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BULLET POINTS (3 to 5 bullet points - maximum 85 characters)

 Research on 2,4-D toxicology and mutagenicity has advanced rapidly.

 USA stands out in studies involving 2,4-D toxicity, followed by Canada and China

 Toxicology and Biochemical/Molecular Biology were the areas of greatest influence

 strongly related to the keywords glyphosate, atrazine, water and gene expression

 Focus on occupational risk, degradation, neurotoxicity and herbicide tolerance
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ABSTRACT 

2,4-dichlorophenoxyacetic acid (2,4-D) is a herbicide that is used worldwide in 

agricultural and urban activities to control pests, reaching natural environments directly 

or indirectly. The research on 2,4-D toxicology and mutagenicity has advanced rapidly, 

and for this reason, this review summarizes the available data in Web of Science (WoS) 

to provide insights into the specific characteristics of 2,4-D toxicity and mutagenicity. 

Contrary to traditional reviews, this study uses a new method to quantitatively visualize 

and summarize information about the development of this field. Among all countries, the 

USA was the most active contributor with the largest publication and centrality, followed 

by Canada and China. The WoS categories ‘Toxicology’ and ‘Biochemical and Molecular 

Biology’ were the areas of greatest influence. 2,4-D research was strongly related to the 

keywords glyphosate, atrazine, water and gene expression. The studies trended to be 

focused on occupational risk, neurotoxicity, resistance or tolerance to herbicides, and to 

non-target species (especially aquatic ones) and molecular imprinting. In general, the 

authors have worked collaboratively, with concentrated efforts, allowing important 

advances in this field. Future research on 2,4-D toxicology and mutagenicity should 

probably focus on molecular biology, especially gene expression, assessment of exposure 

in human or other vertebrate bioindicators, and pesticide degradation studies. In 

summary, this scientometric analysis allowed us to make inferences about global trends 

in 2,4-D toxicology and mutagenicity, in order to identify tendencies and gaps and thus 

contribute to future research efforts.

Keywords: Citespace, Degradation, Emerging trends, Mutation, Occupational exposure, 

pesticides mixture.

1. Introduction
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2,4-dichlorophenoxyacetic acid (2,4-D) was developed during World War II (Suzuki, 

2017) and introduced on the market in the 1940s (Islam et al., 2018) to control broad-

leaved weeds (Aquino et al., 2007). Due to its efficiency, selectivity, low cost and broad 

spectrum in pest control, it has become a widely-used herbicide in agricultural and urban 

areas around the world (Dehnert et al., 2018).

According to  Islam et al., (2018), 2,4-D has been registered as an ingredient in 

approximately 1500 agricultural and home use herbicides, as a sole active ingredient or 

in conjunction with other active ingredients. The compound mimics natural plant auxins 

and promotes division, differentiation and elongation of plant cells, acting as a regulator 

of plant growth (Islam et al., 2017; Song, 2014). However, even in low concentrations, 

2,4-D has a herbicidal effect on dicotyledonous due to its ability to produce uncoordinated 

cell growth (Stackelberg, 2014), damage to conducting vessels and root, leaf and stem 

malformation (RED, 2006). Its action mode is effective through the increase in cell-wall 

plasticity, biosynthesis of proteins and production of ethylene.

The main markets for 2,4-D are the developed and developing countries with an 

agricultural vocation. In the US, for example, the estimated annual cost of marketing the 

product is close to 45 million pounds or 57 million dollars (RED, 2006). In China, 2,4-D 

production in 2010 reached the mark of 40,000 tons (Liu et al., 2013). Developing 

countries in South America, such as Argentina and Brazil, also have a large consumption 

of 2,4-D (Merini et al., 2007). Data from IBAMA (Brazilian Institute of the Environment) 

ranked 2,4-D as the second best-selling pesticide in the country in 2017 (behind 

glyphosate), with 57,389.35 tons (IBAMA, 2018).

A worldwide increase in 2,4-D use in soybean, corn and wheat has recently come 

to be  expected, due to the development of new genetically modified crops resistant to 

this pesticide, since glyphosate-resistant technology is outdated (Freydier and Lundgren, 
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2016). It is important to highlight that 2,4-D resistant crops were registered by the US-

EPA in 2014 (EPA Registration Number 62719-649; Decision Number 457755). This 

factor, and the characteristics of the chemical molecule and its kinetics in the 

environment, have led to concerns about the consequences of its interaction with different 

biological compartments (Freydier and Lundgren, 2016).

Once 2,4-D is applied directly on the soil or sprayed on the crops, it easily reaches 

water bodies (Chinalia and Killham, 2006). Being a polar molecule, 2,4-D and its ester 

and amines are quite mobile in aqueous systems because of its acidic carboxyl group (pKa 

= 2.8) and low soil adsorption that may be the reason for its widespread occurrence in the 

environment (Islam et al., 2018). In addition, it can reach the water bodies by surface 

runoff or through infiltration, leaching and soil percolation, becoming an environmental 

and human health problem (Gaultier et al., 2008; Kearns et al., 2014; Shareef and Shaw, 

2008). It is also noteworthy that 2,4-D is a moderately persistent substance in the 

environment, with a half-life between 20 and 312 days, depending on environmental 

conditions (Walters, 2011).

