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Abstract 
 

This study investigated the effect of sodium arsenite on the expression of the ZO-1 

[zonula occludens-1] protein in HaCaT cell cultures and its possible link to 

palmoplantar hyperpigmentation and hyperkeratosis. Cells were exposed to sodium 

arsenite under different times [6–48 h] and concentrations [0.01–1 µM]. ZO-1 

expression was analyzed by western blot and quantified by optical density, 

complemented with protein modeling. The results showed a significant reduction 

in ZO-1 expression after 6 hours at 0.1 µM, indicating that even sub-toxic 

concentrations below EPA safety limits can impair epithelial barrier integrity, 

potentially contributing to arsenic-related skin damage.  
 

 

Sodium arsenite, HaCaT cell, Cytotoxicity. 

Resumen  
 

Este estudio investigó el efecto del arsenito de sodio sobre la expresión de la 

proteína ZO-1 [zonula occludens-1] en cultivos celulares HaCaT y su posible 

relación con la hiperpigmentación y la hiperqueratosis palmoplantar. Las células 

fueron expuestas a diferentes tiempos [6–48 h] y concentraciones [0.01–1 µM] de 

arsenito de sodio. La expresión de ZO-1 se analizó mediante western blot y se 

cuantificó por densidad óptica, complementándose con modelado proteico. Los 

resultados mostraron una reducción significativa en la expresión de ZO-1 tras 6 

horas de exposición a 0.1 µM, lo que sugiere que incluso concentraciones por 

debajo de los límites de seguridad recomendados por la EPA pueden alterar la 

integridad de la barrera epitelial y contribuir al daño cutáneo asociado con la 

exposición al arsénico. 

 

 

Arsenito de sodio, células HaCaT, citotoxicidad
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Introduction 

 

Arsenic [As] is a chemical element widely 

distributed in nature that can enter the 

environment both from natural sources—such as 

volcanic emissions and rock weathering—and 

from anthropogenic activities, including mining, 

fossil fuel combustion, and even tobacco smoke 

[ATSDR, 2007]. In addition, this metalloid 

occurs mainly in the form of minerals, which 

favours its accumulation in water bodies, soils 

and rocks, with a global average concentration 

of 1.5 to 5 ppm [Ortega-Guerrero et al., 2009]. 

These figures represent a serious public health 

problem and, at the same time, a significant 

impact on the global economy. However, the 

risk is even greater in agricultural soils, where 

arsenic can be absorbed by crops, becoming a 

route of human exposure through the 

consumption of contaminated food [Huaranga et 

al., 2022]. 

 

Thus, chronic exposure to As and its 

compounds, such as arsenates and arsenites, 

poses a high health risk, as it can interfere with 

various essential cellular processes, including 

protein homeostasis. This alteration promotes 

structural changes in proteins and can lead to the 

inactivation of key metabolic enzymes [Hughes 

et al., 2002]. Furthermore, altered post-

translational modifications compromise 

proteostasis, contributing to the development of 

diseases such as neurodegenerative disorders, 

type II diabetes, and certain types of cancer 

[Hughes et al., 2002]. 

 

 Furthermore, arsenic affects pro-

inflammatory cellular pathways, such as the 

nuclear factor kappa B [NF-κB] pathway and C-

reactive protein secretion, through the activation 

of Rho kinase, which can induce a state of 

chronic inflammation [Druwe et al., 2012]. This 

inflammation can be enhanced by the activation 

of inflammasomes, particularly the AIM2 

inflammasome in keratinocytes. Arsenic 

promotes the activation of caspase-1, which 

leads to the release of proinflammatory 

cytokines such as IL-1β and IL-18, thereby 

intensifying the inflammatory response and 

promoting the development of skin cancer 

[Zhang et al., 2016]. 

 

Thus, chronic exposure to arsenic can 

cause multiple effects at the tissue level, 

compromising various organs composed of 

epithelial tissues and causing systemic 

alterations.  

The most characteristic clinical 

manifestations of arsenic poisoning are usually 

associated with dermatological alterations, 

including hyperpigmentation, palmar-plantar 

hyperkeratosis, and the appearance of skin 

neoplasms. Among these, palmo-plantar 

hyperkeratosis is one of the most relevant, as it 

manifests as abnormal thickening of the stratum 

corneum of the skin, resulting from accumulated 

cellular damage induced by prolonged exposure 

to arsenic. Over time, these lesions can progress 

to squamous cell or basal cell carcinomas, 

supporting the classification of arsenic as a 

human carcinogen [Das et al., 2017]. 
 

In addition, several studies have focused 

on evaluating epithelial integrity through the 

analysis of intercellular junctions, which depend 

on the interaction of different groups of proteins 

associated with cell membranes. These proteins 

are essential for both cohesion between 

epithelial cells and maintenance of the epithelial 

barrier. In this context, tight junctions play an 

essential role, and their main components 

include occludins, claudins, and junctional 

adhesion molecules [JAMs], which regulate 

paracellular permeability.  
 

These transmembrane proteins interact 

with cytoplasmic anchor proteins, mainly those 

belonging to the Zonula Occludens [ZO] family, 

such as ZO-1, ZO-2, and ZO-3. This protein 

complex contributes directly to the stabilisation 

of epithelial membranes. In particular, the ZO-1 

protein has been identified as a key component 

in maintaining the integrity of the epithelial cell 

membrane, as it actively participates in the 

functional organisation of the apical and 

laterobasal domains, which is essential for 

establishing and preserving cell polarity [Umeda 

et al., 2006]. In this regard, intercellular junction 

proteins play a fundamental role in the integrity 

of junction complexes, mediated by specific 

interactions through functional domains, such as 

PDZ domains, which are essential for the 

organisation and maintenance of the epithelial 

barrier. These domains facilitate the anchoring 

of junction proteins to the plasma membrane, 

stabilising their structure and contributing to the 

regulation of paracellular permeability [Fanning 

et al., 2012]. Arsenic has been shown to interfere 

with these key cellular mechanisms, altering 

intercellular junctions and affecting the 

expression of structural proteins such as ZO-1. 

This alteration compromises the integrity of the 

epithelial barrier, weakening it and promoting 

the structural deterioration of epithelial cells 

[Chiocchetti et al., 2019]. 

https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1026-87742009000100012
http://www.scielo.org.pe/pdf/arnal/v29n1/2413-3299-arnal-29-01-99.pdf
http://www.scielo.org.pe/pdf/arnal/v29n1/2413-3299-arnal-29-01-99.pdf
https://pubmed.ncbi.nlm.nih.gov/12076506/
https://pubmed.ncbi.nlm.nih.gov/12076506/
https://pubmed.ncbi.nlm.nih.gov/12076506/
https://pubmed.ncbi.nlm.nih.gov/22521605/
https://doi.org/10.1080/2162402X.2016.1160182
https://pubmed.ncbi.nlm.nih.gov/28115242/
https://doi.org/10.1016/j.cell.2006.06.043
https://doi.org/10.1016/j.cell.2006.06.043
https://pubmed.ncbi.nlm.nih.gov/22190737/
https://pubmed.ncbi.nlm.nih.gov/22190737/
https://pubmed.ncbi.nlm.nih.gov/31313790/
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To address this problem, various study 

models have been developed, among which the 

use of cell lines stands out, with the HaCaT 

[Human Adult Low Calcium Temperature] line 

being particularly relevant. This immortalised 

cell line was established in the late 1980s from 

aneuploid human skin keratinocytes that 

transformed spontaneously [Boukamp et al., 

1988]. This has provided a valuable in vitro 

model for studying the response of the epidermis 

to toxic agents such as arsenites, specifically 

sodium arsenite [NaAsO2], one of the most 

common inorganic forms of arsenic and one that 

is associated with damage to epithelial tissues, 

directly affecting the integrity of cell membranes. 

Several studies have shown that exposure of 

HaCaT cells to sodium arsenite [NaAsO2] 

induces genetic alterations and promotes cell 

differentiation and apoptosis processes, 

establishing a direct relationship between As 

toxicity and the deterioration of epithelial 

membrane integrity [Sun et al., 2006].  

 

Furthermore, it should be noted that 

NaAsO2, due to its high reactivity and ability to 

interact with multiple molecules at specific sites, 

can affect various proteins both structurally and 

functionally, including those with enzymatic and 

structural functions. 
 

Based on the above, this study proposed 

the use of the HaCaT cell line as an in vitro 

model to evaluate the impact of NaAsO2 on the 

integrity of tight junctions, with an emphasis on 

the expression of the ZO-1 protein. This protein, 

by participating in the regulation of cell 

proliferation and the inhibition of uncontrolled 

division, represents a key element in the 

maintenance of epithelial homeostasis. Its 

alteration, induced by toxic compounds such as 

As, may be associated with the development of 

inflammatory diseases and carcinogenic 

processes. Therefore, ZO-1 could be considered 

a relevant biomarker in the evaluation of 

epithelial damage and arsenic-induced 

carcinogenesis. 
 

Methodology 
 

Establishment of HaCaT cell culture 
 

The HaCaT cell line was generously donated by 

Dr. Patricio Gariglio Vidal from the Department 

of Genetics and Molecular Biology at 

CINVESTAV, Zacatenco unit. The cells were 

cultured in 100 mm diameter plastic Petri dishes 

at 37°C with 5% CO2.  

The cells grew in modified Dulbecco's 

Eagle's medium [DMEM] high glucose 

supplemented with 1X antibiotic-antifungal and 

10% foetal bovine serum [FBS]. When the cells 

reached confluence, the culture medium was 

removed and they were suspended with trypsin-

EDTA. They were then cultured again in six-

well multiwell plates for 24 hours and then 

incubated in culture medium treated with 

NaAsO2. 

 

Time-dependent exposure to NaAsO2 in 

HaCaT cells 

 

A time-dependent experiment was conducted to 

evaluate the effects of NaAsO2 on HaCaT cells. 

Cell cultures were seeded in six-well plates and 

stabilised for 24 hours under standard conditions.  
 

They were then treated with NaAsO₂ at a 

concentration of 0.1 μM for different exposure 

times: 6, 12, 24, and 48 hours. DMEM medium 

without supplement was used as a negative 

control, while TNF-α at a concentration of 10 

ng/mL was used as a positive control. At the end 

of the corresponding exposure times, the cells 

were harvested for further analysis. 
 

Exposure to NaAsO₂ under concentration-

dependent conditions in HaCaT cells 
 

Subsequently, concentration-dependent kinetics 

were performed, where the cultures were 

stabilised for 24 hours and treated with different 

concentrations of NaAsO₂ [0.01, 0.1, 0.5, 1 μM] 

for 6 hours. DMEM was used as a negative 

control, and TNF-α at 10 ng/ml was used as a 

positive control. At the end of the treatments, the 

cell cultures were harvested, purified, and 

analysed as described below. 
 

Obtaining and purifying total extracts from 

cell cultures 
 

After removing the culture medium from the 

cells, they were washed with cold 1X phosphate-

buffered saline [PBS], the culture boxes were 

placed on ice, and detergent-free cell lysis buffer 

[H2O grade 1, Tris pH 7.5 100 mM, 300 mM 

sodium chloride, 2 mM 

ethylenediaminetetraacetic acid, 1X Sigma Fast 

protease inhibitor cocktail, 100 mM 

phenylmethylsulfonyl fluoride] was added. The 

cell monolayer was removed with a cold plastic 

harvester and the cell suspension was transferred 

to a cold conical tube. A 20 μl aliquot was 

separated for storage and subsequent protein 

quantification.  

https://pubmed.ncbi.nlm.nih.gov/2450098/
https://pubmed.ncbi.nlm.nih.gov/2450098/
https://pubmed.ncbi.nlm.nih.gov/16600567/
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Detergents [1% Nonidet P-40, 0.5% 

sodium deoxycholate, 0.1% sodium dodecyl 

sulphate] were added to the rest of the 

suspension, which was kept under constant 

agitation at 4°C for 20 minutes and then 

centrifuged at 12,000 rpm at 4°C for 20 minutes.  

 

The supernatant was recovered and 

stored in aliquots at –70°C. One aliquot was used 

for sample processing, to which 1X sample 

buffer [5% sodium dodecyl sulphate, 30% 

glycerol, 5% mercaptoethanol, Tris pH 6.8, 1 M, 

bromophenol blue] was added, homogenised and 

boiled for 5 minutes. The samples were then 

analysed by SDS-PAGE electrophoresis. 

 

Protein quantification by the Bradford 

method 

 

A standard curve of bovine serum albumin [BSA] 

was used as a reference point for quantification. 

A 96 mm multiwell plate was loaded with 20 μL 

of each of the BSA curve dilutions in duplicate. 

Subsequently, 180 μL of Bradford reagent was 

added. Next, the samples were diluted to a 

concentration of 1 μg/μL, and 20 μL of each 

sample was loaded in duplicate with 180 μL of 

Bradford reagent. The reading was performed by 

spectrophotometer at 620 nm with 30 seconds of 

agitation. 

