMA) with five crop practices. Evaluating
agroecosystems with productivity and economic yield indicators is crucial for
designing sustainable agricultural and food systems (Bolivar, 2011). This vision,
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however, is not always sufficient to evaluate sustainability since the social and cultural
factors of farmers are decisive to the functioning of agroecosystems.

The goal of this study was to evaluate and compare the degree of sustainability of the
Agave tequilana Weber agroecosystem in two types of agroecosystems: monoculture
and polyculture. A Composite Sustainability Indicator for Agave tequilana (ICSAT)
was developed to help determine which agroecosystem is the most sustainable
in the municipality of Tequila, Jalisco, Mexico, based on specific social, economic,
productive, agronomic, and cultural indicators. The research hypothesis was that the
Agave tequilana polyculture agroecosystem is more sustainable and has less negative
environmental impact than monoculture.

MATERIALS AND METHODS

Area of study
This investigation was carried out in the municipality of Tequila, in the state of Jalisco,
Mexico, which is located between the coordinates 20° 25" 00” and 21° 12" 30" N, 103°
36" 00" and 104° 03" 30” W. The altitude of the municipal area ranges between 700 and
2900 m, and the main climates are warm subhumid and semiwarm. Temperatures
range between 14 and 26 °C, annual rainfall varies between 700 and 1100 mm, and the
predominant soils are Leptosol and Luvisol (Gobierno del Estado de Jalisco, 2023).

Sampling techniques

A survey was conducted among a general sample of 50 A. tequilana farmers from the
municipality of Tequila, which was subdivided into 2 subsamples: a) 25 farmers that
grow agave in monoculture, and b) 25 that grow agave in polyculture.

The general sample was calculated using a maximum variance formula, modified from
Martinez-Garcia and Martinez-Caro (2008), with a reliability of 95 % and an accuracy
of 10 %, with a universe of 101 agave farmers. The estimated sample size was 49.23 =
50 farmers.

. NZ% pq
Nd* + Z% Pq

where: n = sample size = 50, N = population size = 101, p = a priori proportion of the
binomial variable = 0.5, g = a priori proportion of the other binomial variable =1-p=0.5,
Z = value of normal distribution tables (Z ,) with a reliability of 95 % = 1.96, and d* =
error or accuracy at 10 % =0.1.

Sustainability Evaluation Methodology

The assessment of agroecosystem sustainability for monoculture and polyculture
was based on and adapted from the methodology developed by Masera et al. (1999)
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in the Framework for the Evaluation of the Natural Resource Management Systems
Incorporating Sustainability Indices (MESMIS). The methodological approach is
based on the comparison of an alternative agroecosystem with another reference
agroecosystem. The sustainability assessment compared two types of agroecosystems
managed by different farmers: monoculture (reference agroecosystem), linked to the
farmers who work in the tequila industry, and polyculture, linked to annual crops
(alternative agroecosystem), generally composed of independent farmers, linked
to the tabernas (distilleries) where the tequila is handcrafted. The information was
gathered between 2014 and 2015.

Sustainability indicators

The 15 sustainability indicators and their weighting values were selected based on the
diagnosis of the current problem faced by the production of agave in the municipality
of Tequila, Jalisco.

The sustainability evaluation used the creation of a Composite Indicator, which is a
simplified representation that attempts to summarize a multidimensional concept in
a simple index (unidimensional) based on an underlying conceptual model (CEPAL,
2009). The sustainability data for each of the 15 specific indicators (both numerical
and categorical) were transformed into percentages. The proposed Composite
Sustainability Indicator for A. tequilana (ICSAT) is the average of the percentages of
the 15 specific indicators, with each indicator receiving the same pondered weight.

Index for Agroecological Practice in Agave tequilana (IPAAT)

This was obtained by identifying the number of agroecological practices in the
agronomic management of the agave agroecosystem: 1) alternating crops (polyculture);
2) incorporation of organic matter into the soil by cattle grazing; 3) plantation of agave
in level curves; 4) soil and water conservation works; 5) crop rotation; 6) lands in
fallow; 7) staggering agave plantation; and 8) reduction in the use of herbicides.

The IPAAT values are: null = 0 practices; low= 1-2 practices; medium = 3—4 practices;
high=5 practices; very high = 6-7 practices; and excellent = 8 practices.