Studies have demonstrated the bioaccumulation capacity of this herbicide in non-

target organisms, exposed for a short period of time (da Fonseca et al., 2008; Kiljanek et 

al., 2016). Regarding the post-2,4-D exposure effects in different organisms, studies have 

shown endocrine disruption (Guerrero-Estévez and López-López, 2016), reproductive 

disorders (Pattanasupong et al., 2004), genetic alterations (Lajmanovich et al., 2015) and 

carcinogenic effects (Loomis et al., 2015). In humans, 2,4-D has been associated with the 

development of Parkinson's neurodegenerative disease (Tanner et al., 2009) and autism 

(Román, 2007).

Related and unrelated information on the 2,4-D toxicology is published daily in 

various journals around the world, making it difficult to effectively follow the progress 
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of information in one or more areas of knowledge. Scientometric methods become 

adequate tools to summarize the complex and growing available information set, in order 

to show global trends and gaps in knowledge. It is possible to map journals, countries, 

authors, main research areas and the most active areas, and identify and visualize the main 

factors that contribute to the evolution of knowledge about a chosen theme (Chen, 2014, 

2006a, 2004).Therefore, in recent years, there has been a growing interest in the scientific 

community to evaluate state-of-the-art research through the use of the scientometric 

methods (He et al., 2019; Konur, 2011).

Considerable attention has been given to the problems caused by 2,4-D and 

excellent narrative (Islam et al., 2018) and meta-analytical reviews (Goodman et al., 

2015; Smith et al., 2017; Stackelberg, 2014) have been published recently. Nevertheless, 

up to the present, there has been no published scientometric revision that addresses this 

issue systematically. Moreover, no previous review in this area has defined the 

articulations or the working relationships between the research groups and their countries. 

In addition, there are no studies that include aspects such as clusters, co-citations or 

keywords.

 The aim of this study is to comprehensively and systematically provide a 

scientometric review of the research on the toxicity and mutagenicity of 2,4-D. More 

specifically, our analysis mainly focuses on the network of cooperation between 

countries, co-authorship and co-occurring keywords analyzing publications from 1949 to 

2018. Therefore, the knowledge domains, quantified research patterns, intellectual 

structure and emerging trends in this field can be explored, which is helpful in obtaining 

more accurate and complete information and offering insights into research topics and 

trend evaluation from different perspectives.

 

 

 

Journal Pre-proof



6

2. Materials and methods

Data was obtained from the ISI – Web of Science (WoS) database of Clarivate 

Analytics. The searched terms included TS (Topic Search) = (2,4-D OR 

“dichlorophenoxyacetic acid” AND mutation AND toxicity).

The search generated 10,735 references between 1949 and 2018. Later refining 

manually analyzed each publication through the reading of titles and abstracts to select 

only 2,4-D studies involving toxicity and mutation. A total of 9,319 publications were 

excluded (1,416 selected), since several publications dealt with the use of 2,4-D as a 

stimulation hormone for auxin production.

Document type, publication year, source and its impact factor, category, country 

and author were identified for each publication. The impact factor was obtained from 

Journal Citation Reports (JCR) (clarivate.com/products/web-of-science).

The results were analyzed using Microsoft Office Excel and CiteSpace software. 

The latter provides functions to facilitate understanding and interpretation of network 

patterns, including thematic area identification, finding specific points, and labeling 

selected terms. The software allows mapping authors, journals (sources) and countries, 

helping to identify and visualize the main factors contributing to the knowledge evolution 

in the search field under study (Chen, 2014, 2006a, 2004).

Program outcomes are shown as infographic forms, with a node indicating 

research items, and links between nodes describing citations or mutual references 

between these nodes. Each node is represented by a series of tree rings in different colors; 

a spectrum of colors serves to indicate the chronological order of occurrence of links and 

items (Xiang et al., 2017). Thus, blue represents older articles, while recent articles appear 

in orange, with an outer purple ring that indicates good centrality (or simply as yellow 

circles). Betweenness centrality is defined in the following Equation (1).
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Centrality (node i) =                                             (Eq. 1)∑
𝑖 ≠ 𝑗 ≠ 𝑘

𝜌𝑗𝑘 (𝑖)
𝜌𝑗𝑘

In Eq. (1), ρjk represents the number of shortest paths between node j and node k, 

and ρjk (i) is the number of those paths that pass through node i. At document level, the 

importance of each document in a co-citing network can be partially evaluated by the 

indicator betweenness centrality (Li et al., 2017; Ouyang et al., 2018).

In addition, some data was subjected to cluster analysis, which is an analysis in 

which similar objects are combined to determine related areas of study. The size of the 

set is the number of grouped objects. CiteSpace assigns ID zero (#0) to the largest cluster, 

ID one to the second largest, and so on  (Chen, 2015). Statistica (StatSoft, 2007) was used 

to perform Pearson's correlation analysis.