 

Densitometry of relative protein 

concentration 

 

After the proteins of interest were revealed, the 

images of the radiographic slides were captured 

and digitised. Densitometry analysis was 

performed using ImageJ software [NIH, USA] to 

quantify the intensity of the corresponding bands. 

 The values obtained were normalised 

with respect to the loading control [e.g., β-actin 

or GAPDH], which allowed the relative 

expression of each protein to be calculated. 

Subsequently, the results were expressed as a 

relative percentage, considering the negative 

control as 100%. Finally, statistical analyses 

were performed to determine the significance of 

the differences observed between the 

experimental groups. 
 

Statistical analysis 
 

Statistical analyses were performed using 

GraphPad Prism version 8.0 software through a 

one-way ANOVA statistical analysis of variance, 

considering a p value less than 0.05 as 

statistically significant. 

Results 
 

Determination of optimal conditions for 

HaCaT cell culture 
 

To establish HaCaT cell cultures, the culture 

conditions were standardised to ensure adequate, 

reproducible cell growth under controlled 

conditions. The process began with the recovery 

of a cryopreserved vial of HaCaT cells [passage 

P+7, year 2023], preserved in DMEM medium 

supplemented with 10% DMSO. From this vial, 

the first cell passage was performed, obtaining 

cultures with high cell density. After the initial 

passage, it was observed that the cells reached 

approximately 50% confluence at 24 hours and 

around 90% at 48 hours [Figure 1]. Therefore, 

the latter time point was established as the 

optimal time for the application of the 

experimental treatments, since at this point the 

cell monolayer had a homogeneous distribution 

and adequate adhesion to the substrate. This 

protocol was consistently replicated throughout 

the experimental project, which ensured that the 

cells were in comparable conditions when 

receiving the different treatments. 

 

Box 1 
 

 
Figure 1 
HaCaT cell cultures at confluency. The figure on the left 
shows the cell monolayer of the HaCaT cell cultures 24 hours 
after cell passage. The figure on the right shows the cell 
monolayer 48 hours after cell passaging. 

 

Effect of the NaAsO2 in time-dependent 

conditions on the expression levels of ZO-1 in 

HaCaT cells. 
 

The concentrations used in this project were 

obtained from cytotoxicity tests previously 

performed by the working group [data not 

shown], which did not exceed 30 % cell 

mortality. These concentrations were 0.01, 0.1 

and 1 μM NaAsO2. It is worth mentioning that 

the concentrations indicated are lower than those 

reported in the environment such as water bodies 

or soils. Subsequently, the effect of NaAsO2 was 

determined in a time-dependent manner on 

HaCaT cells, using a concentration of 0.1 μM for 

6, 12, 24 and 48 h of exposure [Figure 2].  
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Once the treatments were completed, the 

relative levels of ZO-1 expression in the 

presence of NaAsO2 were analysed. The results 

show that there is a change in ZO-1 expression 

at all exposure times.  

 

However, the expression decreases in a 

statistically significant way at an exposure time 

of 6 and 12 h, with respect to the negative control 

group and the positive control group. However, 

it is noteworthy that, at 24 h exposure time, ZO-

1 expression increased compared to all other 

exposure times, including the positive control. 

Although, the expression levels remained lower 

than those of the control group, ZO-1 expression 

increased at 24 h. 

 

Box 2 
 

 
Figure 2 
Effect of NaAsO2 exposure on ZO-1 expression 

levels.  The graph shows the 0.1µM NaAsO2 treatments 

at 6, 12, 24, 48, 48 h of exposure on the relative levels 

of ZO-1 expression in HaCaT cells. TNF-α at 10 ng/ml 

at 24 h exposure was also used as a positive control. 

Each bar represents the mean ± SD of three independent 

experiments. Corresponding data were analysed by 

densitometry and subsequently by one-way ANNOVA, 

*p < 0.05 vs. control. ZO-1 protein was assessed by 
western blot using antibodies specific for ZO-1 as well 

as for GAPDH which was used as a loading control. 

Membranes were revealed by chemiluminescence using 

luminol solution and an exposure time of 20 min for 

ZO-1 as well as 30 sec for GAPDH.  

 

Effect of NaAsO2 in concentration-dependent 

conditions on ZO-1 expression levels in 

HaCaT cells. 

 

Considering the previous results, which 

statistically significantly highlight the effect of 

NaAsO2 during 6 and 12 hours of exposure as 

one of the most relevant results of the analysis, 

it was decided to evaluate the effect of NaAsO2 

in a concentration-dependent manner during 6 

hours of exposure.  

Therefore, concentrations of 0.01, 0.1, 

0.5, and 1 μM were used for the treatments 

[Figure 3]. Once the treatments were completed, 

the relative levels of ZO-1 expression were 

analysed in comparison with untreated cells. The 

results showed a general decrease in ZO-1 

expression in all groups exposed to NaAsO2. 

However, this reduction was statistically 

significant only in cells treated with 

concentrations of 0.1 and 0.5 µM for 6 hours 

compared to the control group. 

 

On the other hand, when the 

concentration was increased to 1 µM, a slight 

increase in ZO-1 expression was observed 

compared to the lower concentrations [0.1 and 

0.5 µM], although the levels remained below the 

control. These results indicate that ZO-1 

expression does not follow a linear relationship 

dependent on NaAsO2 concentration, suggesting 

that the protein response varies according to the 

dose to which the cells are exposed. 

 

Box 3 
 

 
Figure 3 
Effect of NaAsO2 exposure under concentration-

dependent conditions on ZO-1 expression levels..  In 

the graph we can observe the treatments at 0.01, 0.1, 

0.5, 1 µM NaAsO2 at 6 h of exposure on the relative 

levels of ZO-1 expression in HaCaT cells. TNF-α at 10 

ng/ml at 24 h exposure was also used as a positive 

control. Each bar represents the mean ± SD of three 
independent experiments. Corresponding data were 

analysed by densitometry and subsequently by one-way 

ANNOVA, *p < 0.05 vs. control.  ZO-1 protein was 

assessed by western blot using antibodies specific for 

ZO-1 as well as for GAPDH which was used as a 

loading control. Membranes were revealed by 

chemiluminescence using a luminol solution and an 

exposure time of 20 min for ZO-1 as well as 30 sec for 

GAPDH. 
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Discussion 

 

Exposure to inorganic forms of arsenic, such as 

sodium arsenite [NaAsO2], has been widely 

documented due to its cytotoxic effects on 

tissues. The literature reports that NaAsO2 can 

interact with various protein structures, both in 

proteins with enzymatic activity and in those of 

a structural nature, including the proteins that 

make up tight junctions.  

 

These proteins play a crucial role in 

maintaining epithelial integrity, as they regulate 

cell permeability, establish cell polarity, and 

interact with other types of intercellular 

junctions [Calderón et al., 2015]. It is important 

to note that, regardless of whether cellular 

interactions occur between cells of the same 

lineage or different lineages, they are 

fundamental to the collective and coordinated 

functioning of epithelial tissues [Valentich et al., 

2012].  

 

When tight junction proteins interact 

with sodium arsenite [NaAsO2], their structural 

conformation can be altered, compromising the 

integrity of both cell membranes and 

intercellular junctions. 

 

A notable example is the protein ZO-1, a 

multidomain scaffolding protein that actively 

participates in the formation and maintenance of 

tight junctions by bringing together 

transmembrane proteins and cytoskeletal 

proteins 

[LinHuo et al., 2011]. Therefore, the functional 

integrity of ZO-1 is essential for maintaining 

epithelial structure and function. 

 

On the other hand, chronic exposure to 

NaAsO2 represents a public health problem in 

Mexico, because the concentrations of arsenic 

found in natural sources, such as bodies of water 

in several states of the country, exceed the limits 

considered safe by the United States 

Environmental Protection Agency [EPA]. This 

agency establishes a maximum permissible limit 

of 10 µg/L [0.13 µM] for arsenic in drinking 

water [Armienta et al., 2008].  

 

Consequently, for the present study, 

NaAsO2 concentrations between 0.1 and 1 µM 

were selected, which do not exceed the 

maximum limit allowed by the World Health 

Organisation [WHO] for cytotoxicity.  

 

It is important to note that these 

concentrations are lower than those reported in 

some regions of Mexico, such as Durango and 

Hidalgo, where higher levels of arsenic have 

been detected in drinking water [Mejía-

González et al., 2014]. 

 

On the other hand, chronic exposure to 

arsenic can affect multiple body systems, 

including the immune, nervous, cardiovascular, 

reproductive, and respiratory systems. In 

addition, it has been associated with 

carcinogenesis processes in epithelial tissues.  

 

For example, in vitro studies conducted 

by Yang et al. [2021] reported that at 

concentrations below 10 µM, sodium arsenite 

[NaAsO2] can act as a co-carcinogenic agent by 

activating various signalling pathways, inducing 

transcription factors, and modifying gene 

expression related to cell growth and 

proliferation [Yang et al., 2021].  

 

However, the carcinogenic processes 

linked to chronic exposure of NaAsO2 on the 

skin are closely related to the inflammatory 

response, as well as to oedematous and 

hyperpigmentation phenomena. These events 

contribute to the disruption of epithelial tissue 

and may be associated with the deterioration of 

intercellular junction complexes, compromising 

the integrity and functionality of the affected 

tissue [Huang et al., 2019]. 

 

In this project, it was observed that 

exposure to NaAsO2 at a concentration of 0.1 

µM decreases the expression of the ZO-1 protein.  

 

This finding is consistent with the study 

conducted by Shi et al. in 2023, which evaluated 

the effect of NaAsO2 on intestinal permeability 

integrity in Cyprinus carpio and its relationship 

with intestinal epithelial dysfunction. In that 

study, it was demonstrated that arsenic treatment 

caused a decrease in both protein expression 

levels and ZO-1 gene expression.  

 

These results suggest that exposure to 

arsenic impairs the structural integrity of 

intestinal tissue by affecting cell membranes and 

reducing the expression of key tight junction 

proteins [Shi et al., 2023].  

 

 

 

 

https://doi.org/10.3390/ijms160510703
https://doi.org/10.1152/ajpcell.00478.2011
https://doi.org/10.1152/ajpcell.00478.2011
https://doi.org/10.1242/jcs.078386
https://doi.org/10.1007/s10653-008-9161-1
https://www.scielo.org.mx/pdf/tca/v5n1/v5n1a5.pdf
https://www.scielo.org.mx/pdf/tca/v5n1/v5n1a5.pdf
https://doi.org/10.1016/j.toxlet.2021.08.003
https://doi.org/10.1016/j.toxlet.2021.08.003
https://doi.org/10.3390/ijerph16152746
https://pubmed.ncbi.nlm.nih.gov/37168116/
https://pubmed.ncbi.nlm.nih.gov/37168116/
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Similarly, in vitro studies conducted on 

CaCo-2 cell cultures exposed to As-III produced 

a change in the morphology of the epithelial 

layers through the disassembly of tight junctions, 

mainly affecting ZO-1 and CLDN-1, causing an 

increase in paracellular permeability and leading 

to a loss of intestinal barrier function that could 

potentially trigger an intestinal inflammatory 

process. -1 and CLDN-1, causing an increase in 

paracellular permeability and a loss of intestinal 

barrier function, which could potentially trigger 

an intestinal inflammatory process closely 

related to chronic exposure to As-III 

[Chiocchetti et al., 2019]. 

 

In addition, Sherwood et al. [2013] 

evaluated the effects of NaAsO2 after five days 

of exposure to environmentally relevant levels 

[<4 µM] on the function and structure of the 

epithelial barrier in the airways. Cells treated 

with NaAsO2 showed altered patterns in the 

localisation of tight junction transmembrane 

proteins, such as claudins and occludins, at cell-

cell contact points, compared to untreated 

controls. A significant loss in the function and 

structure of epithelial membranes was observed, 

accompanied by a reorganisation of a subset of 

transmembrane proteins that make up tight 

junctions [Sherwood et al., 2013].  

 

These findings complement our previous 

results, which demonstrate that exposure to 

NaAsO2 at concentrations lower than those 

commonly reported in the environment [0.1 µM] 

and for relatively short exposure times [6 hours] 

can alter both the function and structure of the 

proteins that constitute the epithelial barrier. 

 

However, other authors have reported 

that exposure to arsenic can activate the AIM2 

inflammasome in HaCaT human keratinocyte 

cells, which affects intercellular junctions, 

promotes the development of skin lesions, and 

increases the risk of skin cancer [Zhang et al., 

2016]. However, it cannot be ruled out that some 

of the alterations induced by arsenic in the ZO-1 

protein are related to metabolic alteration or 

oxidative stress, as mentioned in various studies. 

This is because the interaction of arsenic with 

amino acids, such as cysteine [Cys], could be 

directly involved in the loss of epithelial 

integrity by inducing conformational changes in 

the protein structure of ZO-1 [Fanning et al., 

2012].  

