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Abstract
Proteins and enzymes are informative biochemical markers frequently used in plant studies. The objective of this
work was to present the studies with enzymes and proteins used as biochemical markers in crops and forest species—
the articles prospected in the Scopus and Web of Science scientific databases in December 2020. The keywords were a
combination of "agricultural" or "forest" with the Boolean operator and the enzymes' name: alcohol
dehydrogenase/ADH, malate dehydrogenase/MDH, alpha-amylase/AMS, peroxiredoxin/PERX, and LEA proteins.
Eighty-two articles addressed enzymes in agricultural or forest species were included in the analysis. The articles were
published from 1976 to 2020, with an average annual publication of 12.2. Three hundred thirty-seven authors
developed the annual percentage growth rate of 2.52% and articles. The most studied crops are Oryza sativa L.,
Glycine max L., Zea mays L., Hordeum vulgare L., specimens of the genera Triticum and Brassica. The forest species
were Pinus, Picea, Nothofagus, Quercus, and Sorbus, and Fagus sylvatica L. The main tissues used for extraction are
leaves, seeds, buds, and roots. The studies mainly deal with enzymes or proteins as markers associated with abiotic
stresses and the structure or genetic diversity.
Keywords: ADH; Alpha-amylase; MDH; LEA Proteins; Peroxiredoxins.
Resumo
Proteínas e enzimas são marcadores bioquímicos informativos frequentemente usados em estudos de plantas. O
objetivo deste trabalho foi apresentar estudos com enzimas e proteínas utilizadas como marcadores bioquímicos em
culturas e espécies florestais. Os artigos foram prospectados nas bases de dados científicas Scopus e Web of Science
em dezembro de 2020. As palavras-chave foram uma combinação de “agrícola” ou “floresta” com o operador
booleano AND e o nome das enzimas: álcool desidrogenase/ADH, malato desidrogenase/MDH, alfa-amilase/AMS,
peroxirredoxina/PERX e LEA. Oitenta e dois artigos abordando enzimas em espécies agrícolas ou florestais foram
incluídos na análise. Os artigos foram publicados no período de 1976 a 2020, com média de publicação anual de 12,2.
A taxa de crescimento percentual anual de 2,52% e os artigos foram desenvolvidos por 337 autores. As culturas mais
estudadas são Oryza sativa L., Glycine max L., Zea mays L., Hordeum vulgare L., espécimes dos gêneros Triticum e
Brassica. As espécies florestais pertenceram aos gêneros Pinus, Picea, Nothofagus, Quercus e Sorbus, e a espécie
Fagus sylvatica L. Os principais tecidos utilizados para extração são folhas, sementes, botões e raízes. Os estudos
tratam principalmente de enzimas ou proteínas como marcadores associados a estresses abióticos e à estrutura ou
diversidade genética.
Palavras-chave: ADH; Alfa-amilase; MDH; Proteínas LEA; Peroxirredoxinas.
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Resumen
Las proteínas y las enzimas son marcadores bioquímicos informativos que se utilizan con frecuencia en estudios de
plantas. El objetivo de este trabajo fue dar a conocer los estudios con enzimas y proteínas utilizadas como marcadores
bioquímicos en cultivos y especies forestales. Los artículos fueron buscados en las bases de datos científicas Scopus y
Web of Science en diciembre de 2020. Las palabras clave eran una combinación de "agrícola" o "forestal" con el
operador booleano AND y el nombre de las enzimas: alcohol deshidrogenasa /ADH, malato deshidrogenasa /
Proteínas MDH, alfa-amilasa, peroxiredoxina y LEA. En el análisis se incluyeron 82 artículos sobre enzimas en
especies agrícolas o forestales. Los artículos fueron publicados desde 1976 hasta 2020, con una publicación anual
promedio de 12.2. La tasa de crecimiento porcentual anual del 2,52% y los artículos fueron desarrollados por 337
autores. Los cultivos más estudiados son Oryza sativa L., Glycine max L., Zea mays L., Hordeum vulgare L.,
ejemplares de los géneros Triticum y Brassica. Las especies forestales pertenecían a los géneros Pinus, Picea,
Nothofagus, Quercus y Sorbus ya la especie Fagus sylvatica L. Los principales tejidos utilizados para la extracción
son hojas, semillas, yemas y raíces. Los estudios tratan principalmente de enzimas o proteínas como marcadores
asociados a los estreses abióticos y la estructura o diversidad genética.
Palabras clave: ADH; Alfa-amilasa; MDH; Proteínas LEA; Peroxiredoxinas.