3. Results and Discussion

3.1 Publication characteristics 

An increase was observed in the number of yearly publications, from one in 1949 

to 70 in 2018. The highest numbers were observed in 2016 and 2017 (81 and 82 articles, 

respectively). These publications were classified into 9 types of documents: article, 

procedure paper, abstract, review, letter, note, editorial material, book review and other 

items. Articles were predominant comprising 88.63% of the total. The predominant 

language was English (97.81%), regardless of the country of origin, since it is the 

preferred language of communication in the scientific community (Schuermans et al., 

2010).

The articles in our refined dataset were cited 25,051 times, with an average of 

17.69 citations per item and an H-index of 66. This suggests that this line of research has 

a relevant impact factor. The H-index was developed by Hirsch in 2005 and reveals the 

impact or relevance of a paper, author or field. The H-index is the maximum value of h 
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for which an author or area has published h papers that have been cited at least h times. 

In summary, our dataset had 66 papers with at least 66 citations each (Hirsch, 2005). 

Thus, citation analysis provides important information about the scientific impact of 2,4-

D herbicide toxicity and mutagenicity research.

 Fig. 1 shows the total number of publications and citations per year. It also shows 

that since 1991 there has been a considerable and growing increase in the publications 

and citation numbers regarding 2,4-D toxicity and mutagenicity. In the whole period 

analyzed, a strong positive correlation was observed between citations and publications 

(Pearson’s correlation: r = 0.876; r2 = 0.767; t = 14,725; p < 0.001).

Insert Fig. 1. 

3.2    Countries

Information analysis based on the origin of the authors of the publications is 

fundamental to understand the geographic distribution of the regions and countries with 

the highest publication indices about the toxicity and mutation of 2,4-D. This analysis can 

be seen in Fig. 2A. The publication leader was the USA, followed by Canada, China and 

India. In Fig. 2B, information on the number of citations and cooperation network 

between countries is summarized, showing the U.S. as the country that stands out in 

studies involving 2,4-D toxicity. This figure also revealed the lack of cooperation between 

some countries. Therefore, there is a need to improve the lines of communication between 

research and publication in these countries. It is worth noting that the letter font size in 

Fig. 2B is proportional to the volume of publication, while the thickness of the connecting 

lines between countries demonstrates the intensity of cooperation. The thicker the 

connection line the higher the frequency of cooperation between two or more countries.

Insert Fig. 2
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The formation of clusters of countries separated by different colors can be seen in 

Fig. 2B. The numbers represent the citation counts of each country. The clusters are from 

the largest (#0) to the second largest (#1) and so on. The top ranked item by citation counts 

is the U.S. in Cluster #1, with citation counts of 399. The 2nd is Canada in Cluster #0 

(100). The 3rd is China in Cluster #0 (78). The 4th is Argentina in Cluster #2 (62). The 5th 

is India in Cluster #1 (56). The 6th is Turkey in Cluster #2 (43). The 7th is Japan in Cluster 

#0 (43). The 8th is Germany in cluster #0 (38). The 9th is Brazil in Cluster #2 (37). The 

10th is France in Cluster #2 (30).

Fig. 2B also presents the centrality of some countries (yellow circles). Centrality 

is an important measure that varies from 0 to 1 (Chen, 2015), representing the influence 

of a country. In this study, the USA has the greatest centrality (0.68), followed by 

Germany (0.29), Canada (0.13) and Spain (0.12).

Moreover, some countries presented citation bursts. A citation burst is an indicator 

of a most active region (in this case), which can last for multiple years as well as a single 

year. A citation burst provides evidence that a publication/country is associated with a 

surge of citations. In other words, the item has evidently attracted an extraordinary degree 

of attention from its scientific community (Chen, 2015). The top-ranked item in bursts is 

China (2000), with bursts of 13.23. The 2nd was Turkey (1999) (7.93). The 3rd is Argentina 

(1991) (7.39). The 4th is the U.S. (1973) (7.34). The 5th is Germany (1991) (6.92). The 6th 

is Canada (1974) (6.25). The 7th is Japan (1997) (6.20). Lastly, the 8th is England (1998) 

(4.54).

3.3 Category analysis

Based on the analysis of occurrence of a subject category, it is possible to describe 

which area is highlighted in toxicity and mutation studies of 2,4-D. In this study, the most 
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recurring areas for analysis of the characteristics of categories listed by WoS were chosen. 

Subject category information has been analyzed using CiteSpace. Fig. 3A shows the co-

occurrence network, where the node represents a subject category, while a line connecting 

the two nodes demonstrates the co-occurrence of two subject categories. In this figure, 

the three main categories in relation to the frequency of this theme are “Toxicology” 

(citation counts: 514), “Environmental Sciences & Ecology” (506) and “Environmental 

Sciences” (489), followed by “Public, Environmental & Occupational Health” (160) and 

“Chemistry” (119).