 

 

Specifically, these effects would occur in 

the ZU5 domain [Figure 4], a versatile protein-

protein interaction module that has multiple 

binding surfaces, allowing it to interact with 

various proteins in different ways. 

 

Box 4 
 

 
Figure 4 
ZU5 domain of ZO-1 protein.  The figure shows the 

primary sequence of the ZU5 domain in red. On this 

primary sequence, the folds can be distinguished, 

forming a secondary structure represented in purple 

tones. The β-splines are represented in the form of a 

date, the violet spiral represents the α-helix folding, the 
β symbol represents the beta turns, the γ symbol 

represents the gamma turns. Likewise, in red we can 

appreciate the location of the beta hairpin. On the other 

hand, at the bottom right we can see the three-

dimensional structure of the ZU5 domain [image taken 

from EMBL-EBI 2025]. 

Furthermore, the structure of the ZU5 

domain is composed of multiple cysteine [Cys] 

residues, suggesting that As could modify the 

conformation of ZO-1 through direct protein-As 

interaction in this domain. This interaction could 

alter the three-dimensional structure of the ZU5 

domain, inhibiting its ability to interact with other 

proteins that are key to maintaining the integrity 

of the epithelial membrane. 

 

Taken together, our observations suggest 

that, even at exposure levels below 

environmentally relevant concentrations, NaAsO2 

can alter ZO-1 expression in human keratinocytes 

through post-translational modifications. These 

alterations compromise the integrity of epithelial 

membranes and could contribute to the 

development of skin conditions, including 

melanomas. 

 

Conclusions 

 

As previously mentioned, arsenic [As] is a 

metalloid that is often found in nature combined 

with other minerals and has very specific 

interactions with certain molecules, such as 

phosphorus.  

https://pubmed.ncbi.nlm.nih.gov/31313790/
https://pubmed.ncbi.nlm.nih.gov/24349408/
https://pubmed.ncbi.nlm.nih.gov/24349408/
https://doi.org/10.1080/2162402X.2016.1160182
https://doi.org/10.1080/2162402X.2016.1160182
https://pubmed.ncbi.nlm.nih.gov/22190737/
https://pubmed.ncbi.nlm.nih.gov/22190737/


8 

Journal Simulation and Laboratory                                                                12[31]1-10: e11231110 

Article 

 

 ISSN: 2410-3462 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

García-Rodríguez, Fabiola, Minjarez, Benito, Albores, Arnulfo and 

Rodríguez-Yáñez, Yury. [2025].  Effect of sodium arsenite exposure on 

intercellular junction proteins of HaCaT cells. Journal Simulation and 

Laboratory. 12[31]1-10: e11231110. 

https://doi.org/10.35429/JSL.2025.12.31.1.1.10 

Various studies have shown that 

exposure to arsenic poses a significant risk to 

human health, the environment, and the 

economy [ATSDR, 2007]. 

 

 Arsenic poisoning can occur through 

different routes, including dermal absorption, 

inhalation and, mainly, through the ingestion of 

contaminated water from sources with high 

concentrations of this metalloid. This exposure 

favours the involvement of multiple tissues, 

including cardiac, intestinal, alveolar and 

epithelial tissues, among others. At the cellular 

level, arsenic can trigger metabolic activation 

processes that lead to lipid peroxidation and DNA 

damage, mechanisms that contribute to the 

potentiation of tumorigenic processes, as in the 

case of epithelial carcinomas [Agudo-Mena et al., 

2018].  
 

This has led to the need to guide various 

research groups towards studying the effects of 

arsenic in its most common forms in contaminated 

areas, such as sodium arsenite [NaAsO2], and its 

impact on tissues, with a particular focus on the 

skin due to the conditions it causes, such as 

keratosis and changes in pigmentation. 

 

In this context, the use of experimental 

models, such as human epithelial cell lines, for 

example, HaCaT cells, allows the development of 

strategies to study epithelial integrity at the 

biochemical and molecular level, in conjunction 

with intercellular junctions [Wilson et al., 2013]. 

Furthermore, having a model that preserves stable 

genetic and growth characteristics enables the in 

vitro reconstruction of various metabolic and 

cellular processes. 

 

This is essential for evaluating the dose- 

and time-dependent cytotoxicity caused by 

NaAsO2, specifically in the expression of 

intercellular junction proteins such as ZO-1 in 

HaCaT cell cultures, as proposed in the present 

study. This provides a broader view of the 

spectrum of initial genetic events that occur in 

tissues exposed to this toxic compound. 

 

The results obtained so far have allowed 

us to evaluate the effect of NaAsO2 on the 

expression of the intercellular junction protein 

ZO-1. It was demonstrated that exposure to 

NaAsO2 at a concentration of 0.1 µM significantly 

reduces ZO-1 expression levels in HaCaT cells, 

evidencing the reactivity of this compound on the 

proteins that make up intercellular junctions, 

particularly in epithelial tissues. 

Likewise, it was observed that the effect 

of NaAsO2 does not follow a linear relationship 

dependent on time or concentration, since longer 

exposure times or higher concentrations do not 

necessarily increase the loss of ZO-1 expression 

in HaCaT cells. 

 

Furthermore, we consider that the 

decrease in ZO-1 expression directly affects the 

integrity of cell membranes due to its extensive 

interaction with other proteins and components of 

tight junctions. These alterations could be 

mediated by the interaction of NaAsO2 with 

cysteine residues, which induces a conformational 

change in the ZU5 domain of ZO-1, modifying its 

structure and compromising its ability to interact 

with other junctional proteins, thus affecting the 

integrity of the epithelial membrane. 

 

Furthermore, these findings highlight the 

importance of studying the interaction of NaAsO₂ 

with intercellular junction proteins, given its 

possible involvement in the development of 

pathological processes induced by environmental 

toxic agents. Based on the results obtained, we 

propose the establishment of an in vitro model 

focused exclusively on evaluating the impact of 

NaAsO₂ on ZO-1 expression in HaCaT cells. In 

this regard, we consider it necessary to broaden 

the experimental approach in future work in order 

to comprehensively understand the cellular 

mechanisms involved in the response to NaAsO2 

exposure. 
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Abstract  

  
The use of biofertilizers such as vermicompost has been promoted as 

a sustainable alternative to improve agricultural productivity and soil 

health. However, their influence on the genetic regulation of 

physiological processes, such as photosynthesis, is not yet fully 

understood. This study aimed to analyse the expression of the PsbS, 

D1, and Vde genes in maize, which are involved in photoprotection 

and the functioning of photosystem II, in response to the application 

of vermicompost in parental crops. The seeds used were obtained 

from ears of crops grown with and without 10T vermicompost from 

four regions of Jalisco. Gene expression was analysed by RT-PCR 

in young leaves of seedlings. The results showed that by improving 

nutrient availability during seed development, the physiological state 

of the plant had a differential impact on the expression of these genes. 

 

 
Vermicompost, photoprotection, differential 

expression 

Resumen 

 
El uso de biofertilizantes como la vermicomposta ha sido promovido 

como una alternativa sustentable para mejorar la productividad agrícola 

y la salud del suelo. Sin embargo, su influencia en la regulación genética 

de procesos fisiológicos, como la fotosíntesis, aún no está completamente 

comprendida. Este estudio tiene como objetivo analizar la expresión de 

los genes PsbS, D1 y Vde en maíz, los cuales están involucrados en la 

fotoprotección y el funcionamiento del fotosistema II, en respuesta a la 

aplicación de vermicomposta en cultivos parentales. Las semillas 

utilizadas fueron obtenidas a partir de mazorcas provenientes de cultivos 

crecidos sin y con 10T vermicomposta de cuatro zonas de Jalisco. La 

expresión génica se analizó mediante RT-PCR en hojas jóvenes de 

plántulas. Los resultados evidenciaron que al mejorar la disponibilidad 

de nutrientes en el desarrollo de semillas, el estado fisiológico de la planta 

presentó un impacto diferencial en la expresión de estos genes. 

 

 
Vermicomposta, fotoprotección, expresión 
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Introduction 

 

Corn [Zea mays L.] has been considered an 

important crop worldwide [López et al., 2012]. 

Different studies have reported the benefits of 

using organic fertilization in crop development, 

for example Landorfa-Svalbe, Vikmane, and 

Ievinsh [2022] reports that the use of 

vermicompost, a fertilizer whose origin 

corresponds to the decomposition of organic 

waste by earthworms, is useful in improving the 

soil that benefits the growth of corn crops. 

Vermicompost as an organic fertilizer in soil 

contributes nutrients for the plant, as well as 

bioactive substances that promote growth, 

improving crop productivity. In corn, it has been 

reported that its application increases stress 

tolerance and reduces the absorption of heavy 

metals [Landorfa-Svalbe, Vikmane, & Ievinsh, 

2022]. 

 

 In previous reports, our group has 

reported the effect of different doses of 

vermicompost in relation to the susceptibility 

and physiology of corn in response to infection 

by Ustilago maydis, where the dose and response 

have a significant correlation [Méndez-Morán et 

al., 2019]. 

 

García and collaborators [2024] had 

reported that the application of vermicompost 

involves the interaction of the plant with 

microorganisms, in his work with tomato, the 

presence of microorganisms derived from 

vermicompost caused the overexpression of 

nutrient transport genes, for example nitrate 

transporters, as well as other defence response 

genes in the plant, which suggests that organic 

fertilizers not only improve plant nutrition, but 

can also activate molecular pathways of stress 

response in the plant [Garcia et al., 2024]. 

 

Recent studies have shown that 

vermicompost application can alter plant 

physiology, improving photosynthesis [Mendez-

Moran et al., 2019].  

 

Mendez [2017] in her review, highlights 

that plants under stress conditions, their 

photosynthetic capacity and tolerance to light 

stress depend on highly regulated 

photoprotective mechanisms. And mentions that 

excessive light intensity in the leaves results in 

the activation of dissipation processes in order to 

avoid photo-oxidative damage and dissipate 

excess light energy as heat.  

The Non-photochemical quenching of 

chlorophyll fluorescence [NPQ] is a process that 

involves certain proteins located in the 

thylakoids of the chloroplast, among these the 

proteins D1 [also known as PsbA], PsbS and 

Vde stand out, whose function is directly 

involved in energy dissipation and repair 

mechanisms of photosystem II, which are 

essential for photosynthetic efficiency, 

especially under conditions of stress or 

environmental variability [Li et al., 2002; 

Yamamoto et al., 2013].   

 

The PsbS gene encodes a protein 

essential for non-photochemical scavenging 

[NPQ] [Li et al., 2002]. The Vde gene 

participates in the xanthophyll cycle, which 

converts violaxanthin into zeaxanthin, a key 

pigment in photoprotection [Demmig-Adams & 

Adams, 1996]. The D1 protein, encoded by the 

PsbA gene [sometimes referred to simply as the 

D1 gene]. D1 forms the core of the PSII reaction 

center together with the D2 protein, participating 

in the tethering of redox cofactors and electron 

transport [Huo et al., 2016]. 

 

Mendez [2017] mentions the process of 

protection of the photosynthetic apparatus, 

where the levels of PsbS in PSII and zeaxanthin 

correlate with a greater capacity of NPQ, and 

that when the light intensity suddenly decreases, 

NPQ is slowly deactivated and zeaxanthin is 

reconverted to violaxanthin by the action of ZEP 

[zeaxanthin epoxidase], causing a temporary 

loss in photosynthetic efficiency until the 

photoprotection mechanism returns to its basal 

state. In this regard, the participation of PsbS and 

the enzymes of the xanthophyll cycle in 

photoprotection, through genetic manipulation 

in tobacco, report significant changes in the 

kinetics of NPQ, improving photosynthetic 

performance under fluctuating light conditions 

[Mendez, 2017]. 

 

In the oxidative process, photolysis of 

water in PSII, D1 is especially susceptible to 

photodamage, due to this it suffers degradation 

in response to excessive light stress [Huo et al., 

2016]. Plants have a PSII repair cycle, during 

this process, damaged D1 subunits are degraded 

by specific proteases, inducing the synthesis of 

new D1 proteins to maintain the functionality of 

the photosystem and thus evade the damage 

caused, a determining process in tolerance to 

photoinhibition.  

 

https://biotecnia.unison.mx/index.php/biotecnia/article/view/123/116
https://doi.org/10.3390/agriculture12122098
https://doi.org/10.3390/agriculture12122098
https://doi.org/10.3390/agriculture12122098
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://doi.org/10.1038/s41598-024-71792-7
https://doi.org/10.1038/s41598-024-71792-7
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
http://www.redalyc.org/articulo.oa?id=86351157001
https://www.pnas.org/doi/full/10.1073/pnas.232447699
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://www.pnas.org/doi/full/10.1073/pnas.232447699
https://doi.org/10.1016/S1360-1385(96)80019-7
https://doi.org/10.1016/S1360-1385(96)80019-7
https://doi.org/10.3389/fpls.2015.01223
http://www.redalyc.org/articulo.oa?id=86351157001
http://www.redalyc.org/articulo.oa?id=86351157001
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
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These results were verified by increasing 

the dose of PsbA in transgenic plants, which 

showed greater resistance to oxidative stress; 

overexpression of the PsbA gene from maize in 

tobacco plants presented a high content of D1 

protein, improving tolerance to drought and 

atmospheric pollutants [Huo et al., 2016]. 

