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Abstract: The chemical composition of amaranth leaves varies significantly across different
accessions, with substantial differences in key nutrients, including crude protein, minerals, and
micronutrients. This study evaluates the nutrient profiles of six amaranth accessions (MN-BH-01, PE-
UP-BH-01, PE-LO-BH-01, CK-BH-01, NU-BH-01, and LL-BH-04), focusing on dry matter-based
chemical composition and genotype-by-environment (GxE) interactions. Results show that MN-BH-
01 exhibited the highest protein (43.18%), calcium (8.00 mg/100g), zinc (15.12 mg/100g), and
potassium (19.47 mg/g) content, marking it as a potential candidate for nutritional enhancement. PE-
UP-BH-01, notable for its elevated iron content (77.16 mg/100g), and LL-BH-04, exhibiting superior
crude protein at some sites, also showed unique nutritional advantages. Nutrient composition varied
significantly across locations, with genotype-by-environment interactions playing a crucial role in
nutrient accumulation, particularly in iron and calcium. Cluster analysis revealed distinct groups
based on nutritional content, with MN-BH-01 standing out for protein, iron, and potassium levels.
Additive Main Effects and Multiplicative Interaction (AMMI) analysis further highlighted stable
accessions (MN-BH-01, NU-BH-01) across multiple traits, essential for breeding programs. Farmers'
preferences indicated that NU-BH-01 was the most favored for its flavor, yield, and marketability,
while MN-BH-01 was least preferred due to bitterness. These findings provide crucial insights for the
development of amaranth varieties with enhanced nutritional profiles and broader market appeal,
guiding breeding strategies and biofortification initiatives.

Keywords: amaranth accessions; nutrient composition; genotype-by-environment interactions;
protein content; Cluster Analysis

Introduction

Amaranth (Amaranthus spp.) is a highly nutritious and drought-tolerant pseudocereal known
for its rich protein, mineral, and vitamin content (Malik et al., 2023). It has garnered attention as a
sustainable food source, especially in regions facing food insecurity and climatic challenges. The
leaves of amaranth, along with its seeds, are valued for their nutritional density, making them an
excellent dietary supplement (Singh et al., 2024). Recent studies have highlighted the essential
nutrients present in amaranth leaves, such as protein, calcium, iron, zinc, and potassium, which are
vital for overall health and well-being, particularly in regions with high malnutrition rates (Jan et al.,
2023; Kumar et al., 2024; Skwaryto-Bednarz et al., 2020).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Research on amaranth's nutritional profile has primarily focused on its seeds, emphasizing the
high levels of essential amino acids, lipids, and minerals they contain (Baraniak & Kania-
Dobrowolska, 2022; Procopet & Oroian, 2022). However, there is a need for more comprehensive
studies on the nutritional potential of amaranth leaves, which significantly contribute to the plant's
overall nutritional value. Variations in nutrient levels across different genotypes and environments
have not been extensively studied. Some accessions have shown higher concentrations of protein and
minerals under stress conditions, suggesting the potential for breeding stress-resistant, nutrient-
dense Varieties(HRICOVA et al., 2016; Kachiguma et al., 2015).

Genotype and environmental factors play crucial roles in determining the bioavailable nutrient
content of amaranth (Sarker et al., 2020; Jahan et al., 2023). Soil type, water availability, and climate
can impact the nutritional profile of amaranth leaves, leading to variations in essential minerals and
vitamins. Soil amendments, temperature, and water stress have been identified as factors that can
influence the nutrient density of amaranth under different growing conditions(Ejieji and Adeniran,
2009; Cechin et al., 2022).

Despite the nutritional promise of amaranth, challenges persist in optimizing the production of
nutrient-dense varieties. Understanding the interactions between genotype and environment is
essential for enhancing nutrient accumulation. Identifying accessions with superior nutritional
profiles across diverse environments is key to developing resilient and nutrient-rich varieties suited
to different agro-ecological zones. This study aims to investigate the chemical composition of
amaranth leaves across various accessions and locations, identify key nutritional traits, and assess
the impact of environmental factors on nutrient accumulation. The results will offer valuable insights
into the potential of amaranth as a biofortified crop and inform breeding strategies to enhance its
nutritional content.