1. Introduction
The first molecular technique used to identify and differentiate genetic properties was biochemical markers based on
protein and enzyme. They result in zymograms in which the variation in band intensity is a function of enzymatic activity, the
enzyme's quaternary structure, the number of loci, and the number of alleles at the locus (Alfenas et al., 1991; Ramalho et al.,
2012).
An enzymatic reaction can be expressed in isoenzymes, allelic variants of the same enzyme, and encoded by different
sites. Alternatively, allozymes represent a phenotypic expression of alleles at the same locus. Polymorphisms in isoenzyme are
alleles variations and contribute to the elucidation of the genome (Alfenas et al., 1991; Kumar et al., 2018).
The discovery of isoenzymes provided researchers with simple markers and studied biological phenomena. These
markers are direct products of the alleles. Therefore, it is possible to select the individual with the desired phenotype (Múdry et
al., 2011; Ramalho et al., 2012). For many species, morphological descriptions alone are insufficient to differentiate
differences in varieties. Therefore, combining field choices with biochemical markers it provides an efficient alternative for
detecting existing genetic diversity.
Biochemical, genetic markers are less affected by environmental changes, which guarantees the specific stability of
the biological ones and, consequently, a reliable result (Kumar et al., 2018). A protein or enzymatic analysis of species in the
field or greenhouse is also advantageous, as most isoenzymes are present in the first stages of germination (Nikolić et al., 2008;
Nikolić and Nikolić, 2010), ensuring savings in the study time.
The advantages of biochemical markers are codominant pattern, identifiable phenotypic, technically harnessed, and
low cost, compared to other genetic markers (Souza, 2015; Yudina, 2012). Isoenzymes have been studied to distinguish
varieties for selection and breeding (Li et al., 2015; Metwali, 2012); diversity of plant for population genetics (Daoura et al.,
2018); phylogenetic studies (Colunga-Garciamarin et al., 1999); pathogens resistance (Sghaier-Hammami et al., 2013); stress
tolerance (Lee et al., 2013; Sergeant et al., 2011) and genetic mapping in cultivars and their wild relatives (Sanghamitra et al.,
2017).
From a methodological point of view, when working with these markers, some factors can result in the electrophoresis
results: sample size and quality, protein concentration, retention level and type of medium, buffer pH, and electrical currentvoltage applied (Zeidler, 2000). Another aspect of being considered is identifying the most discriminating enzyme systems in
each species or group of species (Martins et al., 2007). Compiling information defined from studies with these markers in
crops and forest species can contribute to making the adjustment of protocols more efficient and obtaining more accurate
results. Therefore, the objective of the present work was to present the state of the art of studies with enzymes and proteins
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used as biochemical markers in crops and forest species.

2. Methodology
The articles had prospected in Scopus's scientific databases (http://www.scopus.com) and Web of Science
(http://www.webofknowledge.com). The study was carried out in December 2020. The keywords were the combination of
"agricultural" or "forest" with Boolean AND before the enzymes: alcohol dehydrogenase/ADH, malate dehydrogenase/MDH,
alpha-amylase/AMS, peroxiredoxin/PERX, and LEA proteins. The keywords prospected in the title, abstract, and/or keywords
of scientific articles; for the search, a time frame was not defined (Figure 1).

Figure 1 - Steps applied to the bibliometric study of enzymes in agricultural and forest species.

Source: Own authorship.

Documents were reviewed by title and abstract, and articles that did not match the keywords "agricultural" or "forest"
associated with the enzymes described were excluded from the research. Metadata referring to scientific publications obtained
for each term in the two databases were exported in BibTex format, combined as a single dataset, and duplicated files removed.
Subsequently, descriptive and bibliometric analyzes were carried out with the aid of the Bibliometrix package of the R
software (Aria & Cuccurullo, 2017). All articles were evaluated to identify the plant tissue used in the studies, enzymes, and
the research purpose.