 

 This reinforces the importance of 

maintaining adequate levels of D1 for 

photosynthetic stability under adverse 

conditions. The expression of photosynthetic 

and photoprotection genes in maize can vary 

substantially in response to both environmental 

factors and/or agronomic treatments.  

 

Transcriptome analysis has revealed that 

water stress, for example, induces changes in the 

expression of genes related to photosynthesis 

and photoprotection [Huo et al., 2016]. 

 

Sustainable agriculture requires approaches that 

increase productivity without compromising soil 

health or the environment. Vermicompost has 

been shown to improve soil physicochemical 

properties, nutrient availability, and beneficial 

microbiological activity [Gutiérrez-Miceli et al., 

2007]. However, its impact at the molecular 

level on key photosynthetic processes, such as 

photoprotection and the stability of photosystem 

II, has not yet been sufficiently studied in crops 

such as corn [Zea mays L.], one of the most 

important cereals globally. Previous studies have 

suggested that nutrient availability and compost-

induced microbial activity can alter the 

expression of the Psbs, D1 and Vde genes, 

thereby modulating abiotic stress tolerance [Hou 

et al., 2016].  

 

However, there is little evidence in the 

literature specifically addressing the response of 

these genes in maize derived from seeds 

obtained from vermicompost-treated crops and 

subsequently germinated under controlled 

conditions. Studying the expression of PsbS, D1 

and Vde genes can provide evidence of how 

agroecological practices can impact not only 

crop yield but also the physiological resilience of 

crops. Considering that vermicompost improves 

nutrition and can induce defence responses at the 

molecular level, the hypothesis arises that its use 

in the parental corn crop could generate heritable 

or conditioning changes in the expression of 

photosynthetic genes in the next generation [via 

seeds], which underpins the main objective of 

this work. 

 

Methodology 

 

In this study, the differential expression of PsbS, 

D1 and Vde genes was analysed in Zea mays 

seedlings germinated from seeds collected from 

crops grown with 10 tons per hectare of 

vermicompost from four agricultural regions of 

Jalisco, Mexico: La Barca, Zapopan, Cañadas de 

Obregón and La Huerta. 

 

Seed and plants growths 

 

The seeds used were obtained from corn crops 

grown with 10 T/Ha of vermicompost from 4 

different climatic locations in Jalisco: Zapopan 

[15 °C Min and 28 °C Max], Cañadas de 

Obregon [6.2 °C Min and 32.1 °C Max], La 

Barca [10.5 °C Min and 29.6 °C Max] and La 

Huerta [17.8 °C Min and 32.8 °C Max]. Six 

seeds from each zone were used. 

 

 The seeds were grown in a substrate 

mixture: combinations of peat moss and 

vermiculite in a ratio of 4:1 v/v. The plants were 

watered every third day with tap water without 

fertilization. The experiment was for one month. 

From each plant, samples of young leaves were 

collected 20 days after germination for genetic 

analysis.  

 

RNA isolation 

 

Leaf samples were macerated with liquid 

nitrogen and pulverized for RNA extraction. 

Total RNA isolation was performed using the 

Promega SV Total RNA Isolation System. RNA 

integrity was analysed by 1% agarose gel 

electrophoresis and quantified by 260 nm UV 

spectrophotometry.  

 

Sequence Analysis and Oligonucleotide Design 

 

Oligonucleotides were designed based on 

sequence analysis found in the NCBI database. 

The information of genes sequences are listed 

under the next IDs: For Vde, NM_001154284.2, 

PsbS, NM_001111758.2, and D1, 

NC_001666.2:89-1150. Primer3plus was used 

for primer design; the oligonucleotide data are 

shown in Table 1. 

 

 

 

 

 

 

 

https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
https://www.sciencedirect.com/science/article/abs/pii/S0960852406000605?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0960852406000605?via%3Dihub
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
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Box 1 

Table 1 

Oligonucleotids used for Vde, PsbS and D1 

genes PCR amplification. 
Gene Oligonucleotid-L Oligonucleotid-R 

VDE AGAGCTGCAAA

GAGCGTAGG 

AGCTTCCTCAA

CGGTAGTGC 
PSBS GCTACAGGCAC

TCCAAGTCC 

AATGGCCTCTC

CCAAGTAGCG 

D1 TACTTCTGCGGC

CATAGGGT 

TGTTGTGCTCTG

CCTGGAAT 
 

 

 

RT-PCR Amplification 

 

cDNA synthesis was carried out using 5 µg of 

total RNA, and the GoScript Reverse 

Transcription System [Promega], using oligo dT 

[to get mRNA]. Once the cDNA was obtained, 

the PCR reaction was prepared. For this purpose, 

>250 ng of cDNA was taken, for PCR reaction 

the PCR Master Mix from Promega was used.  
 

For amplification, the following 

conditions were used: for each oligonucleotide 

pair: one cycle at 94 °C, 3 minutes; 35 cycles 

with a denaturation temperature of 94 °C for 30 

s, the corresponding annealing temperature for 

each gene [Table 1] for 30 s and a final 

temperature of 72 °C for 30 to 45 s, followed by 

a final extension at 72 °C for 10 min. The PCR 

products were analysed on 1.5% agarose gels run 

in TAE 1X. 
 

Experimental strategy 
 

Based on the above, the present work evaluated 

the differential expression of the PsbS, D1 and 

Vde genes in maize seedlings obtained from 

seeds from crops treated with vermicompost 

[ST+V], compared to seeds from crops without 

vermicompost [ST-V]. The agricultural 

treatment of the crops from which the seeds were 

obtained consisted of the application of 10 tons 

per hectare of vermicompost in four locations in 

the state of Jalisco, Mexico [La Barca, Zapopan, 

Cañadas de Obregón and La Huerta], while the 

corresponding controls in the same regions did 

not receive vermicompost as control. Seeds were 

collected from the harvest at each site and stored 

at -70 °C. Seeds were taken from each treatment 

and location and germinated under controlled 

conditions. Seedlings were established in pots 

with a sterile mixture of peat moss and 

vermiculite [5:1], without additional fertilizer, 

and grown in the same greenhouse environment 

[Zapopan] to eliminate environmental variability 

at this stage. 

 At the seedling stage [true leaves 

emerged], leaf tissue was collected and the 

expression of the PsbS, D1 and Vde genes was 

analysed using qualitative RT-PCR [end-point].  

 

The results were compared between 

seedlings derived from seeds of plants treated 

with vermicompost [ST+V] and those derived 

from the control without vermicompost [ST-V]. 

 

 Results 

 

Overall, the gene expression profile in maize 

seedlings from ST+V seeds versus the ST-V 

control was characterized by lower Vde 

expression, higher PsbS expression, and no 

significant changes in D1 expression. These 

three molecular traits were consistently present 

across the different sampled regions, suggesting 

a species-related response to vermicompost 

treatment rather than an effect of specific 

environmental conditions. The results indicate 

that seeds from crops with organic fertilization 

[vermicompost] produced seedlings with 

modifications in the expression of genes linked 

to photoprotection, compared to seeds from 

control crops. This is related to a possible 

maternal or epigenetic influence in response to 

agronomic management, or to differences in 

seed physiological quality [e.g., nutrient content, 

phytohormones, or seed surface microbiome] 

that affect the initial genetic programming of the 

seedling [data not shown]. 

 

Parental effect of vermicompost application on 

PsbS gene expression 

 

The PsbS gene showed overexpression in 

seedlings originating from seeds of crops treated 

with vermicompost [ST+V], compared to those 

from seeds obtained from control crops [ST-V].  

 

The RT-PCR products in the 

electrophoretic shift showed the presence of 

more intense bands for PsbS in samples of 

seedlings from ST+V seeds, compared to those 

of the ST-V control [Figure 1a]. This indicates a 

higher level of PsbS transcription associated 

with the parental organic treatment, being 

similar in the four locations analysed, suggesting 

that it was not a random effect of a single 

population but a general response of maize under 

vermicompost conditions. The increased 

expression of PsbS implies a greater 

photoprotection capacity [NPQ] from early 

stages, since PsbS is a limiting factor for energy 

dissipation by NPQ [Mendez, 2017]. 

http://www.redalyc.org/articulo.oa?id=86351157001
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The overexpression of the 

photoprotective gene PsbS in seedlings 

associated with vermicompost suggests that 

seeds may have an enhanced capacity to 

maintain a better ability to handle light and avoid 

photo-oxidative damage. The results obtained 

suggest an improved photosynthetic response of 

the plant, this in response to the application of 

vermicompost, since its application has been 

reported to increase chlorophyll concentration 

and photosynthetic performance in corn 

[Landorfa-Svalbe, Vikmane, & Ievinsh, 2022].  

 

Additionally, an influence on the 

response of the overexpression of the PsbS gene 

could be reflected in the relationship of nutrients 

present in the vermicompost, since it has been 

reported that the combination of available 

nutrients, iron and micronutrients in the 

vermicompost improves the biosynthesis of 

carotenoids and chlorophylls, which could 

require a coordinated adjustment of the NPQ to 

balance the absorption and dissipation of energy 

[Yamamoto et al., 2013]. A possible explanation 

for this result is the possibility of an increase in 

hormonal signals influenced in the plant by the 

application of organic fertilizer [Arancon et al., 

2006]. Therefore, we can say that the application 

of vermicompost to mother plants triggered 

certain signals [hormonal, nutritional, or mild 

stress] that led to specific epigenetic marks on 

the PsbS and Vde genes during seed formation. 

 

 For example, there is the possibility of 

changes in promoter methylation or in the 

chromatin of these loci, resulting in greater 

transcriptional accessibility of PsbS and lesser 

Vde in the embryo, conditions that could be 

maintained upon germination. Previous research 

supports this hypothesis, as an epigenetic 

memory to stress has been reported in seeds in 

plants exposed to certain stimuli, conferring 

altered expression of defence genes to the 

resulting seedlings [Johnson & Puthur, 2021].   

 

Some studies suggest that the presence of 

beneficial microbes [PGPR bacteria and 

mycorrhizal fungi] favors the accumulation of 

transcripts related to photoprotection and light 

stress [Lazcano & Domínguez, 2011].   

 

Overexpression of PsbS is consistent 

with studies showing that its induction favors the 

protection of photosystem II under fluctuating 

light conditions and moderate stress, which in 

this case could be associated with more efficient 

regulation of light energy [Li et al., 2000]. 

The fact that PsbS overexpression 

occurred in seedlings germinated under uniform 

conditions, without fertilizers, supports the 

hypothesis of a transgenerational memory or 

epigenetic effect induced by the parental 

environment, in this case the effect of 

vermicompost application in the parental crop 

from which the seeds for this work were 

obtained. Although there is no direct evidence 

that vermicompost induces epigenetic 

modifications in Zea mays, in Arabidopsis, it is 

known that various environmental stimuli—

such as stress, nutrients, or bioinputs—can 

trigger changes in DNA methylation or histone 

modifications that persist in the offspring 

[Boyko et al., 2010].  

 

Therefore, it could be said that the effect 

of vermicompost on seed generation determines 

an improvement in the photoprotection 

mechanisms in the plant during the 

photosynthetic process, whose effect will 

provide better development and response of the 

plant to light stress. 

Box 2 

 

 
Figure 1 

PCR products of PsbS, Vde and D1 genes 

amplification. [-] Zea mays seedlings 

germinated from seeds collected from crops 

grown without vermicompost as ST-V; [+] 

Zea mays seedlings germinated from seeds 

collected from crops grown with 10 tons per 

hectare of vermicompost as ST+V. Four 

agricultural regions from Jalisco, Mexico, 

were considered: La Barca, Zapopan, Cañadas 

de Obregón, and La Huerta. 

       

https://doi.org/10.3390/agriculture12122098
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://www.sciencedirect.com/science/article/abs/pii/S1164556306000379?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1164556306000379?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0981942821001017?via%3Dihub
https://www.researchgate.net/publication/255687441_The_use_of_vermicompost_in_sustainable_agriculture_impact_on_plant_growth_and_soil_fertility
https://www.nature.com/articles/35000131
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
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Vde gene expression 

 

Maize seedlings grown from ST+V seeds 

exhibited lower Vde gene expression compared 

to seedlings grown from control ST-V crops.  