Materials and Methods

Plant Material Selection

In this study, we built upon our previous research by incorporating a new amaranth accession,
CK-BH-01, which exhibited promising traits in initial assessments (Nyasulu et al., 2024). Alongside
the five previously chosen accessions, we conducted a nutrition analysis on these six accessions: MN-
BH-01, LL-BH-04, NU-BH-01, PE-UP-BH-01, PE-LO-BH-01, and CK-BH-01. These accessions
represent a diverse range of genetic backgrounds and phenotypic characteristics, forming a robust
basis for evaluating the nutritional potential of amaranth cultivars in different environments.

Study Sites and Experimental Design

The study was conducted in four strategically selected locations in Malawi: Thyolo Research,
Mzimba-Champhira, Kasungu-Chulu, and Salima-Chipoka, representing distinct agro-ecological
zones. Thyolo Research (16.0691S, 35.1420E) and Mzimba-Champhira (12.3320S, 33.5964E) fall within
the high-altitude agro-ecological zone, characterized by annual rainfall exceeding 1000 mm and
temperatures ranging from 15°C to 20°C. Kasungu-Chulu (12.8090S, 33.3110E) represents the middle-
altitude zone, with moderate rainfall (500-1000 mm) and temperatures reaching up to 26°C. Salima-
Chipoka (13.9920S, 34.5096E) is situated in the low-altitude zone, which experiences lower annual
rainfall (<500 mm) and higher temperatures averaging above 27°C (Sithole et al., 2023).

These locations were selected to capture diverse agro-ecological zones and varying
environmental conditions, providing an ideal framework for assessing genotype-by-environment
interactions. Their distinct climatic characteristics allowed for a comprehensive evaluation of
amaranth accessions under different environmental influences, particularly in relation to soil and
plant nutrient dynamics.

Field experiments followed a randomized complete block design (RCBD), with each block
consisting of 20 plants per accession spaced 30 cm apart within rows and 60 cm between rows to
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promote optimal growth and minimize competition. The trials were conducted during the 2022/2023
rainfed cropping season across three agro-ecological zones in Malawi.

Soil Preparation and Fertilization

Soil samples were collected from each study site before and after fertilizer application to assess
variations in soil chemical properties. Samples were analyzed for pH, electrical conductivity (EC),
organic matter (OM), nitrogen (N), phosphorus (P), and potassium (K) using standard soil analysis
protocols. Changes in soil properties following fertilizer application were recorded, particularly
increases in pH, EC, N, P, and K, with a slight decrease in OM (Table 1).

Table 1. Soil chemical composition before and after fertilizer application in the trial sites.

Site Time pH EC (uS/cm)  OM (%) N (%) P (ppm) K (ppm)
Thyolo-Research ~ Before 5.7 313.2 2.0 0.08 553 41.8
After 6.0 360.7 1.9 011 68.6 127.6
Mzimba-Champhira Before 6.2 391.1 0.6 003 187 57.5
After 6.3 375.4 0.8 0.08 356 160.0
Salima-Chipoka Before 6.3 378.0 0.6 0.04 254 65.5
After 6.6 443.5 0.2 0.06 323 159.9
Kasungu-Chulu Before 6.4 418.5 0.4 003 225 56.5
After 6.4 434.3 0.7 0.07 425 169.1

Sample Preparation

The leaf samples were collected in the six week when the plants were fully established. They
prepared in two forms, as fresh leaves and dried leaves and get processed for chemical analyses. A
total of 72 samples were thus put in plastic bags and labelled carefully then brought to the laboratory.
For the fresh samples, the leaves were cleaned by tap water, chopped into smaller pieces and then
oven dried at 60°C. These were then reduced into powder form for easy proximate and mineral
analysis While for dry sample analysis the leaves were sun dried for two days until they crisped.
Moisture content was then determined by oven drying at 105°C for three hours and reduced into
powder by milling them in a blender in readiness for chemical analysis.