3. Results and Discussion
The prospection returned 124 documents indexed in the Web of Science (50) and Scopus (74) databases. Forty-two
articles duplicated were removed—the temporal framework of 1976 to 2020, with an annual publication average of 12.2. Three
hundred thirty-seven authors developed the annual percentage growth rate of 2.52% of articles. A significant number of articles
were published in 2010, 2011, and 2014 (5 documents) and 2018 (7 documents), whose primary origin is China (13 papers)
and Brazil (12 articles).
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Bibliometry to know a conceptual structure of enzymes leads to a correspondence analysis performed and generated
by the word clustering dendrogram (Figure 2). On the x-axis, they are the main words or less that will be grouped and, on the y
axis, the height that measures the distance between terms or groups of words, considering this distance as words will be
grouped.

Figure 2 - Dendrogram of co-word analysis of articles on enzymes in agricultural and forest species.

Source: own authorship.

For the set of documents, there is the formation of two groups. Group 1 is formed by the word’s isoenzymes and
derivative genetics. Group 2 is formed by subgroups, in which terms related to genetics are also present, such as genetic
structure, genetic diversity, and genetic variation.
A full review of the documents revealed that the most studied agricultural species are Oryza sativa L., Glycine max L.,
Zea mays L., Hordeum vulgare L., and species of the genus Triticum and Brassica. The forest species were Pinus (Pinus
halepensis Mill., Pinus cembra L., Pinus sylvestris L., Pinus tabulaeformis Carr., Pinus brutia Ten.), Picea (Picea abies Karst.
and Picea obovata Ledeb.), Nothofagus (Nothofagus nervosa (Phil.) Dimitri & Milano, Nothofagus antarctica (Forst) and
Nothofagus dombeyi (Mirb.) Oerst.), Quercus (Quercus ilex L. and Quercus robur L.), Sorbus (Sorbus torminalis L. and
Sorbus aucuparia L.) in addition to the species Fagus sylvatica L.
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Table 1 - Species, tissue, and objectives of the studies carried out with the enzymes alcohol dehydrogenase (ADH), malate
dehydrogenase (MDH), LEA proteins (LEA), alpha-amylase (AMS) and peroxirredoxine (PRDX).
Enzyme

ADH
(17 Articles)

Species

Autores

Tissue

Stress condition

Solanum tuberosum L.
Arundo donax L.
Zea mays L.
Ziziphus jujuba Mill. cv. Dongzao
Cucumis sativus L.
Manihot esculenta Crantz
Arabidopsis thaliana L.

Tuber
Leaf, stem and root
Coleoptile
Fruit
Hypocotyl
Leaf
Leaf

Low temperature
Hipoxia
Nitric oxide
Flooding
-

Bud

-

Pinus cembra L.

Pinheiro et al. (2007)
Pompeiano et al. (2015)
Sanghamitra et al. (2017)
Sun et al. (2007)
Xu et al. (2016)
Zaldivar et al. (2004)
Holmes-Davis et al.
(2005)
Bednorz, Myczko,
Kosinski (2015)
Belokon et al. (2005)

-

Himatanthus sucuuba (Spruce ex Müll. Arg.) Woodson
Euterpe oleracea MART.

Ferreira et al. (2009)
Gonçalves et al. (2010)

Endosperm and
embryo
Root
Leaf and root

Tabebuia cassinoides (Lam.) DC.
Pinus sylvestris L.