 

This tendency toward Vde repression was 

consistently observed across all four locations 

evaluated. That is, regardless of the geographic 

area [La Barca, Zapopan, Cañadas de Obregón, 

or La Huerta], maize progeny [ST+V] grown 

with vermicompost showed reduced levels of 

Vde transcript at the seedling level compared to 

progeny from untreated parents [ST-V]. 

 It is noteworthy that the technique used 

[qualitative RT-PCR on agarose gel] allowed the 

detection of the presence/absence of Vde PCR 

products and suggested differences in band 

intensity. In all cases, the Vde gel bands in 

seedlings grown from ST+V were fainter than 

those in seedlings grown with ST-V or control 

crops, indicating lower accumulation of this 

mRNA.  

 

This suggests that vermicompost 

application in the parental crop resulted in an 

inherited or induced down-regulation of 

violaxanthin de-epoxidase gene expression in 

the next generation. 

 

The Vde gene encodes violaxanthin de-

epoxidase, an enzyme in the xanthophyll cycle 

that converts violaxanthin to zeaxanthin. This 

process is essential for dissipating excess light 

energy and reducing the generation of reactive 

oxygen species under high irradiance 

[Yamamoto, 1979]. 

 

In the present study, a significant 

suppression of Vde expression was observed in 

all seedlings from seeds [ST+V] in 

vermicompost-treated plots [Figure 1b]. This 

result is particularly interesting since it contrasts 

with the overexpression pattern observed in 

PsbS. The repression of its expression may be 

due to the lower need for non-photochemical 

dissipation through the xanthophyll cycle due to 

a less stressed physiological state in the seedling, 

possibly as a result of a differential accumulation 

of reserves and phytohormones in the seed 

[Arancon et al., 2006; Johnson, & Puthur, 2021]. 

 

The application of vermicompost to the 

parental crop may have improved antioxidant 

balance by decreasing the oxidative signalling 

that normally stimulates Vde transcription.  

Some studies suggest that high 

concentrations of certain micronutrients or 

hormonal changes may reduce Vde expression 

and promote alternative energy dissipation 

pathways [Li et al., 2013].  

 

The decrease in Vde expression could, 

under certain field conditions, limit the capacity 

for rapid response to episodes of high light; 

however, in the present experiment with 

moderate environmental conditions, no adverse 

phenotypic effects were observed. 

 

Therefore, repression of the Vde gene 

could reflect a reduced need for non-

photochemical energy dissipation mechanisms 

due to a lower perception of oxidative stress in 

seedlings, given that vermicompost could 

improve the redox balance of plant tissues. It 

could also be due to seed-mediated hormonal 

changes [Zhu, 2002]. 

 

D1 gene expression 

 

Unlike Vde and PsbS, the expression of the D1 

gene [or PsbA, encoded in the chloroplast] did 

not show notable differences between seedlings 

from ST+V seeds and ST-V or control seeds. In 

qualitative RT-PCR assays, D1 PCR products, 

the bands in gel appeared with comparable 

intensities in both groups of plants, indicating 

that the psbA/D1 mRNA level remained 

relatively constant regardless of the organic 

fertilization treatment applied in the parental 

generation.  

 

This result suggests that the basal state of 

D1 expression in seedlings was not altered by 

vermicompost, or that any subtle variations fell 

beyond the detection threshold of the qualitative 

technique. Since D1 is essential and abundantly 

expressed under all conditions [due to its role in 

the photosynthetic reaction center], it is possible 

that its expression is tightly regulated and does 

not readily respond to moderate environmental 

stimuli in the seed or early seedling stage. 

 

The D1 protein [PsbA], one of the core 

subunits of the photosystem II complex, is 

responsible for light capture and water splitting 

[Aro et al., 1993]. The D1 gene is highly 

conserved and essential for the assembly and 

function of the photosystem. Its basal expression 

tends to be relatively stable, although it can be 

induced by severe stress [e.g., extreme 

photoinhibition or salt toxicity].  

https://www.degruyterbrill.com/document/doi/10.1351/pac197951030639/html?srsltid=AfmBOoqNHT_JvCVKVPk7jtvneQzw637J9fcT7WTHT8xqZBRtQl-cFp3b
https://www.sciencedirect.com/science/article/abs/pii/S1164556306000379?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0981942821001017?via%3Dihub
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064383
https://doi.org/10.1146/annurev.arplant.53.091401.143329
https://doi.org/10.1016/0005-2728(93)90134-2
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The results of the present work determine 

no significant difference in D1 gene expression 

between seedlings from ST+V seeds and ST-V 

or control seeds [Figure 1c]. This result is 

consistent with the constitutive and homeostatic 

regulation of D1 expression under natural 

conditions.  

 

Germination and seedling growth 

occurred under moderate environmental 

conditions, without high light stress or water 

deficit, which probably did not activate the D1 

transcriptional induction pathway [Huo et al., 

2016]. Substrate fertility and nutrient content 

were balanced by the peat moss-vermiculite 

mixture, which did not generate deficiencies that 

could destabilize PSII complex synthesis.  

 

These data indicate that vermicompost 

treatment during the parental cycle did not alter 

the basal genetic programming of D1, unlike 

PsbS and Vde. This differential pattern reflects 

the robustness of genetic control over D1, which 

is only altered in situations of severe stress or 

damage to the photosystem [Aro et al., 1993]. 

 

The absence of changes in D1 expression 

suggests that the stability of this gene is high and 

is not affected by environmental signals 

transmitted by the seed under conditions without 

extreme stress [Aro et al., 1993]. 

 

The results of this work highlight a fact: 

organic soil management with vermicompost is 

not "passive," but actively interacts with plant 

biology at the genetic level, modulating genes 

that are crucial for corn productivity and survival 

in its environment. 

 

Conclusions 

 

The application of 10 T/Ha of vermicompost to 

Zea mays agricultural plots generated seeds 

whose progeny showed consistent changes in the 

expression of key genes related to 

photoprotection and light energy management. 

 

The Vde gene was repressed, while PsbS 

was overexpressed, and D1 remained unchanged. 

 

The results suggest a residual effect of 

agricultural management on the molecular 

programming of seeds, with potential 

implications for sustainable production 

strategies. 

 

Future studies involving vermicompost 

application should explore the epigenetic and 

physiological mechanisms, as well as the 

agronomic relevance of these findings under 

conditions. 
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PB Base pare 

PCR  Polymerase chain reaction 

PGPR Plant Growth Promoting Rhizobacteria 

RNA  Ribonucleic acid 

RT Reverse transcription 

ST+V Seeds obtained from corn crops treated 

with vermicompost 

ST-V  Seeds obtained from corn crops non-

treated with vermicompost [control] 

VDE Violaxanthin de-epoxidase  

ZEP Zeaxanthin epoxidase   

 

References 

 

Antecedents 

 

López, M. S. L., García, N. G., & Ibarra, G. B. 

N. [2012]. El maíz [Zea mays L.] y la cultura 

maya. Revista de Ciencias Biológicas y de la 

Salud, 14[3], 3-8.  

 

Li, X.P., Müller-Moulé, P., Gilmore, A.M., & 

Niyogi, K. K. [2002]. PsbS-dependent 

enhancement of feedback de-excitation protects 

photosystem II from photoinhibition.  

 

Proceedings of the National Academy of 

Sciences, 99[23], 15222–15227. 

 

Méndez-Morán, L., Meza-Canales, I.D., Robles-

Murguía, C., & Loza-Llamas, A. [2019].  

 

Physiological responses of Zea mays during 

Ustilago maydis infection in different soil humus 

concentrations. Revista de Ingeniería Biomédica 

y Biotecnología, 3[7], 1-7. 

 

Basics 

 

Demmig-Adams, B., & Adams III, W. W. 

[1996]. The role of xanthophyll cycle 

carotenoids in the protection of photosynthesis. 

Trends in Plant Science, 1[1], 21–26. 

 

Méndez, B. S. [2017]. La fotosíntesis cumple 

horas extras. Química Viva. 16[1], 1-2. 

Yamamoto, Y., Hori, H., Kai, S., Ishikawa, T.,  

 

Ohnishi, A., Tsumura, N., & Morita, N. [2013]. 

Quality control of photosystem II: reversible and 

irreversible protein aggregation decides the fate 

of Photosystem II under excessive illumination. 

Frontiers in Plant Science, 4[433], 1–9. 

 

 

 

 

Support 

 

 

Garcia J.,  Moravek M., Fish T., Thannhauser T., 

Fei Z.,  Sparks J. P.,  Giovannoni J. & Kao-

Kniffin J. [2024]. Rhizosphere microbiomes 

derived from vermicompost alter gene 

expression and regulatory pathways in tomato 

[Solanum lycopersicum L.]. Scientific Reports, 

14, 21362. 

 

Gutiérrez-Miceli F.A., Santiago-Borraz J., 

Montes Molina J.A., Nafate C.C., Abud-Archila 

M., Oliva Llaven M.A., Rincón-Rosales R., & 

Dendooven L. [2007]. Vermicompost as a soil 

supplement to improve growth, yield and fruit 

quality of tomato [Lycopersicum esculentum]. 

Bioresour Technol, 98[15], 2781-2786.  

 

Huo, Y., Wang, M., Wei, Y., & Xia, Z. [2016]. 

Overexpression of the maize psbA gene 

enhances drought tolerance through regulating 

antioxidant system, photosynthetic capability, 

and stress defense gene expression in tobacco. 

Frontiers in Plant Science, 6, 1223, 1-10. 

 

Landorfa-Svalbe Z., Vikmane M., & Ievinsh G. 

[2022]. Vermicompost Amendment in Soil 

Affects Growth and Physiology of Zea mays 

Plants and Decreases Pb Accumulation in 

Tissues. Agriculture, 12[12], 2098. 

 

Differences 

 

Li, X.P., Björkman, O., Shih, C., Grossman, 

A.R., Rosenquist, M., Jansson, S., & Niyogi, K. 

K. [2000]. A pigment-binding protein essential 

for regulation of photosynthetic light harvesting. 

Nature, 403, 6768, 391–395. 

 

Zhu, J. K. [2002]. Salt and drought stress signal 

transduction in plants. Annual Review of Plant 

Biology, 53[1], 247–273.  

 

Discussions 

 

Aro, E. M., Virgin, I., & Andersson, B. [1993]. 

Photoinhibition of photosystem II. Inactivation, 

protein damage and turnover. Biochimica et 

Biophysica Acta, 1143[2], 113–134. 

 

Arancon N.Q., Edwards C.A., Lee S., & Byrne 

R. [2006]. Effects of humic acids from 

vermicomposts on plant growth. European 

Journal of Soil Biology, 42[1], S65-S69. 

 

https://biotecnia.unison.mx/index.php/biotecnia/article/view/123/116
https://biotecnia.unison.mx/index.php/biotecnia/article/view/123/116
https://biotecnia.unison.mx/index.php/biotecnia/article/view/123/116
https://biotecnia.unison.mx/index.php/biotecnia/article/view/123/116
https://www.pnas.org/doi/full/10.1073/pnas.232447699
https://www.pnas.org/doi/full/10.1073/pnas.232447699
https://www.pnas.org/doi/full/10.1073/pnas.232447699
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://www.ecorfan.org/taiwan/research_journals/Ingenieria_Biomedica_y_Biotecnologia/vol3num7/Revista_de_Ingenier%C3%ADa_Biom%C3%A9dica_y_Biotecnol%C3%B3gica_V3_N7_1.pdf
https://doi.org/10.1016/S1360-1385(96)80019-7
https://doi.org/10.1016/S1360-1385(96)80019-7
http://www.redalyc.org/articulo.oa?id=86351157001
http://www.redalyc.org/articulo.oa?id=86351157001
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3810940/
https://doi.org/10.1038/s41598-024-71792-7
https://doi.org/10.1038/s41598-024-71792-7
https://doi.org/10.1038/s41598-024-71792-7
https://doi.org/10.1038/s41598-024-71792-7
https://www.sciencedirect.com/science/article/abs/pii/S0960852406000605?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0960852406000605?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0960852406000605?via%3Dihub
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3389/fpls.2015.01223
https://doi.org/10.3390/agriculture12122098
https://doi.org/10.3390/agriculture12122098
https://doi.org/10.3390/agriculture12122098
https://doi.org/10.3390/agriculture12122098
https://www.nature.com/articles/35000131
https://www.nature.com/articles/35000131
https://doi.org/10.1146/annurev.arplant.53.091401.143329
https://doi.org/10.1146/annurev.arplant.53.091401.143329
https://doi.org/10.1016/0005-2728(93)90134-2
https://doi.org/10.1016/0005-2728(93)90134-2
https://www.sciencedirect.com/science/article/abs/pii/S1164556306000379?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1164556306000379?via%3Dihub


9 

Journal Simulation and Laboratory                                                                12[31]1-9: e21231109 

Article 

 

 ISSN: 2410-3462 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

Méndez-Morán, Lucila, Robles-Murguía, Celia and Frias-Ureña, Héctor 

Gerardo. [2025].  Differential expression of PsbS, D1 and Vde genes in 

seedlings obtained from seeds obtained from parental cultures of Zea mays L. 

grown with vermicompost. Journal Simulation and Laboratory. 12[31]1-9: 

e21231109. 

https://doi.org/10.35429/JSL.2025.12.31.2.1.9 

Boyko, A., Blevins, T., Yao, Y., Golubov, A., 

Bilichak, A., Ilnytskyy, Y., Hollander, J., Meins, 

F., & Kovalchuk, I. [2010]. Transgenerational 

adaptation of Arabidopsis to stress requires 

DNA methylation and the function of Dicer-like 

proteins. PLoS ONE, 5[3], e9514. 