Proximate Analysis

Determination of moisture, ash, fibre and crude protein were done following the recommended
methods of Association of Official Analytical Chemists. Moisture was determined using oven drying
method of 5g samples of respective working sample, fresh sample (60°C) and dry sample (105°C +1).

Ash content was determined using incineration method of 5g samples at 550°C for 5 hours.
Crude protein content was determined using Kjeldahl method and total protein was calculated by
multiplying the evaluated nitrogen by 6.25 (Moore et al., 2010).

Mineral Content

Mineral elements such as potassium, calcium, iron and zinc were analysed using dry ashing and
atomic absorption spectrophotometer (AAS) according to AOAC recommended methods (Jimoh et
al., 2020).

Statistical Analysis

Data was subjected to General Linear model (GLM) to determine the effects of accessions and
sites in the nutrient composition. Proximate and mineral element means were compared and
separated using Tukey test at 0.05 level of significance. Data was analysed in Genstat 21st edition and
R 4.4.2 statistical packages. Cluster, correlation, and AMMI were conducted in R 4.4.2


https://doi.org/10.20944/preprints202503.0321.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 March 2025 d0i:10.20944/preprints202503.0321.v1

4 of 12

Results

The Chemical Composition of Amaranth Leaves

The chemical composition of amaranth leaves varied significantly among accessions on a dry
matter basis (Table 2, P < 0.001). Moisture content ranged from 85.07% (MN-BH-01) to 85.89% (LL-
BH-04), with MN-BH-01 having significantly lower moisture content. Ash content was highest in NU-
BH-01 (15.64%) and lowest in PE-LO-BH-01 (12.93%), indicating variability in mineral content. Crude
protein content ranged from 38.91% (NU-BH-01) to 43.18% (MN-BH-01), with MN-BH-01 having the
highest protein concentration. Iron content varied, with PE-UP-BH-01 having the highest
concentration (77.16 mg/100 g) and PE-LO-BH-01 the lowest (50.04 mg/100 g). Zinc content ranged
from 13.12 mg/100 g to 15.12 mg/100 g, with MN-BH-01 having the highest value. Calcium content
varied between 6.74 mg/100 g and 8.00 mg/100 g, with MN-BH-01 showing the highest concentration.
Potassium content was highest in PE-UP-BH-01 and MN-BH-01, while NU-BH-01 had the lowest
value. MN-BH-01 consistently exhibited superior nutritional quality, particularly in crude protein,
calcium, zinc, and potassium content, while PE-UP-BH-01 had the highest iron and potassium levels.
These results suggest that amaranth accessions show significant variation in nutrient composition,
which can be utilized for breeding and nutritional enhancement programs.

Table 2. Chemical composition of Amaranth leaves on dry matter basis.

Accession Moisture Ash Crude Iron ContentZinc Calcium contentPotassium
content (%) (%) Protein (%) (mg/100g) (mg/100g) (mg/100g) (mg/g)
CK-BH-01 85.82¢ 15.07¢ 41.034 57.10b 14.36° 7.92bc 18.03b
LL-BH-04 85.89¢ 14.49> 41.78¢ 57.89b 13.132 6.74a 17.98>
MN-BH-01 85.072 14.560 43.18f 68.21¢ 15.12¢ 8.00¢ 19.474
NU-BH-01 85.43p 15.644 38.91b 75.944 13.12a 7.07a 17.202
PE-LO-BH-01 85.37° 12.932 40.53¢ 50.04a 14.45b> 6.97a 18.65¢
PE-UP-BH-01 85.71¢ 15.36440.53¢ 77.16¢ 14.61° 7.55b 19.734
Grand Mean  85.55 14.67 40.8 64.39 14.13 7.38 18.51
P value <.001 <.001 <.001 <.001 <.001 <.001 <.001
LSDo.os 0.172 0.234 0.307 0.794 0.270 0.264 0.284

