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Abstract

The revaluation of amaranth crops has a significant boom as a food of great value in human nutrition
and a greater presence in the diet of the Mexican population and other countries. This study aimed to
determine the dynamics of dry matter accumulation and partitioning by morphological organ in three
varieties of amaranth (Amaranthus hypochondriacus L.): Areli, Diego and PQ2. An experiment was
established in a completely randomized experimental design with four replications, under rainfed
field conditions in the experimental field of Phytotechnics of the Chapingo Autonomous University,
during the spring-summer cycle of 2023. From day 21 after the emergence, 17 whole plant
samplings were performed every seven days, divided by organs and dried for the determination of
dry biomass. The data were subjected to an analysis of variance (a= 0.05) and a comparison of
means test (Tukey, a= 0.05). Of the total dry biomass, roots accounted for about 11%, stems
ranged from 43 to 60%, and leaves made up about 32% of the total. Dry grain biomass accounted
for about 11.2, 17.2 and 19% of total dry biomass in Areli, Diego and PQ2, respectively. Statistically
significant differences were observed in the development of the three varieties. Diego and PQ2
showed greater accumulation of dry matter compared to Areli, under limited soil moisture conditions
caused by low precipitation during the cycle.
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Introduction

Amaranth (Amaranthus hypochondriacus L.) is strategic for human food. Its grain has a higher
concentration of proteins and less carbohydrates than corn, rice and wheat grains. Its leaves, which
are consumed as a vegetable, exceed the nutritional values of spinach in protein (1.4 vs 0.7 g 100
g™"), calcium (200 vs 100 mg 100 g™), phosphorus (70 vs 50 mg 100 g™), iron (12 vs 4 mg 100 g™)
and ascorbic acid or vitamin C (42 vs 30 mg 100 g™) (Matias-Luis et al., 2018). The popped grain
provides about 71% of carbohydrates; without being a fabaceous, it provides 13.5% of protein, and
without being an oilseed, it contains 8.2% of fats; likewise, it provides 292 mg of calcium, 517 mg of
phosphorus, and 1.6 mg of iron per 100 g of popped amaranth consumed (Espitia-Rangel, 2012).
This grain also contains squalene and folic acid (Barrales-Dominguez et al., 2010).

Extreme environmental conditions aggravated by climate change have imposed new limitations
on national agriculture (Murray-Tortarolo, 2021) and specifically, on amaranth cultivation (Matias-
Luis et al., 2018). Nevertheless, given that Mexico and Central America are considered centers
of origin and domestication of several species of the genus Amaranthus (Aguilera-Cauich et al.,
2021), there is a wide genetic diversity that would potentially allow the selection of outstanding
genotypes and the establishment of genetic improvement plans (Martinez-Salvador, 2016).
Recently, Salvador-Martinez et al. (2024) evaluated 43 genotypes of different amaranth species
and found great similarity in the nutritional value for consumption as a vegetable. In addition, the
genetic improvement program of the varieties considered in this study has generated genotypes
with better resistance to droughts and hailstorms (SNICS, 2019).

However, this crop is not very technified, and detailed studies are required to develop better
practices and management of inputs, such as fertilizers, to increase its growth, production and
productivity (Romero-Romano et al., 2017). The growth of a plant is due to two main factors: cell
division and cell elongation. To achieve this, the plant requires various molecules that are produced
during photosynthesis. Dry matter accumulation is a criterion used to measure the growth and
development of a plant, which was reflected in the final yield (Taiz et al., 2023). Understanding the
process of biomass accumulation by organs is essential to improve crop productivity, especially
under limiting climate and soil conditions (Cai et al., 2023).

The purpose of this study was to determine the dynamics of accumulation and partitioning of
dry matter by morphological organ in three varieties of amaranth (A. hypochondriacus), under a
rainfed production system. The hypothesis to be tested is that each of the three amaranth varieties
behaves differently with respect to the dynamics of accumulation and partitioning of dry matter by
morphological organ.

Materials and methods

Experimental site

The experiment was established in Lot X-16 of the Experimental Agricultural Field of Phytotechnics
(CAEF, for its acronym in Spanish) of the Chapingo Autonomous University (UACH), for its acronym
in Spanish, located in Chapingo, State of Mexico, Mexico (19° 29’ 30.1986" north latitude, 98°
52’ 41.469” west longitude, at 2 240 m altitude). The soil of the experimental lot had a pH of 7.3,
electrical conductivity of 0.247 dS m™, 0.68% organic matter, 0.1% N, 12 mg NO, ~ kg™, cation
exchange capacity of 17.93 cmol(+) kg™, and a sandy clay loam textural class.