Centrality is represented in Fig. 3A as purple rings and are evident in the areas of 

“Biochemistry & Molecular Biology” and “Toxicology” and “Chemistry”. A node of high 

betweenness centrality is usually one that connects two or more groups of nodes with the 

node itself in-between, hence the term betweenness (Chen, 2014). Fig. 3B emphasizes the 

main points seen in Fig. 3A, where the centrality and frequencies are related to the 10 

largest categories.

Insert Fig. 3

In Fig. 3B, “Biochemistry & Molecular Biology” and “Toxicology” had the 

largest centralities (0.38 for both), indicating greater influence as regards the publications 

about mutation and toxicity of 2,4-D. “Chemistry” and “Environmental Sciences & 

Ecology” also stand out for their centralities (0.24 and 0.23, respectively). Thus, the 

research field of this theme is multidisciplinary, covering a wide range of interests. 

“Toxicology”, “Environmental Sciences & Ecology” and “Environmental Sciences” had 

the highest frequencies in descending order, indicating that these categories have greater 

visibility in the scientific environment (Chen, 2014). Therefore, the category with the 
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highest visibility will not always have the greatest influence. This is the case of the 

“Biochemistry and Molecular Biology” area, not so frequent, but highly influent.

3.4 Sources co-citation analysis

Studies on the mutagenicity and toxicity of 2,4-D were published in 419 journals. 

Table 1 shows the top 10 most-cited journals in this study. The best-classified journal by 

citation count was Chemosphere, with 314 records, thus being considered the best source 

for scientists to develop and disseminate papers on the subject. The second best-ranked 

journal in citations (Journal of Agricultural and Food Chemistry) also stands out in 

centrality. Undoubtedly, at the Impact Factor (IF) level, Science had the highest (41.037) 

and a profound influence on research. Moreover, it is remarkable that Science had a 

citation half-life of 36 years, followed by Environmental Science & Technology (31 

years), Journal of Agricultural and Food Chemistry (31) and Chemosphere (27 years).

Table 1. Top 10 journals in terms of frequency and Impact Factor IF (JCR) in 2018.

Journal Frequency Centrality Half-life Burst
Impact 
Factor

Chemosphere 314 0.05 27 5.108
Journal of Agricultural and Food Chemistry 295 0.19 31 9.79 3.571
Bulletin of Environmental Contamination and 
Toxicology 223 0.09 24 13.13 1.650

Environmental Health Perspectives 216 0.04 19 5.03 8.049
Environmental Science & Technology 213 0.06 32 7.149
Toxicology and Applied Pharmacology 211 0.17 28 23.37 3.585
Toxicology 195 0.07 22 3.547
Environmental Toxicology and Chemistry 194 0.04 19 3.421
Archives of Environmental Contamination and 
Toxicology 183 0.08 17 5.32 2.135

Science 183 0.06 36 8.42 41.037

Fig. 4 shows the main journals and citation burst detection, which is an indicator 

of a more active area. It is possible to note that the journal with the largest explosion of 

citations, represented by red rings, was “Toxicology and Applied Pharmacology”, 

followed by “Bulletin of Environmental Contamination and Toxicology “, “Journal of 
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Agricultural and Food Chemistry”, “Toxicology” and “Environmental Health 

Perspectives”. A citation burst provides evidence that a particular source is associated 

with a rapid increase in citations, indicating that the journal has attracted a great deal of 

attention from its peers in a short time (Chen, 2014).

Insert Fig. 4.

3.5 Authors co-citation analysis 

Fig. 5 shows the collaboration network for productive authors according to 

CiteSpace. In this network, each node represents an author, expressed “author's name”. 

This co-citation analysis refers to the co-citation relationship between two documents 

from the list of references of a third cited document. In the co-citation network, the 

location of clusters and their relationship may reveal an intellectual structure that gives 

the reader a holistic view of the subject in question  (Sun et al., 2019). Thus, the authors 

work collaboratively, using the available literature, and making evident the high 

productivity and cooperation between them, while making great advances in this field of 

research. It is important to highlight that the connection between the nodes represents a 

common reference and the links between two nodes suggest a collaboration between 

individual authors (Chen et al., 2009; Rorissa and Yuan, 2012).

Insert Fig. 5.

As seen in Fig. 5, the top-ranked item in citation counts and centrality was 

CHARLES JM (1996), with 71 in Cluster #0. The important article of Charles et al., 

(1996) evaluated the chronic dietary toxicity and oncogenicity of 2,4-D in rodents. The 

general findings of these studies indicate low chronic toxicity of 2,4-D and the lack of 

oncogenic response to 2,4-D following chronic dietary 2,4-D exposure in rats and mice.

 

 

 

Journal Pre-proof



13

The following important references were also listed in descending order of citation 

counts: Grover et al., (1986) in cluster #1, Munro et al., (1992) in Cluster #2, and 

Sauerhoff et al., (1977) in Cluster #1. The USEPA has had several related publications, 

one standing out in #3, and Bradford (1976), with its citation peak in 1993, in cluster #0. 