Kolb and Joly (2009)
Larionova (2002)

Nothofagus nervosa (Phil.) Dimitri & Milano

Marchelli and Gallo
(2001)
Echchgadda and Triest
(1999)
Jelinski (1993)
Barrameda-Medina et al.
(2014)
Beaujean et al. (2001)
Beltayef et al. (2018)
Daoura et al. (2018)
El Bok and El Gazzah
(2008)
Huang et al. (2013)
Jiang et al. (2018)

Sorbus torminalis L. Crantz

Arum maculatum L.
Populus tremuloides Michx.
Lactuca sativa L.; Brassica oleracea L.
Sorghum spp.
Phaseolus vulgaris L.
Triticum spp.
Vicia spp.
Glycine max (L.) Merr.
Brassica campestris ssp.; B. campestris subsp. chinensis
(L.) Makino
Triticum durum L.
Gossypium hirsutum L.
Prunus persica var. nectariana cv. shuguang
Hordeum vulgare L.
Avena sativa L.
Spathoglottis, Rhynchostylis, Arundina; Dendrobium
MDH
(35 articles)

Araucaria angustifólia L.
Picea abies (L.) KARST.
Agave angustifolia Haw.; Agave fourcroydes Lem.
Euterpe edulis Mart.
Zamia loddigesii Miq.
Picea abies (L.) H. Karst.
Abies alba Mill.
Picea obovata Ledeb.
Pinus tabulaeformis Carr.
Picea abies L. Karst.
Pinus brutia Ten.

Austrocedrus chilensis (D.Don) Pic.Serm. & Bizzarri
Pinus sylvestris L.
Esenbeckia leiocarpa Engl. (Guarantã)
Pinus sylvestris L.
Nothofagus antarctica (G.Forst.) Oerst.; N. dombeyi
Fagus sylvatica L.

Root
Endosperm and
embryo
Embrião

Flooding
Aerobiosis and
anaerobiosis
Flooding
-

Leaf

-

Bud
Root and Leaf

Zinc

Leaf
Leaf
Leaf
Leaf

-

Seed
Seed

Arificial ageing

Kadam et al. (2015)

Leaf

Drought

Li et al. (2015)
Li et al. (2011)
Metwali (2012)
Xia et al. (2020)
Himashree and
Choudhury (2007)
Auler et al. (2002)
Ballian et al. (2007)
Colunga-garcíamarín et
al. (1999)
Conte et al. (2003)
González-Astorga et al.
(2006)
Ivanek, Matejka and
Novotny (2009)
Konnert, M., Bergmann,
F. (1995)
Kravchenko, larionova,
Milyutin (2008)
Dongmei, Z. et al.
(2000).
Makeeva et al. (2017)
Panetsos, Aravanopoulos
and Scaltsoyiannes
(1998)
Pastorino and Gallo
(1998)
Przybylski, Matras and
Sulkowska (2015)
Seoane, Kageyama and
Sebbenn (2000)
Shigapov et al. (1996)
Stecconi et al. (2004)
Sulkowska (2010)

Root
Bud
Leaf
Seed
-

Salinity
Salinity
-

Leaf
Bud
Leaf

-

Leaf
Leaf

-

Bud

-

Bud

-

Endosperm

-

Endosperm and
embryo
Bud
Endosperm

-

Seed

-

Bud

-

Leaf

-

Embryo
Bud
Bud

-
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Acer pseudoplatanus L., Tilia cordata M., Betula pendula
Roth, Abies alba Mill., Pinus sylvestris L., Carpinius
betulus L., Rhamnus frangula L.; Sorbus aucuparia L.

Larix decídua L.
Malpighia emarginata DC.

PRDX
(11 articles)

Malus sylvestris (L.) Mill.; Malus x domestica orkh.
Oryza sativa L.
Triticum durum L.
Glycine max (L.) Merrill
Hordeum sp.
Secale cereale L.
Oryza sativa L.
Oryza sativa L.
Mimosa tenuiflora (Willd.) Poir.
Quercus ilex subsp.ballota [Desf.] Samp
Quercus robur L.
Quercus ilex subsp. ballota[Desf.] Samp.)
Zea mays L.

LEA
(4 articles)

Tabebuia serratifolia (Vahl) G.Nicholson
Bowdichia virgilioides Kunth.
Anadenanthera colubrina (Vell.) Brenan var. cebil
Momordica charantia L.