Cluster Analysis of Nutrient Profiles and Correlation Analysis of the Variables

Cluster analysis of the rice accessions based on their nutrient profiles revealed four distinct
groups (Figure 1a). Cluster 1, represented by MN-BH-01, and is characterized by elevated levels of
protein, iron, and potassium. Cluster 2, consisting of PE-UP-BH-01, is defined by high iron content
and moderate potassium levels. Cluster 3, comprising CK-BH-01, LL-BH-04, and PE-LO-BH-01,
showcases accessions with balanced nutrient profiles, featuring moderate levels of protein, zinc, and
potassium. Lastly, Cluster 4, represented by NU-BH-01, stands out due to its exceptionally high iron
content. These clusters underscore the unique nutrient compositions of each accession, providing
valuable insights for crop breeding and biofortification strategies.

Correlation analysis revealed significant associations between different nutrient components in
the amaranth accessions (Figure 1b). Strong positive correlations were observed between iron,
potassium, calcium, and zinc (r > 0.7, p < 0.05), indicating that these minerals tend to co-accumulate
in the accessions. Protein showed a moderate positive correlation with ash (r = 0.28) but a negative
correlation with moisture content (r = -0.50), suggesting that higher protein levels are associated with
lower moisture retention. The observed correlations provide critical information for selecting
nutrient-dense accessions and optimizing breeding strategies to enhance multiple nutritional traits
simultaneously.
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Figure 1. Cluster Analysis of Nutrient Profiles and correlation analysis of the variables. (a) Cluster Analysis of

Nutrient Profiles and (b) correlation analysis of the variables.

Chemical Composition of Amaranth Leaves Across Different Locations and Accessions

The chemical composition of amaranth leaves varied significantly across locations and
accessions (P < 0.001), indicating the influence of environmental factors on nutrient accumulation
(Table 3). Moisture content ranged from 80.50% (MN-BH-01 at Mzimba-Champhira) to 90.38% (CK-
BH-01 at Kasungu-Chulu), with accessions grown in Kasungu-Chulu generally exhibiting higher
moisture levels. Ash content was highest in PE-UP-BH-01 (18.89%) at Salima-Chipoka and lowest in
PE-LO-BH-01 (11.39%) at Mzimba-Champhira, reflecting variability in mineral composition. Crude
protein content varied significantly, with LL-BH-04 in Kasungu-Chulu displaying the highest value
(56.50%), while CK-BH-01 at Thyolo Research recorded the lowest (31.42%).

Iron content was substantially elevated in PE-UP-BH-01 (135.85 mg/100 g) at Salima-Chipoka,
followed by NU-BH-01 (105.31 mg/100 g) at the same site, whereas the lowest iron concentration
(30.66 mg/100 g) was observed in PE-LO-BH-01 at Kasungu-Chulu. Zinc content ranged from 8.20
mg/100 g (LL-BH-04 at Kasungu-Chulu) to 18.95 mg/100 g (PE-LO-BH-01 at Thyolo Research),
indicating differences in micronutrient uptake. Calcium levels varied widely, with CK-BH-01 at
Thyolo Research showing the highest content (10.55 mg/100 g) and LL-BH-04 at Kasungu-Chulu the
lowest (4.03 mg/100 g). Potassium content was highest in PE-LO-BH-01 (23.37 mg/g) at Thyolo
Research and lowest in LL-BH-04 (12.02 mg/g) at Kasungu-Chulu.

Overall, PE-UP-BH-01 at Salima-Chipoka exhibited superior iron content, while LL-BH-04 at
Kasungu-Chulu was remarkable for its high crude protein concentration. The observed differences
across locations highlight significant genotype-by-environment interactions affecting the nutritional
composition of amaranth, which can be exploited for site-specific varietal recommendations and
breeding programs.

Table 3. Chemical Composition of Amaranth Leaves Across Different Locations and Accessions.