 

Johnson R., & Puthur J. T. [2021]. Seed priming 

as a cost effective technique for developing 

plants with cross tolerance to salinity stress. 

Plant Physiology and Biochemistry, 162, 247-

257. 

 

Lazcano, C., & Domínguez, J. [2011]. The use 

of vermicompost in sustainable agriculture: 

Impact on plant growth and soil fertility. In Soil 

nutrients [pp. 1–23]. Nova Science Publishers 

Inc. 

 

Li, X., Zhao, W., Sun, X., Huang, H., Kong, L., 

Niu, D., Sui, X., & Zhang, Z. [2013]. Molecular 

cloning and characterization of violaxanthin de-

epoxidase [CsVDE] in cucumber. PLoS ONE, 

8[5], e64383. 

 

Yamamoto, H. Y. [1979]. Biochemistry of the 

violaxanthin cycle higher plants. Pure and 

Applied Chemistry, 51[3], 639–648. 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009514
https://www.sciencedirect.com/science/article/pii/S0981942821001017?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0981942821001017?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0981942821001017?via%3Dihub
https://www.researchgate.net/publication/255687441_The_use_of_vermicompost_in_sustainable_agriculture_impact_on_plant_growth_and_soil_fertility
https://www.researchgate.net/publication/255687441_The_use_of_vermicompost_in_sustainable_agriculture_impact_on_plant_growth_and_soil_fertility
https://www.researchgate.net/publication/255687441_The_use_of_vermicompost_in_sustainable_agriculture_impact_on_plant_growth_and_soil_fertility
https://www.researchgate.net/publication/255687441_The_use_of_vermicompost_in_sustainable_agriculture_impact_on_plant_growth_and_soil_fertility
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064383
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064383
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064383
https://www.degruyterbrill.com/document/doi/10.1351/pac197951030639/html?srsltid=AfmBOoqNHT_JvCVKVPk7jtvneQzw637J9fcT7WTHT8xqZBRtQl-cFp3b
https://www.degruyterbrill.com/document/doi/10.1351/pac197951030639/html?srsltid=AfmBOoqNHT_JvCVKVPk7jtvneQzw637J9fcT7WTHT8xqZBRtQl-cFp3b


1 

Journal Simulation and Laboratory                                                                12[31]1-7: e31231107 

Article 

 

 

Allometric equations for quantifying biomass and carbon in Agave salmiana Otto ex 

Salm-Dyck in the state of Hidalgo 
 

Ecuaciones alométricas para cuantificar biomasa y carbono en Agave salmiana Otto 

ex Salm-Dyck en el estado de Hidalgo 

 

Carrillo-Anzures, Fernando a, Acosta Mireles Miguel* b, Becerra-Luna, Francisco c and Flores-Ayala, 

Eulogio d 

 
a   INIFAP   •  0000-0003-3453-0483•   7141 
b  INIFAP •  0000-0003-2103-1992 •  59007 
c  INIFAP  •  0000-0001-6447-0894 •  209703 
d   INIFAP  •  0000-0002-5433-8125 •  225208 

 
Classification:  

 
Area: Social Science 

Field: Accounting 

Discipline: Accounting 

Sub-discipline: Tax Accounting  

 https://doi.org/10.35429/JSL.2025.12.31.3.1.7 

History of the article: 

Received: September 22, 2025 
Accepted: November 30, 2025 

 
*  [acosta.miguel@inifap.gob.mx] 

 

Abstract 
 

The aim of this work was to generate allometric equations to reliably estimate the 

biomass and carbon content of Agave salmiana. A destructive sampling of 19 

individuals was carried out, considering the selected plant components: leaves, 

heart, and roots. Plant samples from a representative part of the population were 

analyzed in the laboratory to determine carbon content. The resulting equation for 

estimating the biomass of Agave salmiana was: B = 0.00003Dr2.4838, and for carbon 

content, it was: C = 0.00001Dr2.4853. The average carbon content per component 

was 41% for both hearts and leaves, while for the roots it was 43%. This study 

contributes to improving the estimation of carbon storage in agave species, which 

is relevant for their management and the development of strategies related to 

climate change and natural resource conservation. 

 

Objective Methodology Results 

The aim of this 

work was to 

generate allometric 

equations to 

reliably estimate 

the biomass and 

carbon content of 

Agave salmiana. 

 

 

A destructive 

sampling of 19 

individuals was 

carried out, 

considering the 

selected plant 

components: leaves, 

heart, and roots  

 

 

The resulting equation for 

estimating the biomass of 

Agave salmiana was: B = 

0.00003Dr2.4838, and for 

carbon content, it was: C = 

0.00001Dr2.4853. The 

average carbon content 

per component was 41% 

for both hearts and leaves 

 

 
 

 

Agave salmiana; allometric equations; biomass; 

carbon content; carbon storage 

Resumen.  
  
El objetivo fue generar ecuaciones alométricas para estimar biomasa y el contenido 

de carbono en Agave salmiana. Se realizó un muestreo destructivo de 19 plantas, a 

las cuales se les midió el ancho de pencas, altura total y diámetro en la base 

considerando tres componentes vegetales: pencas, piña y raíz.  Muestras vegetales 
representativas de cada componente de la planta fueron analizadas en laboratorio para 

determinar el contenido de carbono. La ecuación obtenida para la estimación de la 

biomasa de Agave salmiana fue: B = 0.0002Dr2.4422, y para el contenido de carbono: C = 

0.00001Dr2.4853.  El contenido de carbono promedio por componente fue de 41% tanto 

para piñas como para las pencas, en el caso de las raíces fue de 43%. Se aporta información 

relevante para la estimación del almacenamiento de carbono para esta especie, para su 

manejo y para el desarrollo de estrategias relacionadas con el cambio climático. 
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Introduction 

 

Climate change refers to the effect of human 

activity on the global climate system, which 

affects fundamental processes in the functioning 

of the Earth system. Although these changes can 

occur naturally, since the 18th century, the origin 

of the industrial revolution, human activities 

have been the main drivers of climate change, 

mainly as a result of the burning of fossil fuels 

[coal, oil and natural gas]. This has increased the 

main greenhouse gas [GHG] emissions that 

cause climate change, the two most important 

GHGs being carbon dioxide [CO2] and methane 

[CH4] [IPCC, 2001]. 

 

The explanation for why the Earth is 

warming is simple. Since the Industrial 

Revolution, approximately since 1860, human 

activities have gradually altered the 

biogeochemical carbon cycle. The main causes 

are the burning of fossil fuels, forest fires, land 

use change, represented by progressive 

deforestation, soil degradation and increasing 

desertification. These factors cause a decrease in 

the total CO2 absorption capacity [Tyler, 2002]. 

 

The carbon cycle, as a biogeochemical 

process, shows the movement of carbon through 

the interaction of living beings, vegetation, soil, 

atmosphere, oceans, fossil fuels, among others. 

Plants, as photosynthetic organisms, play an 

important role in this cycle, as they use carbon 

dioxide [CO2] from the atmosphere, water, and 

energy to obtain oxygen [O2] and convert it into 

organic matter. Part of the carbon absorbed by 

plants is captured and stored in the soil [SADER, 

2021]. 

 

 The genus Agave, commonly known as 

maguey, is a strong and versatile plant that has 

the potential to be an effective solution in the 

fight against climate change, as it is a species 

that physiologically belongs to the CAM plant 

type, which has the ability to capture large 

amounts of carbon dioxide and is resistant to 

drought. Agave is presented as a sustainable and 

promising alternative against climate change 

[Anderies et al., 2008]. 

 

Mexico is recognised as the centre of 

origin of Agave or maguey, with the greatest 

biological and cultural diversity in the world. 

Most of these plants grow in arid and semi-arid 

climates in the central and northern parts of the 

country, at altitudes ranging from sea level to 

3400 m.  

They grow in the floristic provinces of 

the Southern Central Mountains, the Western 

Sierra Madre, the Mexican Highlands, the Baja 

California Peninsula and the Eastern Sierra 

Madre, mainly associated with xerophytic 

scrublands, tropical deciduous forests, thorny 

forests and grasslands; however, they also grow 

in oak, pine and mountain mesophytic forests. 

Maguey in Mexico has had various economic 

and social uses throughout the country's history.  

 

It has been used as a source of food, 

honey production, medicine, fuel, construction, 

decoration, fibres, soil and water conservation, 

and for the production of alcoholic beverages 

[Anderies et al. 2008]. Agave provides various 

environmental services, including soil 

restoration, erosion control, soil fertility, and 

carbon capture and storage. However, there is 

still a lack of knowledge about its potential in the 

latter area, which is why research is needed to 

generate statistical models that allow the 

biomass and carbon content of species of the 

genus Agave to be estimated with a high degree 

of reliability. 

 

Objective 

 

To study easily measurable development 

variables at the plant level of the species Agave 

salmiana Otto ex Salm-Dyck [maguey pulquero], 

which allow for the statistical estimation, 

through the generation of allometric equations, 

of the biomass and carbon stored in plants of this 

species. 

 

Materials and methods 

 

Study area 

 

The study was carried out at the Rancho 

Agrosilvicultores de Hidalgo, specifically in the 

locality of ‘El Aserradero’ in the municipality of 

Cuautepec de Hinojosa in the state of Hidalgo. 

This municipality is located in the southeast of 

the Hidalgo territory at coordinates 19° 56′ 58′′ 

north latitude and 98° 19′ 43′′ west latitude at an 

altitude of 2627 m, with a Cw1 climate type, that 

is, temperate subhumid with rainfall in summer 

with average humidity, average annual 

precipitation of 500-1100 mm and luvisol soil 

where large areas of pine and pine-oak forest 

grow, as well as abundant grasslands [INEGI, 

2009]. This municipality has an area of 391.42 

km², representing 1.88% of the state's surface 

area, within the geographical region known as 

the Tulancingo Valley. 
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 The municipal territory has the 

following climates with their respective 

percentages: temperate subhumid with rainfall in 

summer, medium humidity [77.0%], temperate 

subhumid with rainfall in summer, higher 

humidity [13.0%], semi-dry temperate [6.0%], 

semi-cold subhumid with rainfall in summer, 

higher humidity [2.0%], and temperate humid 

with abundant rainfall in summer [2.0%]. 

[https://es.wikipedia.org/wiki/Municipio_de_C

uautepec_de_Hinojosa] 

 

Box 1 

 

  
Figure 1 

Location of the Rancho Agrosilvicultores de 

Hidalgo [Source: CENID-COMEF 2025] 

 

The municipality has different types of 

soil depending on its composition and 

geographical location within the neovolcanic 

axis. The predominant soil type within the 

municipality of Cuautepec de Hinojosa is 

Phaeozem [37.49%]; this type of soil is scattered 

throughout the municipality and is characterised 

by a marked accumulation of organic matter. 

Occasionally, if found at shallow depths and on 

hillsides or slopes, it can become heavily 

cemented, which means that the soil erodes more 

easily [Risk Atlas of the Municipality of 

Cuautepec de Hinojosa, Hidalgo, 2012]. 

 

Sampling 

 

The method consisted of directly selecting 19 

plants of Agave salmiana Otto ex Salm-Dyck of 

different sizes, without visible damage or 

deformities, from different locations within the 

study area.  

 

Prior to cutting them down [while still 

standing], the following measurements were 

taken: rosette diameter [average length of the 

leaves in two opposite directions], total plant 

height, plant base diameter, and central 

pineapple diameter [Figure 1].  

As a second step, all the maguey leaves 

were cut and weighed [Figure 2]. Subsequently, 

the pineapple was extracted [Figure 3], and 

finally, the root was extracted and weighed from 

each plant [Figures 4 and 5].  

 

The pineapple, leaves, and root were 

weighed directly in the field [Figure 5]. Samples 

of these components were taken and taken to a 

greenhouse at INIFAP's Valle de México 

Experimental Field in Texcoco, State of Mexico, 

to accelerate their dehydration and progressively 

determine the amount of moisture they contain. 

Since the samples did not dehydrate completely 

in the greenhouse, an aliquot was taken from 

each sample to dry it completely using a drying 

oven. In this way, the amount of moisture still 

contained in the samples after drying in the 

greenhouse was determined.  