The research of Grover et al. evaluated the amount of 2,4-D metabolite in the urine of 

farmers and was in the same Sauerhoff et al. (1977) cluster. The research of Sauerhoff 

was remarkable because it evaluated the elimination of 2,4-D from plasma in five male 

human volunteers who ingested 2,4-D in a single dose (5 mg.kg-1). Several publications 

dealing with the genotoxicity of 2,4-D have appeared in the literature and were reviewed 

by Munro et al., (1992). On the other hand, the research of Bradford is globally important 

in toxicology and several other areas, because it presented a rapid and sensitive method 

for the quantitation of microgram quantities of protein using the principle of protein-dye 

binding.

Regarding both authors and publications, Table 2, obtained from WoS, outlined 

the top 10 highly-cited papers in 2,4-D toxicity and mutagenicity studies. This table also 

shows the values of the total and annual citation counts of each article in addition to 

information about the authors and publication year. These documents are essential base 

readings for researchers seeking to work with 2,4-D toxicology. Several of these articles 

evaluated a mixture of pesticides, including 2,4-D. Several publications are about 

research with human beings. 
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1 Table 2 – top 10 most-cited publications about 2,4-D mutagenicity and toxicity.

Publication Citation total Average 
citation per 

year

Author/year

An ecologically effective water treatment technique using electrochemically generated 
hydroxyl radicals for in situ destruction of organic pollutants: Application to herbicide 
2,4-D

284 14.05 Oturan, MA, 2000

Pesticide residues in urine of adults living in the United States: Reference range 
concentrations

215 8.60 Hill, RH; Head, SL; Baker, S; et al., 
1995

A cocktail of contaminants: how mixtures of pesticides at low concentrations affect 
aquatic communities

214 19.45 Relyea, Rick A., 2009

Semen quality in relation to biomarkers of pesticide exposure 210 12.35 Swan, SH; Kruse, RL; Liu, F; et al., 
2003

Aquatic phyto-toxicity of 23 pesticides applied at expected environmental 
concentrations

207 7.96 Peterson, Hg; Boutin, C; Martin, Pa; 
et al., 1994

A method for establishing acceptable toxicant limits for fish - malathion and 
butoxyethanol ester of 2,4-D

203 3.83 Mount, Di; Stephan, Ce, 1967

Aggregate exposures of nine preschool children to persistent organic pollutants at day 
care and at home

191 11.24 Wilson, NK; Chuang, JC; Lyu, C; et 
al., 2003

Non-Hodgkin's lymphoma and specific pesticide exposures in men: Cross-Canada 
study of pesticides and health

175 9.21 McDuffie, H H; Pahwa, 
P; McLaughlin, JR; et al., 2001

A review of 2,3,7,8-tetrachlorodibenzo-para-dioxin-induced changes in 
immunocompetence - 1991 update

175 6.03 Holsapple, Mp; Snyder, Nk; Wood, 
Sc; et al., 1991

Genotoxicity of select herbicides in Rana catesbeiana tadpoles using the alkaline 
single-cell gel DNA electrophoresis (comet) assay

166 7.22 Clements, C; Ralph, S; Petras, M., 
1997
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3 3.6 Keywords co-occurrence analysis 

4 The keywords can be considered one of the most important points of a publication 

5 and co-words analysis can be used to detect research topics, analyze research hotspots, 

6 and monitor research frontier transitions from a certain knowledge domain (Yu et al., 

7 2017).

8 In Fig. 6A, the main keywords were presented. The color represents temporality: 

9 blue for the first citations and red for the most recent. The words herbicide and pesticide 

10 appear because they are strongly linked to the subject under study. Words such as 2,4-D 

11 and dichlorophenoxyacetic acid were excluded from the results, since they are used to 

12 identify the pesticide.

13 Figure 6B shows the top 15 keywords with the frequency and centrality that 

14 appear in the studies. As mentioned above, the keyword that most frequently appears in 

15 the literature is herbicide and the most central word is pesticide, which means that this 

16 keyword has greater visibility in toxicology and mutagenicity connected to the 2,4-D area. 

17 There is a strong association of the subject in question with the keywords “water”, 

18 “atrazine”, and “glyphosate”. Indeed, as a result of its intensive agricultural use, 2,4-D is 

19 recognized as one of the main pollutants of aquatic ecosystems (Atamaniuk et al., 2013). 

20 The estimated environmental concentrations of 2,4-D in freshwater bodies can range from 

21 4 to 24 μg.L-1 and may locally reach concentrations up to 4,000 μg.L-1 (Borges et al., 

22 2004).

23 Insert Fig. 6. 

24

25 As regards freshwater bodies, different countries have different legislation 

26 determining the maximum quantity allowed. Table 3 shows the different levels of 2,4-D 

27 allowed in Brazil (Brasil., 2005), Argentina (Merini et al., 2007), the European Union 

28 (Nalcaci et al., 2006; Salman and Hameed, 2010), Canada  (Health Canada, 2019), the 
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29 USA (USEPA, 2005) and by the WHO (World Health Organization, 2003). It should be 

30 noted that the lowest values are in Europe, where 0.1 μg L-1 is permitted in drinking water, 

31 while the sum of all molecules detected must not exceed 0.5 μg L-1. The amount of 2,4-

32 D permitted in drinking water is 1000 times greater in Canada and 700 times greater in 

33 the USA.