Plant material

The amaranth (A. hypochondriacus L.) varieties used were Areli, Diego and PQ2. These varieties
have the breeder’s titles 2150, 215 and 2152, respectively, issued by the Secretariat of Agriculture
and Rural Development (SADER), for its acronym in Spanish in favor of the UACH. According to
Barrales-Dominguez et al. (2010), some of the most outstanding characteristics of these varieties
are the following.
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In the seedling stage, the Areli variety is reddish green and in flowering, it is dark green; at high
population densities (210 plants m?), a single stem dominates. At low population densities, it
branches from the base, with an inflorescence that is green when emerging, then turns brown and
ends in light pink, which intensifies with grain filling. This variety can reach 50% of flowering between
80 and 105 days after emergence (dae) and maturation at harvest between 150 and 170 dae, with
a final height of 180 to 220 cm, and white grain.

Diego is a variety that is reddish green in the seedling stage and dark green in flowering. With
high population densities (=10 plants m?), a single stem dominates. At low population densities,
it branches little, with a purple inflorescence. Diego can achieve 50% of flowering between 80
and 100 dae and maturation at harvest at 150 dae, with a final height between 160 and 220 cm,
and white grain.

PQ2 is a variety that is green both in seedling and flowering. At high population densities
(210 plants m?), a single stem dominates. At low population densities, it branches from the
base, with a light green inflorescence. PQ2 can reach 50% flowering between 85 and 105
dae, and maturation at harvest between 150 and 170 dae, with a final height of 180 to 250
cm, and white grain.

Agronomic crop management

The establishment of the experiment began with the preparation of the land: fallowing, harrowing
and furrowing at 80 cm. The sowing was done with a manual seeder adapted for amaranth seed.
At 10 and 24 dae, the first weeding and thinning to a population density of 100 000 plants ha™
were carried out. At 26 dae, together with the first weeding, a basal fertilization of 40 kg N ha™
(from urea) and 20 kg P ha™ (from diammonium phosphate) was applied. The second weeding
was carried out 34 dae. Once harvest maturity was reached, the plant was cut from ground
level, and threshing was subsequently performed. The weeding was done manually,
approximately every four weeks until harvest maturity was reached.

Experimental unit and design

The treatments to be tested were the three varieties of amaranth: Areli, Diego and PQ2. Three
experimental units were established, with four randomized replications, each with 12 furrows for
Areli, 20 furrows for PQ2 and 24 furrows for Diego, all 50 m long. A completely randomized
experimental design was drawn. The choice of surface area was determined by the availability of
space and seed, ensuring that there was enough plant to perform the necessary samplings.

Weekly accumulated precipitation and average temperatures

To measure the weekly rainfall, a rain gauge was adapted with a funnel. With the catchment area
and the weekly volume, the pertinent calculations were made using the following formula:

P=v/A

Where: P= weekly accumulated precipitation (mm); V= weekly volume (L), and A= funnel area
(m?). For the study period, the maximum temperature ranged between 24 and 28 °C and the
minimum between 11 and 13 °C.

Dry biomass

From day 14 after emergence, 17 whole plant samplings were carried out in each of the three
varieties at seven-day intervals with four replications in each case, in which four plants were taken
per sampling. The following phenological phases were considered in the sampling: vegetative [V3
(23 dae), V4 (28 dae), V5 (35 dae), V6 (42 dae), and V7 (49 dae)], panicle initiation [R1 (56 dae),
R1.3 (63 dae), R1.5 (70 dae), and R2 (77 dae)], panicle end [R3 (84 dae)], anthesis [R4 (91 dae)
and R4.7 (98 dae)], grain filling [R5 (105 dae)], milky grain (112 dae), doughy grain (119 dae),
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physiological maturity [R6 (126 dae)] and harvest maturity [R7 (133 dae)] (Aguilar-Delgado et al.,
2018). The plants were sectioned by organs, subjected to drying to constant weight for 72 h at
72 °C in a forced-air oven (Riossa, HCF-125D, Monterrey, NL., Mexico). Once dried and with a
constant weight, the samples were weighed on an analytical balance (Adventurer Pro AV213C,
Ohaus; Parsippany, NJ, USA). The accumulation of total dry biomass was analyzed as an indicator
of the general growth of the plant.

Data analysis

The data obtained was subjected to an analysis of variance (a= 0.05) and the means were
compared by Tukey'’s test (o= 0.05) with the statistical package of Sas 9.4 (SAS Institute, 2010).

Results and discussion

Accumulation of dry root biomass

The dynamics of dry biomass accumulation in roots throughout the biological cycle shows a similar
behavior during crop establishment, with slow growth in the first 56 dae, followed by accelerated
growth (Figure 1A). During the crop cycle, there was a total of 228 mm of rainwater, a value that
was considered low, which is associated with the slow initial growth observed in the crop.
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Figure 1. Accumulation of dry biomass in root (A); stem (B) and leaves (C) of three varieties of amaranth
(Amaranthus hypochondriacus L.) during the biological cycle. Means with different letters between varieties in each
assessment indicate statistically significant differences (Tukey, p < 0.05).