 

This procedure, in terms of the 

percentage of moisture loss, was applied to the 

samples from which the aliquots were obtained, 

from stalks, pineapple and roots, which were 

weighed directly and extrapolated to all the 

components of each of the 19 plants that were 

left in the field due to their size. 

 

Box 2 

 

 

 

 

Figure1. 

Measuring 

the the rosette 

before 

Cutting the 

maguey         

 

Figure 2. 

Unpacking.  

Figure 3. 

Pineapple 
extraction. 

 

  

 
Figure 4. Extracted root and 

pineapple. 

 

 
Figure 5. 

Weighing roots. 
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Determination of carbon content. 

 

To determine C, at the laboratory level, the same 

oven-dried subsamples were used, selecting a 

total of 18 samples from them, corresponding to 

six plants and their different components. The 

first step was to homogenise the samples and 

reduce their size by passing them through a 

Thomas Wiley® Model 4 mill. Subsequently, at 

the facilities of the Colegio de Postgraduados, 

Montecillo campus, the samples were ground 

manually and sieved through a No. 40 mesh, 

where the particles are of a size required to 

determine the C content. 

 

A subsample of approximately 5.0 g was 

taken from each sample and placed in a paper 

envelope [5.8 x 9 cm]. They were then placed in 

a Thomas Scientific drying oven at a 

temperature of 65 °C for 2 hours, after which 

they were transferred to a desiccator with an 

airtight lid for cooling. 

 

From each subsample, 30 to 30.9 mg of 

material per component was taken and its exact 

weight was recorded using a Mettler Toledo 

analytical balance [maximum capacity 120 g; 

readability 0.0001 g].  

 

The portion of material was placed in a 

porcelain crucible [previously washed with 

distilled water and phosphoric acid, and calcined 

in a Sybron Thermolyne muffle furnace at 900 

°C]. Each crucible was placed inside the 

chamber of the Shimadzu TOC 5050A carbon 

analyser [Total Organic Carbon Analyser] 

equipped with a unit for processing solid 

samples, which provided a reading of the amount 

of C in the sample. 

 

With the data obtained, a regression model was 

applied where the dependent variable was 

carbon [C] content and the independent 

variable[s] were: rosette diameter [Dr], diameter 

at the base of the plant [Db] and total plant height 

[Ht]. 

 

Results and discussion 

 

The allometric model used to estimate biomass 

or carbon is a potential model. According to 

Huxley [1932], it is a mathematical function 

based on the allometric relationships that occur 

between the organs of an individual [Equation 1].  

 

 

Allometric equations are the most 

commonly used tool for estimating volume or 

biomass from forest inventory data. For example, 

Rojas et al [2015] compiled a database of 478 

allometric equations to estimate the biomass of 

trees and other life forms in Mexican forest and 

scrub ecosystems.  

 

In most cases, one of the most widely 

used models is the potential model, which has 

also been used by other researchers to estimate 

biomass or carbon. The information generated 

served as the basis for adjusting one of the most 

widely used statistical models to determine the 

amount of biomass in tree species, which takes 

the form of 

: 

𝑌 = 𝛼𝑋𝛽…………………                              [1] 

 

Where Y is the dependent variable 

[biomass or carbon], X is the independent 

variable or a combination of several, α and β are 

the model parameters [Carrillo A. et al. 2014 and 

Rojas G. et al. 2015]. 

 

To obtain the adjustment of equation 1, 

both to determine biomass and carbon, after 

obtaining the dry weights of each of the parts of 

the plants used and obtaining their dimensions, 

the information was entered into an Excel 

spreadsheet and the adjustments to the equations 

were made there, which are presented in Figures 

6 and 7 and Table 1. 

 

 It can be seen that the most appropriate 

models from a mathematical point of view are 

those that use the diameter of the rosette [Dr] as 

an independent variable. They are very similar to 

those used to determine biomass and carbon in 

some tree species.  

 

The adjustment of the allometric 

equations to estimate biomass based on the three 

development variables studied is presented in 

Figures 6 [a,b,c]. 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.biodiversitylibrary.org/bibliography/6427
https://doi.org/%2010.1007/s13595-015-0456-y
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Box 3  
 

 
[a]  

 
[b] 

 

 

 

 

 

 

 

  

 
[c] 

Figure 6  

The adjustment of allometric equations for the 

estimation of biomass [kg] is shown: a] diameter 

of the rosette [cm], b] diameter at the base of the 

plant [cm] and c] total height [cm]. 

 

The adjustment of the allometric 

equations to estimate carbon as a function of the 

three development variables studied are 

presented in Figures 7 and 8. [a,b,c]. 
 

Box 4 
 

 
[a] 

 

 

[b] 

 
[c]  

Figure 7  

Adjustment of allometric equations to estimate total 

carbon [kg] as a function of: a] diameter of the rosette 

[cm], b] diameter at the base of the agave plant [cm] 

and c] total height of the plant [cm]. 

To obtain the C content in stalks, 

pineapple and roots, the total biomass of each 

component was multiplied by the average of the 

fraction of C content obtained from the aliquots.  

 

The C content of the whole plant is the 

sum of all components.  

 

Once the maguey plant C content data 

was obtained, in kilograms, and with the help of 

a computer software such as Excel, the equation 

was adjusted to estimate the C content by 

measuring the width of the plant stalks, the base 

of each plant and the total height. 

 

With the carbon information for each 

maguey, the potential model represented in 

Equation 1 was adjusted and its parameters b and 

k were obtained. To do this, carbon and the 

variables recorded in the field [Db, Dr, Ht] were 

correlated [Table 1]. 

 

Box 5 

Table 1  

Models generated for each field-recorded 

variable 

. 
Model Ecuation X R2 

Y=bXk C = 

0.00001Dr2.4853 

Dr [cm] 0.9856 

Y=bXk     C = 
0.0016Db2.3676 

Db [cm]               
0.957 

Y=bXk  C = 

0.000003Ht2.9216 

Ht [cm] 0.9589 

 

Db= Diameter at the base of the plant, Dr= 

Diameter of the rosette, Ht= total plant height. 

 

There are few studies on carbon quantification in 

the Agave genus; some that can be mentioned 

are: Velasco et al. [2009a], who propose models 

for estimating the fresh weight of the pineapple 

in Agave potatorum Zucc. and Agave karwinski 

Zucc. The models generated follow the equation 

y=a⋅xb. For this specific case, Velasco et al. 

[2009a] use the total height of the plant, the total 

diameter of the plant, and the type of maguey as 

dasometric variables. 

 

In the case of Agave lechuguilla Torr., 

Velasco et al. [2009b] propose predictive models 

of the dry weight of lechuguilla fibre based on 

the basal diameter and height of the ‘cogollo’ 

[heart]. These models have the same structure as 

the equation Y=a⋅Xb. 

 

https://www.researchgate.net/publication/279180533_Modelos_Predictivos_para_la_Produccion_de_Productos_Forestales_no_maderables_Hongos
https://www.researchgate.net/publication/279180533_Modelos_Predictivos_para_la_Produccion_de_Productos_Forestales_no_maderables_Hongos
https://www.researchgate.net/publication/279180533_Modelos_Predictivos_para_la_Produccion_de_Productos_Forestales_no_maderables_Hongos
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In the case of Agave angustifolia in 

Oaxaca [Acosta et al. 2023], the variables rosette 

diameter, basal diameter, and plant height were 

correlated with the fresh weights of the plants. In 

all cases, a high correlation [>94%] was obtained, 

so the variables measured in the field have great 

potential to be used as predictor variables. 

 

Similarly, González et al. [2022] used the 

morphometric variable of bud height [h] 

measured in wild populations of A. lechuguilla 

in northern Zacatecas to estimate the green 

biomass yield of the bud. They also estimated 

fibre yield in relation to dry weight using 

regression equations. For the first case, the 

selected function is pv=21.920[1.054] h; and in 

the second, the expression ps=0.0003[h]2.812. 

 

Abroad, Vuorinne et al. [2021] generated 

a model for estimating leaf biomass and 

productivity of A. sisalana at different stages of 

growth in plantations located in the semi-arid 

zone of south-eastern Kenya. For this model, the 

best indicators for estimation were the diameter 

of the rosette and the maximum height of the 

plant, used as a combined variable in a 

logarithmic model: log[B] = c + a log[W2H] 

 

According to the statistical analysis 

carried out in this study, the best-fit model for 

estimating carbon content was C = 

0.00001Dr2.4853, as it allows the carbon 

content to be statistically predicted at the 

individual plant level, given that it shows a high 

coefficient of determination [R2] 

 

Conclusions 

 

A statistical correlation was performed with all 

the dasometric variables measured in the field, 

and it was found that the best statistical model 

for estimating biomass and carbon content in 

Agave salmiana is the variable average rosette 

diameter, due to its high degree of reliability and 

ease of measurement.  

 

The results provide information for 

estimating the biomass content in Agave 

populations and thus determining the 

contribution in terms of carbon sequestration 

that these plantations provide as an ecosystem 

service. 
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Abstract                   

 
The thermal and electrical phenomena that occur when a Peltier cell is 

subjected to temperature changes or a potential difference are known as 

the Seebeck and Peltier effects. Basically, the Peltier effect arises when 

the junction of two metals is subjected to a potential difference, and this 

generates a temperature difference. Similarly, if the metals are subjected 

to a temperature gradient, they generate an electrical potential differential. 

In particular, this work contemplates the characterization of a 

[Tin]Tellurium-Bismuth type Peltier cell subjected to temperature 

changes and electrical potential differences, where the Seebeck and 

Peltier coefficients, the work function, the efficiency of the Tellurium-

Bismuth materials in this conversion, and the basic parameters to 

characterize and understand the physical phenomena that occur in a cell 

of this type are determined. 

 

 
Thermoelectric, Seebeck, Peltier effects 

 

Resumen 

 
Los fenómenos térmicos y eléctricos que se dan cuando en una celda 

Peltier se somete a cambios de temperatura o a una diferencia de 

potencial son conocidos como Efecto Seebeck y Peltier. Básicamente el 

efecto Peltier surge cuando en la unión de dos metales se someten a una 

diferencia de Potencial y éste genera una diferencia de temperatura. Del 

mismo modo, si los metales se someten a un gradiente de temperatura estos 

generan una diferencial de potencial eléctrico. En particular, en este trabajo se 

contempla la caracterización de una celda Peltier tipo [Estaño]Telurio - 

Bismuto sometida a cambios de temperatura y a diferencias de potenciales 

eléctricos, en donde se pudo determinar los coeficientes Seebeck y Peltier, la 

función de trabajo, la eficiencia de los materiales Telurio – Bismuto ante esta 

conversión, y los parámetros básicos para caracterizar y entender los 

fenómenos físicos que suceden en una celda de este tipo.  
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I. Introduction 

 

 The response of thermoelectric materials to 

changes in temperature or potential difference is 

a clean energy alternative. The study of this 

physical phenomenon began in 1821, when 

Johan Seebeck observed that applying a 

temperature gradient between the joints of two 

different metals forming a closed loop caused 

the needle of a compass located next to the 

circuit to deflect.  

 

Similarly, Heinrich Lenz [1804-1865] 

passed an electric current through the junction of 

antimony and zinc, which was in turn in contact 

with a drop of water that froze when the current 

passed in one direction and melted when it 

passed in the opposite direction, thus 

demonstrating the Peltier effect, which is the 

opposite of that observed by Seebeck [Wikipedia 

2025]. 

 

Box 1 

 
Figure 1 

Two materials A and B in contact and at 

different temperatures, electric charges [+ or 

-] flow from the hot material A to the cold 

material B, resulting in an electric current and 

obtaining an electric potential difference 

 

In general terms [Zemansky & Dittman 

1997], we can say that when two different metals 

or semiconductors are welded together and kept 

at different temperatures, an electromotive force 

εAB or potential difference ΔVAB arises, which is 

produced by the two terminals of the materials, 

see Figure 1. Let us say, for example, that the 

terminal of a metal A and another different metal 

B is directly proportional to the temperature 

difference at which the joint is maintained.  

 

That is, either , where S is the 

thermoelectric coefficient or Seebeck coefficient, 

Tc is the hot temperature at which material A is 

held, and Tf is the cold temperature at which 

material B is held.  

The phenomenon arises from the 

condition that each material has a different 

electric charge density, as well as a difference in 

the temperatures to which the two junctions of 

the materials are subjected, so that the diffusion 

of charge carriers takes place at different speeds 

at the junctions of the materials.  

 

The result is a net movement of charge 

carriers produced by a non-electrostatic field, 

where this non-electrical potential difference 

depends on temperature, i.e., when there is a 

temperature gradient in the system, it causes the 

charge carriers [+ or -] to migrate from the hot 

side to the cold side, producing a purely thermal 

current. At a different temperature variation 

value, the relationship between the potential 

difference and temperature is the same, so the 

differential variation of the potential with respect 

to temperature is independent of the reference 

temperature value and it can only be observed 

that this differential variation depends solely on 

the nature of materials A and B. 