Location Accession Moisture Ash  Crude Iron Content Zinc Calcium content Potassium
content (%) (%) Protein (%) (mg/100g)  (mg/100g)(mg/100g) (mg/g)
PE-UP-BH-01 82.18b¢ 12.40° 40.14h 47.63¢ 18.49i 9.26ik 22.19mn
PE-LO-BH-01 82.45<« 11.672> 40.32h 51.11de 18.951 9.29ik 23.37°0
Thyolo Research CK-BH-01 83.48¢e 17471 31.42a 65.628h 18.261 10.55! 22.72n0
NU-BH-01 84.57¢ 13.90<def 43 26ij 93.29m 18.091 9.814 22.69no
LL-BH-04 83.34¢ 15.64i  33.67bc 69.61i 12.73¢f 6.70def 16.938h
MN-BH-01 83.38¢ 12.46> 43.24i 65.88 18.201 9.12ik 21.14m
Mean 83.23b 13.92> 38.682 65.52¢ 17.464 9.124 21.50¢
PE-UP-BH-01 83.37¢ 14.594ef836.214 83.05! 13.89s 7.40fgh 19.24i
PE-LO-BH-01 85.13s 13.72¢d 39.39sh 76.54k 12.55¢f 6.16bcde 16.61fs
Mzimba-Champhira CK-BH-01 81.75b 11.39a  57.57! 50.934 16.74h 9.20ik 17.97n
NU-BH-01 82.91de 13.40¢ 40.28h 49.02cd 12.00de  6.18bede 16.28¢fs
LL-BH-04 82.93de 14.838hi 32.50ab 68.07hi 17.97i 9.06ilk 22,07mn

MN-BH-01 80.502 11.5420 38.35f¢ 41.52b 16.39h  8.41hi 20.78K
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Mean 82.772 13.252 40.72° 61.52b 14.92¢ 7.74¢ 18.83P
PE-UP-BH-01 89.28ik 15.55h  39.208h 42,130 10.000  5.25b 14.02>
PE-LO-BH-01 89.59k 14.721hi 33,39bc 30.662 10.52bc  5.35bc 14.86b<d
Kasungu-Chulu CK-BH-01 90.38! 14.69¢f8h36.57de 39.18> 11.41d  5.75bed 15.62¢cdef
NU-BH-01 89.93k 16.861 34.54¢ 56.14f 10.91bc  6.03bed 15.18¢de
LL-BH-04 88.64ii 13.78¢cde 56.50! 31.392 8.202 4.032 12.02a
MN-BH-01 88.59: 16.681 47.57k 54.21¢f 11.38ed  6.39cdef 16.03¢fs
Mean 89.404 15.38< 41.29c 42.292 10.402 5.472 14.622
PE-UP-BH-01 88.00h 18.89! 46.58k 135.85¢p 16.06"  8.29hi 23.460
PE-LO-BH-01 84.30f 11.592b 34.60c 41.83> 15.76h  7.08¢s 19.743
Salima-Chipoka CK-BH-01 87.67h 16.72i 38.57fs 72.66] 11.03bcd  6,19bede 15.80def
NU-BH-01 84.32f 18.41% 37.56¢f 105.31n 11.46%¢  6.26bcde 14.66b¢
LL-BH-04 88.66i 13.72¢d 44.47i 62.508 13.62f 7.19¢fs 20.88K
MN-BH-01 87.80h 17.56i 43.58i 111.240 14.488  8.09shi 19.95ik
Mean 86.79¢ 16.154 40.89° 88.234 13.73b 7.18b 19.08P
Pvalue <.001 <001 <.001 <.001 <.001 <.001 <.001