In the initial stages and at one point of grain filling, the Areli variety had less root biomass than Diego
and PQ2 at 35, 56 and 63 dae and than Diego at 28, 42, 49 and 105 dae. After the peak of root
biomass accumulation, all three varieties showed a reduction with respect to this variable (Figure
1A). This decrease can be attributed to the reduction in the translocation of photoassimilates to
the roots to direct them to the grain, which occurs when the plant reaches physiological maturity
(Lebn-Burgos et al., 2021). Although, in general, the three varieties showed similarity, Diego and
PQ2 were more similar in the accumulation of dry biomass in the root, with a statistical difference
only at 105 dae.

Before 98 dae, a hailstorm affected the crop, which could have activated survival mechanisms that
include catabolic processes in which the degradation of proteins, nucleic acids, or polysaccharides
are involved (Martinez-Gonzéalez et al.,, 2017), which reduces the accumulation of dry matter
(Jarma-Orozco et al., 2012). Between 98 and 105 dae, the Diego and Areli varieties showed a slight
decrease in dry root biomass. This reduction is associated with the loss of moisture in the soil,
which represented a water deficit for the crop, which accelerates the death of many of its branches.
This period is critical for the crop because it coincides with the days after floral induction and the
beginning of grain formation. At the end of the biological cycle, no significant differences were
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observed in the weights of dry root biomass among the varieties evaluated. In all three varieties,
this variable decreased (Figure 1A), which implied a possible translocation of reserves from the root
to the aerial part of the plant (Taiz et al., 2023) induced by physiological maturity.

Accumulation of dry biomass in stem

The stem is the support of a plant and contains the main conductance tissues. The behavior of dry
biomass accumulation in the stems of the three amaranth varieties evaluated, as in the root, showed
a slow growth up to 56 dae, with no significant differences between the Diego and PQ2 varieties,
compared to Areli (Figure 1B). Then, between 56 and 84 dae, an accelerated accumulation of dry
biomass in stems was observed, reaching on average, around 60 g of dry matter, which marks a
stage of rapid growth. Subsequently, the growth in dry biomass accumulation differed until the end of
the cycle, mainly between the Diego and Areli varieties, with 107.3 and 103.9 g at 126 and 133 dae,
respectively (Figure 1B). This decline, as in the root, can be attributed to translocation processes
due to a previous hailstorm, presenting survival mechanisms which involve the degradation of
proteins, nucleic acids, or polysaccharides (Martinez-Gonzélez et al., 2017). This showed the
resilience of amaranth, with a metabolic adjustment response to the damage, and a good recovery
(Riggins et al., 2021). These biomass reduction behaviors at the end of the cycle in the varieties,
at 133 dae, is due to senescence, reducing their photosynthetic capacity and using the remaining
reserves to translocate them to demand organs, such as grains (Martinez-Gonzalez et al., 2017).

Accumulation of dry biomass in leaves

A plant’s leaves are the main source of photoassimilates, which allow the plant to grow and develop.
The dynamics of biomass accumulation in leaves of the three amaranth varieties evaluated in this
research can be observed in (Figure 1C). As in the other organs, amaranth leaves showed a slow
growth up to 56 dae. Between 56 and 84 dae, an accelerated growth was observed in the three
varieties, reaching an average of around 30 g of dry matter. In this period, there were no statistical
differences between the three varieties evaluated. Subsequently, a stabilization follows until 126
dae, in which they reached an average of 30 g.

Accumulation of dry biomass in inflorescence

Floral induction in the evaluated varieties occurred at 63 dae, and the first biomass sampling at
77 dae (Figure 2A).
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Figure 2. Accumulation of dry biomass in inflorescence (A) and grain (B) of three varieties of amaranth (Amaranthus
hypochondriacus L.) during the biological cycle. Means with different letters between varieties indicate statistically
significant differences (Tukey, p < 0.05).

The three varieties showed accelerated growth of the panicle, reaching a dry biomass weight of
32.1, 25.3 and 20.8 g in PQ2, Diego and Areli, respectively, at 91 dae. Then, between 91 and
98 dae, there were hailstorms , which significantly reduced the accumulation of dry biomass in
the inflorescences (Figure 2A). This represents a direct impact on yield since the panicle was
in full growth. Nonetheless, the three materials evaluated recovered and subsequently showed
accelerated growth; on average, the weight of dry biomass of panicle was 36.4 g, with no significant
differences between them (Figure 2A).