MAS
(15 articles)

Oryza sativa L. cv. basmati-Super
Triticum aestivum L.; Hordeum vulgare L.
Glycine max L. cv. Columbus
Traicurrt oesiiruni L. YM 158 e NM-9
Thunbergia laurifolia Lindl.
Triticum durum L.
Acacia dealbata Link
Cucumis sativus L.
Oryza sativa L.
Bowdichia virgilioides Kunth.
Cedrus libani A. Rich.
Oryza sativa L.
Pinus halepensis Mill.
Wigandia urens Willd. ex Spreng.

Sulkowska, Gomory and
Paule (2012)
Wehenkel, Corral-Rivas
and Hernández-Díaz
(2011)
Lewandowski, Burczyk
and Meinartowicz (1991)
Lopes, Bruckner and
Lopes (2002)
Wagner et al. (2004)
Chen et al. (2016)
Fernando et al. (2015)
Komatsu et al. (2010)
Lee et al. (2011)
Lee et al. (2013)
Lin et al. (2010)
Virdi et al. (2019)
Zhao et al. (2016)
Galván et al. (2011)
Sergeant et al. (2011)
Sghaier-Hammami et al.
(2013)
Meena, Pullaiahgari and
Gudipalli (2018)
Carvalho et al. (2008)
Albuquerque et al. (2009)
Castro, Guimarães and
Faria (2017)
Megha, Seema and Nidhi
(2019)
Farooq et al. (2011)
Ju et al. (2019)
Lee et al. (1976)
Song et al. (2006)
Thinh, Laosinwattana and
Wichittrakarn (2018)
Katsenios et al. (2016)
Lorenzo et al. (2019)
Sun and Luo (2014)

Bud

-

Bud

-

Embryo

-

Leaf

-

Leaf
Spikelet
Flour
Root
Grain
Leaf
Flour
Grain
Root
Flour
Leaf
Leaf

Grain
Flooding
Early maturation
Salinity
Temperature
Desiccation
Soil Alkalization
Water restriction
-

Seed

-

Fruit and seed
Seed
Seed

Desiccation

Seed

Artificial ageing

Seed
Seed
Seedling
Seed and root
Leaf and seed

-

Seed
Seedling and seed
Seed and seedling

Salinity

Wang et al. (2020)
Albuquerque et al. (2009)
Ayan et al. (2018)
Chowhan et al. (2011)
Moya et al. (2013)
Gamboa de Buen et al.
(2006)

Seed
Seed
Seed
Root and coleoptile
Seed
Seed

Lead
Water restriction
Firing
-

Source: Authors.