Additive Main Effects and Multiplicative Interaction (AMMI) Analysis

The AMMI analysis identified significant genotype-by-environment (GxE) interactions affecting
the nutritional composition of amaranth accessions at the four study locations (Figure 2). Moisture
content (PC1: 70.93%) was most stable in CK-BH-01, MN-BH-01, and NU-BH-01, especially in
Kasungu-Chulu, while PE-LO-BH-01 and PE-UP-BH-01 showed pronounced environmental
interactions (Figure 2a). Ash content (PC1: 54.15%) remained consistent in CK-BH-01 and NU-BH-01,
with notable variability in Mzimba-Champhira and PE-UP-BH-01 (Figure 2b). Crude protein (PC1:
67.43%) exhibited stability in NU-BH-01, CK-BH-01, and MN-BH-01, with significant environmental
influences in Mzimba-Champhira and Thyolo Research (Figure 2c). Iron content (PC1: 62.93%) was
stable in LL-BH-04 and NU-BH-01, particularly in Kasungu-Chulu, while Salima-Chipoka and
Mzimba-Champhira showed location-dependent variations (Figure 2d). Zinc content (PC1: 67.21%)
remained stable in CK-BH-01, MN-BH-01, and NU-BH-01, with strong interactions in Salima-
Chipoka and Thyolo Research (Figure 2e). Calcium content (PC1: 67.60%) was stable in NU-BH-01,
CK-BH-01, and MN-BH-01, while PE-LO-BH-01 and LL-BH-04 displayed significant location-specific
variations (Figure 2f). Potassium content (PC1: 78.47%) showed remarkable stability in CK-BH-01,
MN-BH-01, and NU-BH-01, with location-dependent effects in Mzimba-Champhira and Salima-
Chipoka (Figure 2g). Overall, CK-BH-01, MN-BH-01, and NU-BH-01 emerged as the most stable
accessions across multiple nutritional traits, making them promising candidates for breeding
programs targeting nutritional resilience. In contrast, PE-LO-BH-01, PE-UP-BH-01, and LL-BH-04
exhibited strong environmental interactions, indicating that their nutrient accumulation is highly
dependent on location. These findings offer valuable insights for optimizing amaranth cultivation
and breeding strategies to enhance nutritional traits in diverse agro-ecological zones.
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Figure 2. Ammi analysis (a). Moisture content, (b) Ash content, (c) Crude Protein, (d) Iron Content, (e) Zing, (f)
Calcium content, and (g) potassium content.

Farmer Preferences and Ranking of Amaranth Accessions

Farmers actively participated in selecting their preferred amaranth accessions based on a range
of agronomic and culinary characteristics (Table 4). NU-BH-01 emerged as the top choice among the
accessions assessed, thanks to its excellent flavor, high yield, market appeal, and the convenience of
cooking without oil. Following closely, CK-BH-01 ranked second, favored for its delicious taste and
post-cooking flavor. PE-LO-BH-01 claimed the third spot, valued for its abundant yield, extended
harvest window, large leaves, and strong market demand, making it a highly sought-after variety. In
fourth place, PE-UP-BH-01 stood out for its numerous branches, large leaf size, and pleasant taste.
On the other hand, LL-BH-04 and MN-BH-01 were the least preferred, ranking fifth and sixth,
respectively, due to their unappealing flavor profiles. LL-BH-04 received criticism for its poor taste,
while MN-BH-01 was noted for its bitterness, rendering it the least favored accession. These findings
underscore the significance of both agronomic performance and sensory attributes in shaping farmer
preferences for amaranth cultivation and market success.

Table 4. Farmer Preferences and Ranking of Amaranth Accessions.

Accession Rank Reasons

PE-UP-BH-01 4

Too many branches
Big leaf size
Nice flavour

PE-LO-BH-01 3 High yielding

High value crop

Big leaves

You can harvest for a long period of time

Highly marketable

CK-BH-01 2 Delicious

Good favour after cooking

NU-BH-01 1 Good flavour
High yield
Good for business

Marketable

VV YV V|V V|VVVYVYV|IVVY
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»  You can cook without cooking oil
> Delicious