Cost-benefit ratio (R B/C)

This was calculated in the monoculture from the estimation of the gross incomes
and the costs of the agave in a six-year cycle. The R B/C of the polyculture included
the gross incomes and the costs of agave, added to the costs of the perennial crops
(lemon and cacti) in a six-year cycle and the annual cycles (maize, bean, and peanut)
associated with the first four years.

Agroecosystem Yield (RAG)

Yield in Mg ha' was obtained: a) in monoculture, the number of plants ha’ was
multiplied by the average weight of the agave pirias; and b) in polyculture, the
production in Mg of agave was added to the production in Mg of the alternate crops,
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such as maize, bean, and peanut (during the first four years of the total of the agave
cycle). The optimum reference yield was 140 Mg of agave pifias with a plant density of
4000 ha' (SAGARPA, 2015).

Percentage of Organic Matter (% MO)

Soil samples were collected in both agroecosystems based on the proposal of Uvalle-
Bueno et al. (2007). A total of eight samples were analyzed in the Plant Nutrition
Laboratory of the Soil Science Program of the Colegio de Postgraduados Campus
Montecillo. The optimal percentage of MO was calculated using mean (x) of the
reference value of the Integrated Differential Diagnosis methodology by Uvalle-Bueno
et al. (2007): X = High 4.39 %. According to these authors, the following strata were
determined based on the percentage of MO in agave fields: deficient (less than
0.65 %); low (0.65 to 1.29 %); moderately low (1.29 a 2.13 %); sufficient (2.13 to 3.02 %);
moderately high (3.03 to 3.64 %); high (3.64 to 5.16 %); and excessive (more than
5.16 %).

Agricultural Diversification Index (IDA)

This index, modified from the indicator proposed by Moreno-Hernandez et al. (2011),
considers the agricultural and livestock species that coexist in a plot of land for a
given amount of time. A higher diversification of crops and livestock leads to more
products and income. The parameters obtained were as follows: a) number of crops
in the system; b) number of crops in rotation; and c) number of livestock species that
graze in the fields.

Znumber of crops and livestock species

IDA = X100

Y max imum number of crops and livestock species

Adaptation and Alternatives Index (IAA)

The adaptation and alternative processes of farmers in the face of variations in the
prices of agave were identified as follows: 1) added value of the production through
the production of tequila (taberna owners); 2) alternating crops; and 3) planting other
crops. Percentages were assigned depending on the number of alternatives, i.e., if the
three were performed =100 %; 2 = 80 %; and 1 =50 %.

Intergenerational Relay (RIG)

A lack of intergenerational relay is considered a risk for the continuity of the
agroecosystem. This indicator was obtained from the percentage of farmers who
believe that their children take over the production of agave in both agroecosystems.

Family Participation in Agricultural Chores (PFLA)
The percentage of the production units in which family members participate in the
agave-planting tasks was taken.
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Agroecosystem Knowledge Index (ICA)

This integrates the farmer’s experience with agave plantation and alternating crops.
The variables are: a) average age of the farmer; and b) the number of years they have
grown their own agave. This was estimated using the formula proposed by Moreno-
Hernandez et al. (2011).

o= 6P A <10

where EA = average age of agave farmers, ACP = average of years of farmers planting

their own agave, ACP max. = maximum number of years of farmers planting their own
agave, and EA max. = maximum age of agave farmers.

Control of the Planting Process through Leasing (CPCA)

The three main forms of agricultural contracts identified in the municipality of Tequila
were: 1) leasing; 2) sharecropping; and 3) 50-50 harvest sharing. The index represents
a percentage assigned to each restriction imposed on agave farmers by lease contracts.
Two forms were considered: a) farmers under contract and b) farmers under restrictive
conditions of alternating crops and grazing livestock.

Land Occupancy Index (IOT)

This indicator estimates the efficiency of land use. The number of months in which
each crop uses the land was calculated by dividing a) the months of occupancy of the
soil by alternate crops, by b) the months of occupation by monocultures. The formula
is as follows:

10T = > months of intercrop occupation per year (agave + other crops) ) /2

> months of monoculture occupation

Dependency on Technical Assistance (DAT)

This indicator is divided into three categories: 1) farmers who do not receive technical
assistance; 2) institutions that provide technical assistance; and 3) the number of
service-providing technicians. Farmers in the two agroecosystems who had not
received assistance were counted, and institutions and technicians who provided
assistance were identified using categories 2 and 3.