Enzymes are mainly extracted from leaf, seed, bud, and root (Table 1). The objectives of studies with enzymes in
agricultural and forestry plants ranged from the enzymes or proteins under abiotic stresses and structure or genetic diversity of
populations. Studies carried out with alcohol dehydrogenase enzyme (ADH EC 1.1.1.1) have as main objectives to evaluate the
genetic diversity and structure of populations (Bednorz et al., 2015; Belokon et al., 2005; Echchgadda and Triest, 1999),
identification of the purity of hybrids and their lines (Sanghamitra et al., 2017). ADH activity during germination and plant
growth (Gonçalves et al., 2010) was evaluated using genotypes under temperature variation (Pinhero et al., 2007), prolonged
deficiency of oxygen (Pompeiano et al., 2015), and flooding (Kolb and Joly, 2009).
For the enzyme malate dehydrogenase (MDH EC 1.1.1.37), there was the most significant number of articles (35) that
focused mainly on genetic diversity and structure (Corral-Rivas and Hernández-Díaz, 2011; Daoura et al., 2018; Przybylski et
al., 2015; Sulkowska et al., 2012). The artificial aging on seed respiration (Jiang et al., 2018) and changes in respiratory
functions (Xia et al., 2020) were evaluated. Furthermore, identify plants tolerant to soil salinity (Li et al., 2015; Metwali,
2012), drought (Kadam et al., 2015), and excess of Zn (Barrameda-Medina et al., 2014).
Eleven studies were carried out with peroxiredoxins (Prxs EC 1.11.1.15) with protein expression during the grain
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filling (Chen et al., 2016), water deficit (Sergeant et al., 2011), high temperatures (Lin et al., 2010), salinity (K. Lee et al.,
2013), sodium carbonate (Zhao et al., 2016) and responses to pathogens (Sghaier-Hammami et al., 2013). Heat-resistant
proteins, of the LEA type (Late Embryogenesis Abundant), were differentially expressed in seeds after imbibition (Meena et
al., 2018); in desiccation tolerance (Castro et al., 2017; Carvalho et al., 2008), and to elucidate biochemical events occurring
during germination (Albuquerque et al., 2009).
Alpha-amylase enzymes (1,4-α-D-glucan glucanohydrolase; EC 3.2.1.1) were studied in studies investigating seeds
storage of different aging conditions (Bansal et al., 2019), in the imbibition process (Albuquerque et al., 2009), during
germination (Lorenzo et al., 2020; Y. D. Sun and Luo, 2014) and water deficiency (Ayan et al., 2018) and exposure to fire
(Moya et al., 2013). There were a small number of studies distributed over time. It may be related to the particularities of
reagents, volumes, and laboratory techniques that each species requires in its enzyme extraction and protocol. The first studies
with enzymes and proteins in plants date to the 70s (K. C. Lee et al., 1976), and new studies are being carried out nowadays
(Bansal et al., 2019; Xia et al., 2020), a fact that reinforces the important role of enzymes and proteins for inferences in plant
species.
Bibliometry permits evaluating words found among concepts that co-occur in titles, keywords, or abstracts; therefore,
it uses the actual content of the documents to build a similarity measure (Zupic and Čater, 2015). The mapping and grouping
the most important fields of articles, in such a way, it is possible to represent a knowledge base incorporated in the collection
to identify documents and explore how different themes developed in a research domain (Aria and Cuccurullo, 2017; Li et al.,
2015b). We present some specific aspects of the enzymes in focus in this study.

Alcohol dehydrogenase
The alcohol dehydrogenase enzyme is part of the class of enzymes called oxidoreductases. Its coenzyme is NAD +,
and two Cys with sulfhydryl form the active site (Sun et al., 2007). This enzyme participates in ethanol oxidation to
acetaldehyde and NADH to NAD + in alcoholic fermentation. It is remarkable that in stressful situations, the aerobic
metabolism gives way to the anaerobic path, with a strong relation to the increase of the ADH activity in plants in this kind of
stress. This fact is caused by the involvement of ADH in anaerobic respiration (Acquaah, 1992). Therefore, this enzyme is
considered an anaerobic polypeptide and a marker of anaerobic activities in plants (Pompeiano et al., 2015). Nitric oxide can
inhibit the enzymes ADH and LDH, preventing anaerobic respiration and preventing the binding between the enzyme's
sulfhydryl and ZnZ + (Sun et al., 2007).
There is a decrease in energy production in low oxygen conditions resulting from the shift from aerobic to anaerobic
respiration, followed by alcoholic fermentation. It converts pyruvate into ethanol mediated by alcohol dehydrogenase and
pyruvate decarboxylase (Pompeiano et al., 2015). In cases of flooding, the diffusion of oxygen between cells is 1000 times less
than in a normal situation. For this reason, there is a change to the anaerobic metabolic route (Xu et al., 2016). It is known that
high levels of ADH can signify ethanol toxicity in flood-affected plants (Jelinski, 1993). It is also stated that, in these cases,
there is an increase in the production of lactate and ethanol, the final product of alcoholic fermentation, and that requires the
action of PDC (pyruvate decarboxylase) and ADH (Kolb & Joly 2009).
Increased alcohol dehydrogenase activity is an essential process in flood-tolerant conditions. In this situation, there is
a high production of ethanol to maintain energy balance. Such accumulation can be harmful to plants, and there must be ways
to eliminate the toxic product. Otherwise, there is death (Ferreira et al., 2009). Stress transmitted by low temperature generates
an increase in ADH in maize and rice seedlings, in addition to evidence of change in expression in proteins that convert starch
into sugar in tubers. In potatoes, lactate and ethanol production is accelerated due to the higher expression of ADH, LDH
(lactate dehydrogenase), and PDC (Pinhero et al., 2007). Ethanol formation reduces the effects caused by the accumulation of
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lactate, which acidifies cell pH, during anaerobic respiration (Gonçalves et al., 2010).