LL-BH-04 5 > Bad flavour

MN-BH-01 6 > Bitterness

Discussion

Our study reveals significant variations in amaranth accessions across the four distinct agro-
ecological zones of Thyolo Research, Mzimba-Champhira, Kasungu-Chulu, and Salima-Chipoka.
These accessions demonstrated differential responses to environmental conditions, consistent with
previous studies that underscore the pivotal role of local climate in shaping crop performance (Frei
et al.,, 2024). The high-altitude agro-ecological zones, such as Thyolo Research, characterized by over
1000mm of annual rainfall and temperatures ranging from 15°C to 20°C, provided an optimal
environment that resulted in enhanced nutritional performance of the amaranth accessions. Modi
(2007) highlighted that favorable conditions, including moderate temperatures and adequate
precipitation, significantly promote both amaranth growth and its nutritional value. Conversely, the
low-altitude region of Salima-Chipoka, with less than 500mm of annual rainfall and temperatures
exceeding 27°C, introduced harsher conditions, which led to the expression of stress tolerance traits
in certain accessions. These traits contributed to the maintenance of nutritional stability, aligning with
the findings of Reyes-Rosales et al.(2023), who observed heat-resistant genotypes in amaranth.
Intriguingly, some accessions demonstrated consistent nutritional quality across different locations,
which underscores the importance of selecting genotypes with broad adaptability for sustainable and
nutritionally robust amaranth production (Kandel et al., 2021; Nyasulu et al., 2024; Oduwaye et al.,
2016; Stoilova et al., 2015).

The variations in amaranth performance were further influenced by differences in soil chemical
composition across the trial sites. In Thyolo research, the slight increase in soil pH from 5.7 to 6.0,
coupled with the rise in nitrogen (N) levels from 0.08% to 0.11%, likely contributed to enhanced
biomass accumulation, corroborating the findings of Toungos et al.(2018), which emphasize the role
of nitrogen in amaranth growth. Additionally, significant increases in phosphorus (P) and potassium
(K) availability were observed across the sites, particularly in Kasungu-Chulu, where P levels
increased from 22.5 to 42.5 ppm and K levels from 56.5 to 169.1 ppm. This supports the work of Ojo
et al. (2011), who reported that improved soil P enhances root development in amaranth. Conversely,
a decline in organic matter (OM) levels, particularly in Salima-Chipoka (from 0.6% to 0.2%), may be
attributed to mineralization following fertilizer application, in line with previous soil fertility studies.
The resilience of stable accessions to these soil changes further highlights their adaptability to diverse
agro-ecological conditions.

Our study affirms that soil composition and microclimatic conditions are critical determinants
of amaranth’s nutritional content. While prior research has predominantly focused on the nutritional
composition of amaranth grain, our study uniquely contributes to the limited body of literature that
investigates the nutritional profiles of amaranth leaves in diverse agro-ecological zones (Coelho et
al.,, 2018). Although studies on the nutritional composition of amaranth leaves across varied agro-
ecological regions remain sparse, Forster et al.(2023) emphasized the substantial nutritional diversity
in the leaves of different amaranth species, underscoring the importance of evaluating these leaves
to address malnutrition. As amaranth is primarily consumed as a leafy vegetable in many regions,
analyzing its leaf nutritional content is crucial for understanding its dietary value and optimizing
cultivation strategies to improve nutritional outcomes (Sarker, Hossain, et al., 2020).

The observed nutritional variations across sites are consistent with Kachiguma's et al. (2015)
findings, which suggest that temperature significantly influences amaranth's nutritional
composition. Amaranth leaves are particularly rich in micronutrients and antioxidants, offering a
unique nutritional profile when compared to other commonly consumed crops, such as wheat,
barley, maize (Joshi et al., 2018), and rice (Nascimento et al., 2014). This makes amaranth a highly
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valuable dietary component, especially in regions where nutrient deficiencies are prevalent. Thus,
amaranth’s potential as a crop to enhance dietary diversity and food security is further emphasized.