34 Table 3 –Maximum allowed 2,4-D limit around the world

Country Maximum allowable quantity
European Union 0.1 µg L-1

Argentina 4 µg L-1

Brazil 30 µg L-1

USA 70 µg L-1

Canada 100 µg L-1

World Health Organization (WHO) 30 µg L-1

35

36 A word with strong centrality was expression, referring to genic expression. In 

37 this point, it is necessary to discuss a mechanist approach about 2,4-D analysis, its impact 

38 and remedial strategies. Several studies have evaluated the expression of genes of interest 

39 either in genetically modified plants or in non-target organisms, such as the research by 

40 Park and Kwak (2012), which evaluated the Metallothionein and Vitellogenin mRNA 

41 expressions in benthic Chironomus riparius larvae exposed to 2,4-D. We can cite also the 

42 study of Hattab et al., (2015) that investigated the transcriptional expression levels in the 

43 earthworm Eisenia andrei after exposure to 2,4-D. As outcome, they observed that, 

44 compared to expression in controls, the expression levels of the SOD, CAT, and GST 

45 genes increased in worms exposed to all three 2,4-D doses for 7 days, and after 14 days 

46 of exposure, only the expression of the GST gene remained higher than controls (Hattab 

47 et al., 2015). Studies in soil are important too, because the highest concentrations of 2,4-

48 D were detected in soil, air and surface water surrounded by crop field (Islam et al., 2018). 

49 In the next topic it will be approached more about effects on individuals (plants and 

50 animal) and about remedial strategies.
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51

52 3.7 Hot research topics on 2,4-D toxicity and mutagenicity: clusters

53 The “Keyword” node type in CiteSpace was selected, and the top 10 most 

54 frequently researched topics were obtained. Fig. 7 shows the main clusters labeled by the 

55 keywords indicated by the authors themselves. Table 4 shows the details of these clusters, 

56 where the size of the set is the number of terms included in each set. In summary, a cluster 

57 is a group of closely-coupled documents representing different directions of research. 

58 From the topics of this group of documents, representative terms were extracted and 

59 labeled by a log-likelihood ratio, expressed as “# + Cluster ID + representative term”  

60 (Chen et al., 2009; Rorissa and Yuan, 2012). To better understand the meaning and scope 

61 of each cluster, it is necessary to consider other factors in the cluster shown in Table 4, 

62 such as Silhouette, Size, and Year (mean), for example, in addition to their identification.

63

64 Insert Fig. 7.

65

66 Table 4. Summary of the 10 largest clusters, showing size, silhouette, and 
67 representative terms to characterize each cluster.

Cluster ID Size Silhouette Mean (year) Representatives terms
0 78 0.524 2007 Somatic Embryogenesis
1 74 0.734 2002 Occupational Exposure 
2 68 0.596 2005 Degradation
3 65 0.657 2005 Transdermal
4 42 0.716 2000 Neurotoxicity
5 40 0.80 2013 Molecular Imprinting
6 34 0.843 2013 Equitoxic Mixtures 
7 29 0.893 2013 Herbicide Resistance
8 24 0.908 2016 Herbicide Tolerance 
9 12 0.958 2010 Goldfish
10 5 0.995 2017 Cross-resistance

68

69 The silhouettes in our clusters ranged from 0.524 to 0.995. The significant 

70 silhouette of scores is one of the most important metrics, impacting the overall structural 
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71 properties of the network. The silhouette shows the homogeneity of a cluster ranging from 

72 -1 to 1 and the highest possible value 1 represents a perfect solution (Chen, 2006b). The 

73 higher the silhouette scores, the more consistent the cluster members are with each other 

74 (if the compared clusters are similar in size). A good range of cluster numbers would be 

75 about 7 ~ 10 major clusters with 10 or more members, with each of the clusters having 

76 high silhouette values (e.g. > 0.70) (Chen, 2015). All our 10 clusters had silhouettes above 

77 0.5, and most were around 0.8. The mean publication year of a cluster indicates whether 

78 it is mostly made up of recent or old articles. This is a simple and useful indicator (Chen, 

79 2015).

80 We can see that the keywords in the Fig. 6 and 7 and Table 4, also are represented 

81 in the highly cited literature (Table 2). The first most cited article studied methods of 

82 oxidative degradation of 2,4-D (Oturan, 2000). ‘Degradation’ is an important keyword in 

83 centrality, as well as ‘pesticide’. Several studies investigate more than one pesticide and 

84 the 2,4-D is frequently associated, e.g., with ‘glyphosate’ and ‘atrazine’ – two important 

85 other keywords. It is corroborated by one of the most frequently cited studies  entitled “A 

86 cocktail of contaminants: how mixtures of pesticides at low concentrations affect aquatic 

87 communities” (Relyea, 2009), and by Peterson et al. (1994) in “Aquatic phyto-toxicity of 

88 23 pesticides applied at expected environmental concentrations”. The keyword ‘water’ is 

89 important too, and well represented in the top cited literature. The study of Relyea (2009) 

90 evaluated aquatic comunities; Clements et al. (1997) evaluated the genotoxicity of 

91 selected herbicides in the tadpoles Rana catesbeiana; and Mount and Stephan (1967) 

92 evaluated a new method for establishing acceptable toxicant limits for Fish to 2,4-D and 

93 Malathion. Genotoxicity and Fish were keyword present in the figure 6 and 7. 

94 Occupational exposure was an highlighted trend, as seen in the 4th most cited Swan et al. 

95 (2003) and in the 8th (Mcduffie et al., 2001).