Organization of Farmers (OP)

Comprises two aspects: 1) the number of farmers who belong to an organization; and
2) the type of organization. This indicator was calculated using the number of farmers
who are members of an organization in each ecosystem, and the percentage was used
as the calculated value.
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Dependency on External Capital for Production (DCEP)

This indicator considered the percentage of farmers who self-fund their plantations
and the percentage of farmers who received external investment funds (such as a
credit or crop funding through a buy and sell contract) during the production cycle.

Dependency on Agrochemicals (DAQ)

Three cultural practices were included that reduce or eliminate dependence on
agrochemicals such as fertilizers and pesticides: 1) manual weed control; 2) free
grazing of animals amongst the agave; and 3) producing and applying organic inputs
in the plantations. The indicator was calculated by assigning a percentage to the number
of the three agricultural practices used by agave farmers (3 =100 %; 2 =80 %; and 1 =50 %).

RESULTS AND DISCUSSION
The Composite Sustainability Indicator for Agave Tequilana (ICSAT) combines the 15
indicators into a single scale and was calculated by taking the simple average of the
unweighted values (all variables have the same percentage weight) to compare two
types of agroecosystems: monoculture and polyculture.

Index for Agroecological Practice in Agave tequilana (IPAAT)

Farmers working in monoculture carried out an average of 3.32 practices out of the
eight practices considered, placing the IPAAT at a middle level, while farmers working
in polyculture carried out 5.52 practices, ranking it in a very high category. Farmers
with polycultures used more agroecological practices, which are crucial components
of sustainable agriculture, and agroecological principles based on the use of natural
products and local knowledge. Moreno-Herndndez et al. (2011) evaluated the
performance of polyculture and monoculture practices for agave and found that more
than 60 % of the polyculture plots had a medium-to-high level of practices carried out,
whereas all monoculture plots had a low level.

Cost-benefit ratio (R B/C)
The cost-benefit ratio (R B/C) is 7.91. Both agroecosystems are profitable because
the net incomes exceed costs (B/C > 1), with polyculture being 1.05 times more
profitable than monoculture (Table 1). When a field is planted following the technical
recommendation by SAGARPA (2015) of 4000 plants ha”, an average yield of 140 Mg
ha'is obtained, leading to a total production cost of MXN 106 197 ha' and a gross total
income of MXN 840 000 ha in a six-year cycle (at 2015 prices).

Table 1. Cost-benefit ratio of planting the Agave tequilana under monoculture and
polyculture in Tequila, Jalisco, Mexico.

Agroecosystem Costs (MXN) Income (MXN) Cost-benefit ratio

Monoculture 88 420.00 665 910.00 7.53
Polyculture 90 208.00 773 780.00 8.58
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Agroecosystem Yield (RAG)

Monoculture yield was 110.98 Mg ha' with an average of 3171 plants ha’, while
polyculture yield was 129.43 Mg ha™ with an average of 3698 plants ha™. At the end of
the six-year agave cycle, the yields of the maize, bean, or peanut crops were added for
the first four years. According to the results of the farmers surveyed, the agave density
per hectare is low according to the technical recommendations for the Tequila region
(4000 plants ha™) (SAGARPA, 2015).

The average agave yield in the municipality of Tequila ranges from 96.04 to 122.5 Mg
ha' (SIAP, 2016). This confirms the findings of Ebel et al. (2017), who state that yield
in polyculture increases due to synergies established among the different crops that
grow in the same field, resulting in maize, in association with bean and squash, having
a yield 1.2 times higher per plant in comparison to maize in monoculture, whereas
bean and squash were almost equal.

Percentage of Organic Matter (% MO)

The analysis of the eight soil samples revealed that monoculture had a sufficient
percentage of MO with 2.31 %; while polyculture had a moderately high MO level
with 3.07 %, according to the reference values on the fertility of soils in Agave tequilana
proposed by Uvalle-Bueno et al. (2007).

The practice of incorporating the annual crop residues that are alternated (maize,
bean, and peanut) into the soil is linked to a higher percentage of MO in polyculture
plantations. Meanwhile, soils in monoculture have less MO because the residues are
not incorporated into the soil due to the absence of other crops. Incorporating residues
in the soil is an important component in the maize alternated with fruit trees (MIAF)
agroecosystem for recovering soil fertility and generating carbon capture processes in
the soil (Cortés-Flores and Turrent-Fernandez, 2018)

Agricultural Diversification Index (IDA)

In the reference system, the optimal number of crops and livestock in a plot is ten
species (100 %). The distinction between both agroecosystems is substantial. According
to the farmers, the average number of crops and livestock species in polyculture is two
(20 %) and nine (90 %). Diversification is crucial in sustainability, as pointed out by
Spiaggi et al. (2016), who claim it is necessary to opt for diversified agroecosystems,
such as polycultures, to obtain economically viable and environmentally sustainable
products in small-scale fields.