Furthermore, our findings extend the understanding of amaranth’s environmental adaptability,
supporting earlier research that suggests the crop can thrive in a wide range of environmental
conditions (Bashyal et al., 2022; Mukuwapasi et al., 2024; Yeshitila et al., 2023). The crop’s ability to
maintain high nutritional quality across different agro-ecological zones highlights its potential as a
climate-resilient crop. This characteristic is of particular significance in the context of increasing
climate variability, as it ensures both food and nutritional security in resource-limited areas.

The identification of stable accessions is crucial for breeding programs, emphasizing the need to
select genotypes that maintain consistent nutritional quality across diverse environmental conditions.
Among the evaluated accessions, CK-BH-01, MN-BH-01, and NU-BH-01 showed the highest stability
across multiple nutritional traits, making them strong candidates for breeding programs focused on
enhancing nutritional resilience. Cluster analysis based on their nutrient profiles revealed four
distinct groups, refining selection criteria for breeding. MN-BH-01, representing Cluster 1, has
elevated levels of protein, iron, and potassium, highlighting its potential for nutritional enhancement.
However, despite its superior and stable nutritional content, MN-BH-01 was less favored by farmers
due to undesirable sensory traits like bitterness, underscoring the importance of considering both
nutritional and sensory traits in breeding programs to ensure broader adoption by farmers and
consumers. CK-BH-01, in Cluster 3, showed a balanced nutrient profile with moderate levels of
protein, zinc, and potassium, while NU-BH-01, in Cluster 4, stood out for its exceptionally high iron
content. These variations in nutrient compositions may be attributed to genetic differences among
these amaranth accessions. Correlation analysis further revealed strong positive correlations between
iron, potassium, calcium, and zinc, suggesting that these minerals tend to co-accumulate, presenting
an opportunity for breeding strategies to enhance multiple nutrients simultaneously. A moderate
positive correlation between protein and ash content indicates that protein-rich accessions may also
have higher mineral levels, supporting the selection of varieties with both high protein and mineral
content. However, the negative correlation between protein and moisture content suggests that
higher protein levels are associated with lower moisture retention, which could impact storage and
shelf life. Overall, these findings provide crucial insights into the genetic and nutritional makeup of
amaranth accessions, guiding breeding efforts to optimize both mineral and protein content while
balancing trade-offs like moisture retention

Beyond breeding applications, the identification of nutritionally stable accessions opens avenues
for biofortification initiatives and the development of functional foods. Given amaranth’s rich
nutritional profile, future research should explore its potential in fortifying staple foods or
developing nutritionally enhanced food products. Furthermore, molecular studies are needed to
identify the genetic mechanisms underlying nutrient stability in amaranth, which could support the
development of targeted breeding strategies aimed at improving both yield and nutritional content.
By linking nutritional stability, farmer preferences, and environmental adaptability, our study
underscores the significant potential of amaranth as a sustainable, climate-resilient, and nutrient-rich
crop. Future research and policy interventions should prioritize promoting amaranth as a vital crop
for addressing malnutrition, particularly in regions where food insecurity remains a pressing
concern. The integration of amaranth into sustainable agricultural systems could play a pivotal role
in combating malnutrition and enhancing global food security. Future breeding efforts should also
focus on reducing bitterness in MN-BH-01 while preserving its high nutritional value, leveraging
advanced molecular breeding techniques to enhance both agronomic and nutritional traits.

Conclusion

Our study highlights significant variations in amaranth accessions across different agro-
ecological zones, influenced by environmental factors like soil composition and climate. The
observed differences emphasize the importance of selecting adaptable accessions with consistent
nutritional quality for breeding programs. Amaranth shows promise as a climate-resilient, nutrient-
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rich crop to address malnutrition and food insecurity, especially in resource-limited regions. Stable
accessions like CK-BH-01, MN-BH-01, and NU-BH-01 offer opportunities for breeding and
biofortification initiatives. Molecular studies are needed to understand the genetic mechanisms
behind nutrient stability for more effective breeding strategies. Future research should focus on
optimizing amaranth's nutritional value while considering sensory traits and environmental
conditions. Integrating amaranth into sustainable agricultural systems can significantly improve
global food security and nutrition.
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