Malate dehydrogenase
Malate dehydrogenase belongs to the oxidoreductase class. The enzyme acts on the last pathway of the tricarboxylic
acid (CAT) or Krebs cycle by oxidation of malate to oxaloacetate. This reaction has as cofactor NAD, protecting plants from
oxidative stress (Kadam et al., 2015). The tricarboxylic acid cycle is the second stage of plant respiration, taking place in the
mitochondrial matrix. It is essential in synthesizing reducing compounds such as FADH2 and NADH to complete the
respiratory process and the formation of carbon skeletons, fundamentals for cellular metabolism (Kerbauy, 2008).
Furthermore, it lacks the metabolism of lipids, proteins, nucleic acids, and secondary compounds, all combined with cells (Li
et al., 2011).
MDH is very compatible with Zn and appears to be an essential compound in anion synthesis during the stress
generated by zinc accumulation (Barrameda-Medina et al., 2014). As it is a respiratory enzyme, its expression increases during
seed imbibition. Its degradation occurs with the increase in the level of toxic and oxidative substances (Jiang et al., 2018),
typical of plants under some biotic or abiotic stress. In C4 plants, MDH converts oxaloacetic acid into malate, a vital carbon
supplier for photosynthesis. Thus, it directly affects the composition and increases in productivity of such crops (Beaujean et
al., 2001; Kerbauy, 2008).

Alfa-amylase
The alpha-amylase belongs to the family of endoamylases (glycosyl hydrolases) (Zorzin, 2014). The group is
hydrolytic enzymes that catalyze starch into smaller chains, converting amylose and amylopectin into smaller molecules, such
as maltose and glucose (Expasy, 2018). There are three types of amylases, the α- (E.C. 3.2.1.1) and β-amylases (E.C. 3.2.1.2),
most frequently investigated in research (Jaaska, 1983). The third type is glucoamylase (E.C. 3.2.1.3). Different amylases are
distinct based on their physical and compound properties: an α-amylase is intolerant to pH < 3.6 and is activated by calcium
(Frydenberg, 1965).
Amylases are one of the oldest and most important industrial enzymes. These comprise hydrolases, which hydrolyze
starch molecules to refine various products such as dextrin and progressively smaller polymers composed of glucose units.
Large matrices of amylases are involved in complete starch degradation. However, the alpha-amylases are most sought after
hydrolyzing the 1,4-glycosidic bond within the molecule. A-amylase holds the largest market share in sales of enzymes with its
application in the starch industry and its well-known use in the bakery. With the advent of new frontiers in biotechnology, the
spectrum of application of alpha-amylase has also expanded to medicinal and analytical chemistry, automatic dishwashing,
textile desizing, and the pulp and paper industry. Amylases are ubiquitous, produced by plants, animals, and microorganisms
(Gupta et al., 2003).
Alpha-amylase is an approximately 50 kDa, calcium-dependent, monomeric protein composed of 512 amino acids
and three anterior domains A, B, and C (Zorzin, 2014). The active site of alpha-amylase is in a long gap between domains A
and B. The cofactor (Ca2+) binds to the enzyme in the gap between domains A and B and can stabilize a three-dimensional
structure as an allosteric activator. Domain B is inserted between domains A and C and is linked to domain A by a disulfide
bond. Domain C has a beta-sheet structure, appears independent, and is related to domain A by a single polypeptide chain
(Whitcomb & Lowe, 2013).
In addition, binding to calcium, the enzyme has a chlorine-binding site in domain A, close to the active site. The
substrate-binding site contains five subsites, with the catalytic site positioned at subsite 3. An alpha-amylase cleaves
preferentially as alpha-1,4 glycosidic bonds present within the molecule (Whitcomb & Lowe, 2013; Zhang et al., 2013).
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LEA proteins
LEA proteins are classified as hydrophilic. These proteins have an affinity for water, thus keeping the seed hydrated
for longer and preventing it from becoming denatured at high prices (Albuquerque et al., 2009; Castro et al., 2017). These are
synthesized in seed development in the embryogenesis stage. The primary function of LEA proteins is to make plants
desiccation-tolerant, preventing water loss and thus maintaining the physical properties of proteins in good working order.
Therefore, these are found in orthodox seeds that are already necessary because they tolerate dehydration without physical and
physical losses (Castro et al., 2017; Meena et al.,2018).
The hydrophilic amino acids in plants with LEA proteins are ordered in repeated sequences, divided by their
biochemical properties and similar functions (Hong-Bo et al., 2005). Dehydrins, rich in lysins, are the most prominent and can
be found in rice seeds (Oryza sativa L.) and corn (Zea mays L.).