Adaptation and Alternatives Index (IAA)
Agave piiias prices fluctuate from year to year, so agave farmers use a variety of
strategies to minimize and mitigate the negative consequences of market variations.
Three alternatives were identified: 1) the farmers who own tabernas allocate the
production of agave pifias to produce tequila or receive income through contract
manufacturing to produce tequila; 2) they alternate crops for selfconsumption and
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livestock; and 3) in extreme cases, they carry out crop conversion, primarily planting
maize instead of agave.

The percentage of IAA found in the monoculture agroecosystem was 80 %, while in
polyculture it was 100 %. Agave farmers who practice polyculture face better in terms
of agave price volatility than monoculture farmers, because diversifying production
and agricultural activities leads to the production of edible crops, which mitigates the
risk posed by agave price volatility.

Intergenerational Relay (RIG)

In the survey, some of the agave farmers indicated that many of their married elder
sons and daughters do not work in the production of agave. Most farmers believe that
even the children who live at home will probably work in other activities unrelated
to the agave agroecosystem (60 % of those who produce in polyculture and 15 % in
monoculture). This is regardless of whether agave farmers incorporate their children
in plantation work or in tabernas for the production of tequila, starting at an early age
and passing their knowledge down to them throughout the years. This is due to three
main reasons: 1) work in agave plantations is “tough”; 2) the economic benefits of
agave farming are not very attractive; and 3) there is a growing number of children
that have jobs in other production sectors.

Family Participation in Agricultural Chores (PFLA)
The persistence of traditional agroecosystems is a positive factor in sustainability
because development is aided by field management and family bonds (Castelan-
Vega et al., 2014). Family involvement is essential in agricultural activities. There were
no differences in the proportion of family members who supported labor in agave
monoculture versus polyculture (72 %).

Agroecosystem Knowledge Index (ICA)
The experience gained by farmers through the years favors the knowledge required
for the management of the agroecosystem. A farmer with many years of dedication is
considered to have a better understanding of agave sustainability than one who has
planted it for only a few years (Moreno-Hernandez et al., 2011). The estimated ICA
was 54.7 % for farmers with monoculture and 63.5 % with polyculture.

Control of the Planting Process through Leasing (CPCA)
Out of all the farmers surveyed, 38 % have formal or informal contracts. Out of
those with informal contracts, 24 % are under a sharecropping scheme, and 12 % are
under 50-50 harvest sharing. In monoculture, nine farmers (seven lessees and three
sharecroppers), corresponding to 47.37 %, have production contracts, which impose
restrictions on the agave production process management and allow them to only
perform the duties authorized by the tequila companies (Orozco-Martinez, 2010).
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The tequila industry dictates what they must do, how and when, even if it goes
against the agave farmer’s criteria (for example, the number of herbicide applications).
Polyculture farmers, on the other hand, are not bound by rules or regulations when
it comes to managing and controlling their agave plantations, even if they have
sharecropping or 50-50 harvest sharing arrangements.

Land Occupancy Index (IOT)

Thisindex calculates the efficiency of arable land surface use. Agave is a semipermanent
crop that remains on the ground 12 months a year for six years. In polycultures, the
soil between rows of agaves is used for annual crops to be planted. The optimum
IOT level (100 %) is 24 months per crop, which is equal to the agave plus another
crop, occupying the same surface of land for the 12 months of the year, times the six
years that the cycle lasts. In the municipality of Tequila, rainfed maize (Zea mays) lasts
an average of five months on the soil, bean (Phaseolus vulgaris) lasts three months,
peanut (Arachis hypogaea) lasts five months, and perennial crops such as cacti (Opuntia
albicarpa) and lemon (Citrus aurantifolia) last 12 months.

The IOT for agave monoculture resulted in 50 % because it occupies the ground for 12
months a year for six years. In polyculture, IOT was 78 %, indicating that alternated
annual or perennial crops added 3.36 months (28 %) of occupation per year per six-
year cycle. Results indicate that polyculture is more efficient in terms of land use than
monoculture. This advantage translates into the minimization of production costs
because two or more crops benefit from the same cultivation work; more produce is
obtained in Mg ha, and the soil has greater plant coverage in the year, reducing soil
erosion problems (Nicholls ef al., 2015).