 

 

 

Journal Pre-proof



19

96 As can be seen in Fig. 7 and Table 4, the major objectives of the investigations 

97 involving 2,4-D toxicity and mutagenicity are related to the environment and studies on 

98 the toxic potential of this herbicide in non-target organisms. The representative term was 

99 “Somatic Embryogenesis” with the largest size, but with the lowest silhouette, showing a 

100 weak network structure. Despite the data refinement, it is impossible to deny that 2,4-D 

101 is classically known to induce somatic embryogenesis in routine protocols of seed 

102 cultures, alone or with other hormones (Raghavan, 2004). Other terms like Occupational 

103 Exposure, Transdermal (penetration), Neurotoxicity, Molecular Imprinting, Goldfish, 

104 Herbicide Resistance and Herbicide Tolerance attract attention.

105 Occupational exposure to pesticides is a major public health concern (Islam et al., 

106 2018). Oxidative stress induced by this herbicide may be important in the pathogenesis 

107 of cancer and other chronic disease outcomes, especially in occupational exposure (Lerro 

108 et al., 2018). According to Stackelberg, (2014), epidemiologic studies suggest that 

109 exposure to 2,4-D may be associated with increased risk of non-Hodgkin’s lymphoma, 

110 Hodgkin's disease, leukemia, and soft-tissue sarcoma, as well as Parkinson's disease 

111 (Tanner et al., 2009).

112 Neurotoxicity was an important keyword in the clusters view. A USEPA study 

113 (RED, 2006) demonstrated that clinical signs of neurotoxicity (ataxia, decreased motor 

114 activity, myotonia, prostration, lateral recumbency, impaired/loss of the righting reflex, 

115 and skin cold to the touch) were observed in pregnant rabbits following exposure to 2,4-

116 D (in relatively high dose) and its amine salts and esters. Neuropathology (retinal 

117 degeneration) was observed following 2,4-D exposure in several studies of female rats 

118 (RED, 2006). A developmental neurotoxicity study of rats was required for 2,4-D 

119 (USEPA, 2,4-D RED Facts, 2005) and more recently Marty et al., (2013) assessed F1 rats 

120 for systemic toxicity, reproductive toxicity, developmental neurotoxicity (DNT), 
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121 developmental immunotoxicity (DIT), and endocrine toxicity. In this study, the authors 

122 presented that 2,4-D did not cause reproductive toxicity or developmental neurotoxicity 

123 after oral exposure.

124 Institutes such as WHO (World Health Organization) defend that “all people, 

125 whatever their stage of development and their social and economic conditions, have the 

126 right to have access to an adequate supply of safe drinking water” (World Health 

127 Organization, 2003). Thus, to ensure water safety, a trend in the search for new 

128 technologies for analytical detection of pesticides is molecular imprinting (Cluster #5).  

129 Jia et al., (2017), for example, described a novel molecular imprinting fluorescence sensor 

130 construction by anchoring mesoporous structured imprinting microspheres on the 

131 surfaces of quantum dots (QDs) for the selective and sensitive detection of 2,4-D.

132 There is no doubt that modern agricultural techniques are based in biotechnologies 

133 and agrochemicals. With the cultivation of 2,4-D GM-resistant crops, the 2,4-D use will 

134 be inevitably increased in the next years. In this sense, intending to reduce the 

135 environmental impacts and seeking remedial strategies, the most recent papers about 2,4-

136 D are researching more efficient and complete degradation methods for this pesticide. It 

137 can be cited Cai et al., (2020) that investigate the influencing factors and mechanism in 

138 degradation of 2,4-D by anodic oxidation and electro-Fenton using BDD anode. Other 

139 recent article investigated the degradation of 2,4-D by photoelectrochemical methods 

140 using electrochemically self-doped Blue TiO2 nanotube arrays with formic acid as 

141 electrolyte (Xu et al., 2020). Likewise, Li et al., (2019), used CuO-

142 Co3O4@CeO2 nanoparticles and get 100% of 2,4-D (20 mg/L) decomposed. It is 

143 promising and very important line of research.

144             When non-target organisms are exposed to 2,4-D during or after application, they 

145 may trigger stress responses (Liu et al., 2011; Subrahmaniyan et al., 2008). The 2,4-D 
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146 concentrations in the environment may be well above the lethal concentration for 

147 numerous aquatic species (e.g. fish), especially when these applications are made directly 

148 (Browne and Moore, 2014). Some of these investigations were done with goldfish 

149 Carassius auratus L. (Clusters #9) ( ex. Kubrak et al., 2013; Matviishyn et al., 2014). 

150 Various fish species also stand out as bioindicators of the effects of exposure to 2,4-D 

151 (e.g. rainbow trout, bluegill, striped bass, banded killifish, white perch, eel, and carp) 

152 (RED, 2006). The fathead minnows (Pimephales promelas) (Dehnert et al., 2018) are 

153 included in this group.