Accumulation of dry biomass in grain

The beginning of grain filling occurred 105 dae, and milky grains could be observed at 112 dae.
This was consistent in all three varieties. From 119 dae, doughy grains were recorded, reaching
physiological maturity at 133 dae, which was the last sampling. In the three varieties, similar trends
were observed in the accumulation of dry matter in grains, which were constant and increasing until
133 dae. Between 126 and 133 dae, there were increases in dry grain biomass weights of 76.7%
in PQ2, 96.4% in Diego and 22.1% in Areli. The latter variety was significantly lower in this variable
than Diego and PQ2 at 126 and 133 dae (Figure 2B).

Total dry biomass accumulation

The results presented here show a significant decrease in the weights of dry root, leaf, and stem
biomass at 112 dae, which influence the total dry biomass (Figure 3). In contrast, this decrease
was of lesser magnitude in the inflorescence, particularly in Diego and PQ2. This is because
plants seek to perpetuate their species through different mechanisms, including greater
reproductive efficiency (Lustre-Sanchez, 2022). Like the sessile plant, amaranth is drastically
affected by abiotic environmental factors, such as droughts, frosts, or hailstorms (Martinez-
Gonzalez et al., 2017).
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Figure 3. Proportion of dry biomass (root, stem, leaf, inflorescence and grain) to the total biomass in three varieties
of amaranth (Amaranthus hypochondriacus L.) during the biological cycle.

Up to 56 dae, a low accumulation of total dry biomass was recorded in the three varieties evaluated
(Figure 4). On the contrary, from 84 dae, dry biomass increased significantly. Despite the two
periods of drought recorded (at 76 and 104 dae) and the hailstorm (occurring at 98 dae), the constant
accumulation of total dry biomass demonstrated the resilience of this species.
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Figure 4. Total dry biomass accumulation of three varieties of amaranth (Amaranthus hypochondriacus L.) during
the biological cycle. Means with different letters between varieties indicate statistically significant differences
(Tukey, p < 0.05).

There were differences in growth between the three varieties. Between 91 and 98 dae, a drop in
dry matter accumulation was observed in the Areli and PQ?2 varieties, which coincides with the
phenological phase of anthesis. Between 98 and 133 dae, dry matter accumulation was positive
in the three varieties, whereas, from 119 dae, a decreasing trend in dry matter accumulation was
observed again in the Areli and PQ2 varieties; in this sampling, the beginning of senescence was
evident given the loss of leaves that was recorded (Figure 3).

Senescence was characterized by the absence of biosynthesis of photoassimilates, but in these
varieties, the development of the grain continued, which implied translocation of nutrients and
biomolecules towards this demand organ. At the end of the biological cycle (133 dae), the highest
total biomass was recorded in Diego, followed by PQ2 with 242.2 g on average, statistically
surpassing Areli, which reached 167.5 g.

When analyzing dry matter partitioning, the following stood out: in the three varieties, about 11%
of the dry biomass corresponded to the root. This value was maintained throughout the cycle
(Figure 4). At 84 dae, the stem showed to be the structure with the highest biomass of the plant,
representing 46% of the total dry biomass in Diego, 43% in Areli, and 60% in PQ2 (Figure 4). The
appearance of floral organs reduced the dry biomass of leaves, which must have implied processes
of photosynthate translocation from the source organ (leaf) to the demand organ (flower) (Rosado-
Souza et al., 2023).

Finally, the grain showed an accelerated growth in the final part of the cycle, representing the highest
demand in the plant and accumulating most of the photoassimilates produced after 105 dae. At the
end of the cycle (133 dae), the dry biomass of the grain accounted for about 11.2, 17.2, and 19% of
the total dry biomass in Areli, Diego, and PQ2, respectively (Figure 4). In the Revancha amaranth
variety, the grain represented 20.1% of the total dry biomass (Monroy-Pedroza et al., 2021), a value
close to that shown by the PQ2 variety in this study. The inflorescence is a demand organ that has a
constant growth since 70 dae and even in the period of grain development, reaching a percentage
of 29 of the total for PQ2 and around 26 for Areli and Diego at 126 dae (last evaluation).

Conclusions

This study demonstrated that the three varieties of amaranth (Amaranthus hypochondriacus L.)
evaluated, Areli, Diego and PQ2, showed some differences and some similarities in growth and
accumulation of dry matter. Regarding dry stem and grain biomass, the Areli variety was the one
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with the lowest average values compared to Diego and PQ2. At the end of the cycle, Diego and
PQ2 showed greater accumulation of dry matter compared to Areli. However, in the three varieties,
it was observed that the vegetative stage up to 63 dae was characterized by slow growth, followed
by accelerated growth in the reproductive phase until anthesis at 91 dae and finally, a stabilization
of growth to maturity at harvest at 133 dae.
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