Dependency on Technical Assistance (DAT)

In monoculture, 80 % of farmers pointed out that they do not depend on technical
assistance due to the experience they have gained over the years. However, farmers
under contract must adhere to the crop practices specified in their contracts, and
should they require support, tequila companies have technicians who can assist
them. In polyculture, 68 % of farmers have received no technical assistance. They
occasionally seek the advice of agrochemical company owners and employees.
This information is similar to that found in the study by Sanchez-Soto (2016) in the
municipality of Tequila, which states that when farmers require technical assistance,
they turn to fellow farmers, agrochemical distributors, or agencies selling machinery
to answer questions. This is the only indicator value in which monoculture surpasses
polyculture, since 68 % of polyculture farmers receive no technical assistance and 80
% of monoculture farmers do not.

Organization of Farmers (OP)
The Agave Association is the representative state organization in the agave-tequila
chain, although few of the interviewees are members. Only 32 % of the farmers of
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the monoculture agroecosystem belong to the association, along with 36 % of the
polyculture agroecosystem.

Farmers affiliated with agricultural organizations such as the Agave Association have
greater possibilities of acquiring inputs, machinery, tools, and technical assistance,
achieving scale economies. In addition, they have the possibility of accessing better
market conditions for marketing: they are eligible for funding and access to government
programs. This is an advantage over farmers who are not affiliated.

Dependency on External Capital for Production (DCEP)
This indicator considers the proportion of farmers who fund their own plantations with
financial, material, and human resources for agave cropping. Survey results indicate
that 18 monoculture farmers (72 %) have covered the expenses for their crops out of
pocket, and seven farmers have contracts with distilleries. Polyculture farmers (88 %)
have funded the costs of plantations with their own funds, and only three of them
have formal contracts for buying and selling produce. Results show that farmers using
polyculture depend less on external capital for planting and production maintenance.

Dependency on Agrochemicals (DAQ)

Three practices were evaluated in order to know the level of dependence of agave
farmers on the use of phytosanitary products: 1) the manual control of weeds helps
reduce or eliminate the use of herbicides, a practice that was carried out by seven
farmers in monoculture and another seven in polyculture; 2) livestock grazing also
contributes to the control of weeds and was carried out by four farmers in monoculture
and eight in polyculture; 3) agave farmers that produce and apply compost were three
in polyculture and only one in monoculture. The total percentage that applied one or
more of these three practices in monoculture was 48 %, and 72 % in polyculture.

The optimization of farming systems with the aim of generating sustainable farming
systems is achieved when external inputs, mainly industrial ones, are replaced with
inputs generated in the agroecosystem itself (Nicholls et al., 2015). When properly
managed, agroecosystems, which include crop and livestock integration, contribute to
a higher self-sufficiency of nutrients in the soil and their conservation (Boincean and
Francis, 2017).

Joint analysis of the Composite Sustainability Indicator of A. tequilana (ICSAT)
for the monoculture and polyculture agroecosystems in Tequila, Jalisco

The joint analysis displays the values clustered on the same scale as the evaluation
of the 15 indicators, with the values calculated with regard to the optimum values
(Table 2) used to calculate the ICSAT for each type of agroecosystem. The result of
the calculation was a total difference of 18.64 % between monoculture (58.43 %) and
polyculture (77.07 %).

When compared to monoculture, polyculture has higher values in 13 of the 15
sustainability indicators evaluated (Table 2). Polyculture only has lower DAT values
and equal PFLA Index values. The indicators for productivity could be considered
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Table 2. Composite Sustainability Indicator for A. tequilana (ICSAT) and optimum and calculated values of the specific
indicators for two types of agroecosystems: monoculture and polyculture in Tequila, Jalisco, Mexico.