 

If materials A and B are joined at the 

same temperature and we consider an external 

electromotive source that produces an electric 

current in the pair of materials A and B, at a time 

Δt, the temperatures of the joints change by a 

factor ΔT. This temperature change is the Peltier 

effect, and the heat added or extracted is called 

Peltier heat. The Peltier heat transferred is 

proportional to the current supplied to the system, 

i.e. 

 
𝑑𝑄

𝑑𝑡
= 𝜋𝐴𝐵𝐼                                                       [1] 

 

Box 2 

 

 
Figure 2 
An electric current is induced in material B by means of a 
potential difference ΔV from an external source. As materials 
A and B are in contact, the movement of charges follows from 
V+ to V- and closes the circuit. As the charge densities are 
different in materials A and B, the induced electric flow is 

compensated by a temperature difference at the contact points 
in the materials, cooling the contact at V+ and heating the 
contact point V 

https://en.wikipedia.org/wiki/Thermoelectric_effect
https://en.wikipedia.org/wiki/Thermoelectric_effect
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The coefficient πAB This is known as the 

Peltier coefficient. Peltier heat is reversible 

when the direction of the current is reversed, 

maintaining its magnitude, and Peltier heat is of 

the same magnitude but in the opposite direction, 

where it is commonly accepted that πAB > 0 when 

the electric current flows from A to B and 

produces heat absorption by the junction. 

 

The amount of heat released at the 

junction of the two materials is: 

 

𝑊 = [𝜋𝐴 − 𝜋𝐵] ∙ 𝐼                                           [2] 

 

The amount of heat absorbed at the junction of 

materials is: 

 
𝑑𝑄

𝑑𝑡
= [𝜋𝐵 − 𝜋𝐴] ∙ 𝐼                                           [3] 

 

The ZT parameter [A.F. Ioffe [1956]] or 

merit factor for thermoelectric devices is a 

parameter that measures the thermoelectric 

quality of a material. ZT is defined as: 

 

𝑍𝑇 =
𝑆2𝜎

𝐾
𝑇                                                      [4] 

 

where S is the Seebeck coefficient, σ is the 

electrical conductivity, K is the thermal 

conductivity, and T is the average absolute 

temperature [TA+TB]/2. Higher ZT values 

represent greater thermodynamic efficiency. 

 

 The best reported ZT values [K, Angrist 

S. W. [1971]] are in the range of 2 to 3 

dimensionless values. ZT values equal to one are 

considered good materials. The search for new 

materials with ZT values > 3 has led to an 

increase in the value of the S coefficient and a 

decrease in the value of thermal conductivity. 

Finding materials with ZT indices > 3 is difficult 

due to the independence of S, σ and K with 

temperature. 

      

II. Methodology and Results 

 

Peltier cells are thermoelectric devices 

characterised by the appearance of a temperature 

difference between the two contact points of the 

materials when an electric current passes 

through them. The structure of the cell is as 

follows. Image 3 shows the connection between 

these blocks, called type P [+] and type N [-], in 

a commercial Peltier cell model TEC1-12710.  

 

The P and N blocks of these materials are 

connected in series by means of copper 

conductor plates that allow thermal-electric flow. 

  

Box 3 

 

 
Figure 3 

Internal structure of a Peltier cell model 

TEC1-12710.  
 

When a potential difference is applied to 

the cell, a heat flux per unit time or heat power 

is generated on the hot face, which can be 

determined by the equation: 

 

𝑄𝑝𝑐 = 𝑆𝑇𝐶𝐼                                                      [5] 

 

Where Tc is the temperature of the hot 

side measured in degrees Kelvin, S is the 

Seebeck coefficient measured in units of micro 

Amperes per unit K and I is the current through 

the circuit in units of Amperes. Likewise, the 

heat absorption per unit time or heat power on 

the cold side is given by the equation: 

 

𝑄𝑝𝑓 = 𝑆𝑇𝑓𝐼                                                       [6] 

 

Where Tf is the temperature of the cold 

side measured in Kelvin units. 

 

The TEC1-12710 thermoelectric plate 

has 127 thermocouples inside and has a 

dimension of 40 x 40 millimetres. It is made of 

high-performance materials and achieves 

differences of over 70 degrees Celsius between 

its hot and cold sides, as shown in table 1. 

 

 

 

 

 

 

 

 

https://www.alldatasheet.es/datasheet-pdf/view/313843/HB/TEC1-12710.html
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Box 4 

Table 1 

Parameters of the Al2O3 Aluminium Oxide 

Ceramic Peltier Cell with a Tin - Bismuth 

BiSn solder at a melting point of 138°C 

Parameter Rank Description 

Tc[°C]  27 – 

50 

Hot side temperature 

exposed to the 

environment and with a 
heatsink, 

ΔTmax [°C] 70-79 Maximum temperature 

difference between the 

cold and hot sides 

Vmax [V] 15.2 – 

17.4 

Voltage applied to the 

module for a Tmax 

Imax [A] 10.5 -

10.5 

Current flow to obtain a 

Tmax 

Qmax[W] 85-96 Cooling capacity 

Resistencia 

[Ohms ῼ] 

1.08 - 

1.24 

Module resistance to 

current flow 
 

In this work, a Peltier cell model TEC1-

12710 [Alldatasheet 2025] was used to 

determine the Seebeck coefficient. 

 

 The Peltier plate was placed on two 

aluminium plates of 1 mm thickness each, as 

shown in figure 4, in order to have a better 

thermal contact with the material and with the 

help of a thermal paste and an adiabatic wall, 

each side of the cell was insulated to obtain a 

maximum temperature gradient by means of 

solid ice and water at 86°C on each side of the 

Peltier plate. 

 

Box 5 

 

 
Figure 4 

Experimental arrangement of the Peltier Plate, 

isolating each side of the plate with adiabatic 

walls. 

 

 

Using K-type thermocouples, these were 

connected to a PASCO interface, where the 

temperature of both sides of the Peltier plate was 

recorded, as well as the voltage generated by this 

thermal difference. Figure 5 shows the 

behaviour of the change in the value of the 

temperature difference measured on the sides of 

the cell as a function of time.  

 

The drop in the value of the temperature 

difference with time is due to the heating of the 

ice on one side and the cooling of the water on 

the second side of the Petier cell. 

   

Box 6 

 

 
Figure 5 

Temperature difference as a function of time, 

reached after subjecting the TEC1-12710 

plate faces to temperatures close to 0°C and 

86°C respectively.   

 

Approximately 24 minutes of electrical 

current and voltage data were taken as a function 

of the temperature difference. Figure 6 shows 

how, with a maximum value in the temperature 

difference, the current and voltage 

measurements reach values of over 400 mV for 

the voltage and over 450 mA for the electric 

current values. 

 

 It can be seen [figures 5 and 6] that there 

is a correlation in the response of the plate in 

which, at higher values of ΔT there is a higher 

reading in the voltage and current values as a 

response to the thermal imbalance to which the 

Peltier plate is subjected.  

 

To determine the Peltier and Seebeck 

coefficients, as well as the internal resistance of 

the TEC1-12710 cell, a 15 VDC power supply is 

used, to the output of which an ammeter is 

connected in series to record the electric current.  

 

 

A voltage meter is connected in parallel 

to the output terminals of the Peltier plate. The 

temperatures T1 and T2 as well as the voltmeter 

https://www.pasco.com/products/interfaces-and-data-loggers/850-universal-interface
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are connected to a PASCO interface for 

recording the temperatures, voltage respectively.  

 

An experimental arrangement of this can 

be seen in figure 7. The data acquisition is done 

on a computer with a frequency of 1 Hz. 

 

Box 7 

 

 
 

Figure 6 

Current and voltage response of the TEC1-

12710 Peltier Cell under temperature 

difference.   

 

Measurements are taken of the 

temperature on both sides of the Peltier cell and 

the voltage at its terminals every second. Initially 

the two sides of the cell are at 26°C with 0 Volts 

at their terminals, the source is switched on after 

5 seconds and switched off after 237 seconds. 

 

Box 8 

 

 
 

Figure 7 

Experimental set-up for determining the 

Seebeck and Peltier coefficients.  

 

 

During the time the source remains on, 

the voltage measured at the terminals of the cell 

is given by: 

 

Vt = ΔV + Vf                                                                              [8] 

 

where Vt is the total voltage at the cell 

terminals and Vf the voltage provided by the 

source. 

 

The Seebeck coefficient S is obtained by 

applying ΔV = SΔT                                                         [9] 

 

when the source has already been 

switched off, where S [ 
∆𝑉

°𝐶
 ] is the Seebeck 

coefficient and ΔT is the temperature difference 

between the heat absorbing side of the cell and 

the heat dissipating side of the cell. 

 

The relation between the Peltier 

coefficient and the Seebeck coefficient is given 

by: 

 

β = S T                                                           [10] 

 

where T is the junction temperature. 

 

We observe that the values of the 

Seebeck coefficient S are scattered, therefore, 

the average value S = 24.14 mV/°C can be taken 

as a first approximation.  

 

Box 9 

 

 
Figure 8 

Seebeck coefficient in units mV/°C. The red 

fitted line represents an average value of the S 

values over the indicated time.. 

       

 

To find the internal resistance of the cell 

we use the correlation of current and voltage 

provided by the source, 

 

Rint = Vf / If                                                                                 [11] 

 

By substituting the voltage and current 

values supplied by the source and given that the 

current had a constant value, the internal 

resistance of the Peltier cell was 1.54 ῼ. 

 

 

https://www.pasco.com/products/interfaces-and-data-loggers/850-universal-interface


6 

Journal Simulation and Laboratory                                                                12[31]1-7: e41231107 

Article 

 

 ISSN: 2410-3462 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

Cotzomi-Paleta, Jorge, Telléz-Mendez, Nallely, Paniagua-Solar, Laura, De la 

Fuente Morales, Enrique d and Palomino-Rojas, Luis. [2025].  Study of 

Thermoelectric Phenomena in a Peltier Cell. Journal Simulation and 

Laboratory. 12[31]1-7: e41231107. 

https://doi.org/10.35429/JSL.2025.12.31.4.1.7 

In order to assess the efficiency of the 

TEC1-12710 Peltier plate, it was evaluated in 

terms of the temperature and voltage measured 

under environmental conditions, using a 

gyroscope-type solar tracker with zenith and 

azimuth mobility to heat one side of the cell.  
 

The solar tracker has a 12 cm diameter 

Fresnel lens, which represents an average level 

of concentration due to its diameter. The 

effective aperture area of the lens is 113 cm2, 

while the receiver area is 3.14 cm2. The 

concentration ratio yields a value in the range of 

10-100. 
 

A heat sink was placed on one side of the 

Peltier cell to maintain an optimal ambient 

temperature on one side. The other side was 

exposed to solar energy from the Fresnel lens of 

the gyroscope.  
 

Temperature readings were taken from 

both sides of the cell. 
 

Box 10 

 

 
Figure 9 

Experimental arrangement of the Peltier plate 

using a gyroscope or solar tracker to heat one of 

the faces of the plat 
 

The amount of light that covers a surface 

depends on the inclination with which the rays 

fall on it, the maximum energy per cm2 is 

obtained when we have our lens completely 

perpendicular to the sun, thus adjusting its focal 

length we can measure a certain amount of 

energy and a potential difference produced by 

the Peltier cell, The recorded data were 

measured at 12:00 hours of the day, being this 

time and angle of inclination which have the 

sun's rays as maximum energy point. With the 

help of thermocouples and an Arduino board, the 

temperature and voltage of the TEC1-12710 

Peltier cell were measured.  Under these 

conditions we obtained ΔT in the order of 10°C, 

giving a potential difference in the range of 300 

mV. The current produced by our Peltier plate 

was close to 100 mA. 

Box 11 
 

 
Figure 10 

Temperature measured on the side exposed to 

the sun's rays by means of a red gyroscope and 

temperature of the other side of the Peltier cell 

at room temperature in blue.    

 

Box 12 

 

 
Figure 11 

Potential difference in units of volts, obtained 

as a result of the thermal movement of charges 

given by a Fresnel lens and at room 

temperature. 

 

Conclusions 

 

The results obtained experimentally clearly 

demonstrate the relationships between 

temperature differences and the current or 

potential difference that occur and are generated 

in a Peltier cell. The thermoelectric processes 

that occur show a correlation whereby higher ΔT 

values correspond to higher ΔV values, while 

small ΔT values correspond to small potential 

differences.  
 

These results allow us to refine the 

experimental arrangements to obtain the 

maximum efficiency that the thermoelectric 

plate can yield. Likewise, it gives us a guideline 

so that, through theoretical simulations, we can 

understand the affinity of thermoelectric 

materials, these studied materials and others, in 

order to obtain a justification for obtaining 

higher ZT values and, therefore, greater 

efficiency in thermoelectric conversion. 
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