Peroxiredoxins
Peroxiredoxin is a large family of peroxidases. They act in reducing peroxides, using cysteine residue, called Cys (Cp)
peroxidative, functioning as a site of oxidation by peroxides (Hall et al., 2011; Rhee, 2016). The presence and location of these
Cys define a classification of the family into subfamilies, namely, 2-Cys, atypical 2-Cys, and 1-Cys Prx (Chae et al., 1994;
Rhee, 2016; Wood et al., 2003).
The enzymes are related to the thiol group of cysteine (known as peroxidase cysteine) from the N-terminal of the
enzyme to sulfenic acid in the reduction reaction of H2O2 or other hydroperoxides present in water or alcohols. Essential
amino acid residues, peroxidase cysteine, help create a low pKa space (acid constant) that facilitates the ionization of the thiol
group to the thiolate anion. Among these residues, a threonine and an arginine stand out, which together with a peroxidase
cysteine form a so-called catalytic triad (Komatsu et al., 2010; Zhao et al., 2016).
The constituted peroxiredoxins are characterized by Kim et al. (1988), with Saccharomyces cerevisiae being the first
representative to be described. They are considered a superfamily, as they are present in both eukaryotic and prokaryotic
organisms. According to work carried out by Hofmann (2002), all living organisms express these proteins in large quantities.
They aid in response to high stress due to high levels of salinity. When identified molecularly, identify activated genes, and
provide a complex network of physiological mechanisms at work intolerance of the saline environment (Lee et al., 2013).
In studies on their action on agricultural and forestry plants, some activities performed by these proteins were
detected, including the presence in rice grains (Oryza sativa). Acting as flood-responsive proteins in soybean (Komatsu et al.,
2010), in addition to being involved in the oxidative stress response in green oak (Quercus ilex subsp. ballota [Desf.] Samp.)
(Galván et al., 2011). The protection against oxidation and germination in barley seeds (Hordeum vulgare) subjected to H2O2
(Lee et al., 2011) and probable activity in resistance to saline stress (Lee et al., 2013) were also identified.
Agricultural species evaluated by MDH showed more variations. In alpha-amylase, there was little similarity between
the experimental methods adopted. Physiological studies such as cell respiration, germination processes, chlorophyll, and
toxicity were monitored by MDH. For LEA proteins, the methods differed from agricultural and forest species. However, most
of the studies are of species under stress.
In studies related to peroxiredoxins, variation in extraction methods was noticeable, using the SDS-urea and phenol
extraction method for agricultural species. The protocol more cited for the forest species were TCA-acetone and TCA-acetone
phenol.
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4. Final Considerations
Studies with enzymes mainly use extracts using leaf, seed, bud, and root. To access this information using bibliometry
could support defining the best protocols and tissues to establish the planning for studies and collecting. Even with diverse
protocols, the biochemical markers are useful for genetic and physiological studies in seeds, buds, and leaves, i.e., many of the
tissues used and identified in the articles evaluated.
A significant challenge for successful analysis is planning the studies involving biochemical markers, which requires
a good literature review and, in most cases, protocol adjustments that take time to be standardized. In addition, it is crucial to
choose the best tissue depending on the objectives and the species. Thus, it is worth investigating to initiate a study planning an
excellent bibliographic search instead of spending time with mistakes and successes in adjusting protocols that demand time,
costs, and technical experience.
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