Attribute Diagnosis criteria Specific indicators Optimum Monoculture Polycult'ure
(reference) (alternative)
Index for
- Agroecological Practice 8 practices o o
Efficiency in Agave tequilana (100 %) 3.32 (41.5 %) 5.52 (69 %)
(IPAAT)
Crop economy Cost-benefit ratio o o o
Productivity efficiency (R B/C) 7.91 (100 %) 7.53 (95.2 %) 8.58 (100 %)
Lo Agroecosystem yield 140 Mg ha ! 110.08 Mg ha'  129.43 Mgha
Productive yield (RAG) (100 %) (78.6 %) (92.5 %)
Oroanic Matter High X=231 X=3.07
Organic efficiency Perc egnta e (% MO) 3.637-5.158 % sufficient medium-high
ge o X=349% (53 %) (70 %)
Stability, Agricultural 10 er and
resilience, and  Crop diversification Diversification Index S ecie(s)}zi 00 %) 2 (20 %) 9 (90 %)
reliability (IDA) P °
Ability of adaptation Adaptation and 3 alternatives
under pressure from Alternatives Index (100 %) 2 (80 %) 3 (100 %)
price fluctuation (TAA) °
Adaptability Continuity of the Intergenerational relay 25 farmers o o
system (RIG) (100 %) 13 (52.%) 15 (60 %)
. C Family participation in 25 farmers o o
Family participation agricultural chores (100 %) 18 (72 %) 18 (72 %)
, Agroecosystem o . o o
Farmer’s knowledge Knowledge Index (ICA) 100 % experience 54.7 % 63.5 %
Equidad Degree of control Control of the Planting  Zero restrictions
ofliretiu(e) i(())ces(; Process through by the farmer 9 (47.4 %) 0 (100 %)
P Leasing (CPCA) (100 %)
Efficiency of land Land Occupancy Index 24 months year! o o
occupancy (I07) (100 %) 12 (50 %) 18:8(78 %)
Dependency on
Dependency on Technical Assistance 25 farmers 20 (80 %) 17 (68 %)
technical assistance (100 %)
(DAT)
Degree of self- ..
Ly Organization of 25 farmers o o
Autogestion management of the Farmers (OP) (100 %) 8 (32 %) 9 (36 %)
production process
. Dependency on
F““dliiii?iﬁis and g ternal Capital for 25(1f86“}e)r5 18 (72 %) 22 (85 %)
Production (DCEP) ?
Use of industrial Dependency on 25 farmers o o
inputs Agrochemicals (DAQ) (100 %) 12 (48 %) 18 (72%)
Composite Sustainability Indicator 100 % 58.43 % 77.06 %
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the most traditional and important in sustainability evaluations, and in all of them,
polyculture is the most sustainable: the IPAAT, the R B/C, RAG, and the percentage
of MO. No agroecosystem is totally sustainable or totally unsustainable, since
sustainability is a goal that is achieved through the addition of diverse, adequate
attributes that maintain a balance of all agroecosystem components (Astier and Arnés,
2018; Nicholls et al., 2015; Castelan-Vega et al., 2014).

Below, the resulting percentages of each indicator appear with their optimum value
(100 %) in the same plain (Figure 1), along with the values calculated for monoculture
(reference agroecosystem) and polyculture (alternative ecosystem).

e Optimum e Monoculture (reference) Polyculture (alternative)

IPAAT

RAG
93

% MO

70

90 ) IDA

100 4 TAA

100 72

CPCA \ RIG

ICA PFLA

Figure 1. Comparison of the Composite Sustainability Indicator for A. tequilana (ICSAT) in monoculture and
polyculture.
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CONCLUSIONS

Sustainability evaluation, based on the methodological proposal of the Framework
for the Evaluation of the Natural Resource Management Systems incorporating
Sustainability Indices (MESMIS), helped determine that the polyculture agroecosystem
is more sustainable than the monoculture because it had a higher value in the
Composite Sustainability Indicator for Agave tequilana (ICSAT) and higher calculated
sustainability values in 13 out of 15 indicators. Polyculture outperformed monoculture
in all traditional agroecosystem productivity evaluation indicators (IPAAT, R B/C,
RAG, and % MO).

Research shows the environmental irrationality of maintaining monoculture as the
predominant method of agave production. It is not even profitable for agave farmers.
Monoculture prevails because it is advantageous for the tequila industry to have a
supply of agave pifias, even if it implies disadvantages for agave farmers. This study
proved that the evaluation of the sustainability of the agave agroecosystem must have
a holistic focus, considering social, economic, cultural, and institutional factors that
affect, limit, or strengthen sustainability. These results may be useful in helping the
government, the Tequila Regulation Council, and the tequila industry in promoting
more sustainable development through polyculture and working on the indicators
with a greater difference in values between polyculture and monoculture.
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