154 In this sense of evaluation of the impacts on non-target organisms, there are articles that 

155 investigate the substances that can increase the transdermal absorption of the 2,4-D 

156 (Clusters #3). Researches investigated the mechanisms by which substances as alcohol, 

157 topical sunscreen application and moisturizing lotions can increase transdermal 

158 absorption (Brand et al., 2007a, 2007b, 2007c). Brand et al., (2007c) compared the 2,4-D 

159 transdermal absorption after exposure to both ethanol and sunscreen and demonstrates 

160 that these two treatments enhance additively at the higher doses tested. As the organisms 

161 are exposed to a mixture of xenobiotics, studies as theses are important to show the 

162 synergic effect the pollutants.

163 Lastly, the words resistance and tolerance were highlighted in three keywords that labeled 

164 the clusters: Herbicide Resistance, Herbicide Tolerance, Cross-resistance. The rapid 

165 evolution of weeds resistant to the herbicide glyphosate required the development of 

166 GMO technologies resistant to another herbicide, in this case, 2,4-D. The 

167 commercialization of these technologies led to a greater consumption of this herbicide, 

168 which, since 2001 in the USA, has been the most commonly used herbicide in the 

169 residential market, and went from the seventh to the fifth most commonly used herbicide 

170 in the agricultural market from 2007 to 2012 (https://www.epa.gov/pesticides/pesticides-
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171 industry-sales-and-usage-2008-2012-market-estimates) (Stackelberg, 2014; USEPA, 

172 2012). Continued and increasing use of 2,4-D in conventional agriculture is inevitable, 

173 and research efforts have therefore been made to evaluate the potential toxicological 

174 effects of this substance on human health and ecosystems (Egan and Mortensen, 2012).

175

176 4. CONCLUSION

177 This study provides a comprehensive review of the mutagenicity and toxicity of 2,4-D by 

178 means of scientometric methods, which clarified the emerging trends. Research on 2,4-D 

179 toxicology and mutagenicity has advanced rapidly and the United States has maintained 

180 the leading research position with the largest production, number of citations and 

181 centrality. On the other hand, the Chinese citation burst was remarkable. “Toxicology”, 

182 “Environmental Sciences & Ecology” and “Environmental Sciences” are three main 

183 frequency categories.  “Biochemistry & Molecular Biology” had the same centrality as 

184 “Toxicology”, indicating that they are the areas with the largest influence. Chemosphere 

185 is the most published source, probably the best source for scientists to disseminate papers 

186 on the studied subject. In relation to the principal articles, several of them are evaluations 

187 of human beings. The others also evaluated a mixture of pesticides, including 2,4-D. 

188 Studies of rats, fish or amphibians had great prominence as well. The keywords co-

189 occurrence analysis and the cluster view point in the same direction. 2,4-D toxicity 

190 research is remarkably associated with words such as glyphosate and atrazine (other 

191 pesticides), degradation, molecular imprinting, water, goldfish, rat, neurotoxicity, 

192 occupational exposure (in humans), genetic expression, herbicide resistance/tolerance. 

193 Therefore, future research on 2,4-D toxicology and mutagenicity should probably focus 

194 on molecular biology, especially gene expression, assessment of exposure in human or 

195 other vertebrate bioindicators, and pesticide degradation studies. In summary, this 
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196 scientometric analysis allowed us to make inferences about global trends, in order to 

197 identify tendencies and gaps in 2,4-D toxicology and mutagenicity and thus contribute to 

198 future research efforts. 

199
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472 Figure Captions

473

474 Fig. 1. Publication vs. Citation output performance between 1949 and 2018. 

475

476 Fig. 2. A. Geolocalization of scientific papers published in peer-reviewed journals about 
477 toxicity and mutagenicity of 2,4-D. The geographic distribution of the reviewed papers is 
478 related to the color of each country, proportional to the publication number. B. The 
479 cooperation network of the productive countries. Different colors mean different clusters, 
480 and the numbers represent the citation counts. Yellow circles represent the proportional 
481 centrality.

482

483 Fig. 3. A. Subject category network between 1949 and 2018, with a threshold of 20 
484 citations. The purple rings represent centrality and the different colored lines mean 
485 different clusters. B. Top 10 categories in terms of frequency and centrality.

486

487 Fig. 4. The network organized by the cited journal. Note: Red circles represent the 
488 citation burst.

489

490 Fig. 5. The co-authorship analysis.

491

492 Fig. 6. A. The network organized by the cited keyword. B.Top 10 keywords in terms of 
493 frequency and centrality.

494

495 Fig. 7. Main clusters labeled by keyword in the field 2,4-D toxicity and mutagenicity. 
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