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Abstract

Common sunflower (Helianthus annuus L.) is a pivotal oilseed crop for global food security, yet sunflower broomrape (Orobanche
cumana) poses a major threat to its yields. This study presents a bibliometric analysis of 337 publications from the Scopus database
(1960-2025) using Biblioshiny and VOSviewer. The temporal evolution of publishing activity follows an atypical 4th-degree
polynomial model, with a general decline in mean total citations per article. Key contributors were identified: Spain is the leading
country; CSIC - Instituto de Agricultura Sostenible (IAS) (Spain), the Institute of Field and Vegetable Crops (Serbia), and Northwest
A&F University (China) are the most productive institutions. Helia is the core journal, while Pérez-Vich B., Velasco L., and Fernandez-
Martinez J.M. are the most prolific authors. Collaboration networks are described based on connection maps. Analysis of keywords
identified research priorities: “plant breeding”, “physiology”, and “genetics” emerged as Motor Themes; “sunflower” and
“broomrape” as Basic Themes; and chemistry or “sesquiterpene” and “lactones” as Niche Themes. “Combining ability”, “mutant
line”, and “new breeding material” represent Emerging or Declining Themes. Furthermore, the five most influential publications
were distinguished and discussed. These findings provide insights into the current research status and outline emergent trends in
addressing the broomrape challenge in sunflower cultivation.
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INTRODUCTION

Once being one of several plants cultivated by Native Americans in prehistoric North America
(Britannica, 2026), nowadays common sunflower (Helianthus annuus) is cultivated throughout the
world. Due to the continuous growth of the human population, the demand for sunflower oil, edible
seeds, and by-products has also increased; hence, to meet the demand, there is a need to intensify efforts
to raise sunflower output (Taher et al., 2017). There are several threats that sunflowers face today.
Sunflower broomrape (Orobanche cumana) is a parasitic plant and one of the major threats to sunflower
crops in countries around the Black Sea and across Europe. O. cumana was first identified as a problem
in Russia soon after sunflowers started to be commercially grown in mid-19" century (Skorié et al.,
2021). Later the world sunflower acreage has more than quadrupled in the last 60 years (1961-2024),
rising from 6,667,130 to 28,728,506 hectares (FAOSTAT, 2026) and the spread of O. cumana followed
the expansion of sunflower production from Russia, across Ukraine, Moldova, Romania, Bulgaria,
Hungary and sunflower broomrape is now present in all sunflower-growing countries (Kaya, 2014),
especially where farmers do not adhere to recommended crop rotations (Kurylych & Makliak, 2022).
Broomrape-inflicted damage to sunflower crops and yield losses can be as high as 100% under heavy

infestation (Encheva et al., 2008; Fernandez-Martinez et al., 2015).

Current research in this field encompasses studies of parasite biology (Delavault, 2015; Duca et
al., 2013), broomrape races and populations (Duca et al., 2022; Fernandez-Melero et al., 2023; Hu et al.,
2019; Makliak et al., 2018; Martin-Sanz et al., 2016;), criteria of broomrape resistance (Labrousse et al.,
2004), physiological and biochemical mechanisms of broomrape resistance in sunflower (Labrousse et
al., 2001; Sakhno et al., 2018), inheritance of broomrape resistance in sunflower (Kurylych & Makliak,
2024; Kurylych & Makliak, 2025; Velasco et al., 2006), parasite-host interactions and co-evolution
(Cochavi, 2025; Echevarria-Zomeno et al., 2006; Rotarenco, 2010), management strategies for
broomrape, including trap crops (Su et al., 2022; Ye et al., 2020), mechanical control (Pilorgé et al.,
2020), crop rotation (Shevchenko et al., 2024), tillage (Shevchenko et al., 2024), chemical control
(Fernandez-Martinez, et al., 2015; Mitkov et al., 2019), biological control (Masliiov et al., 2018), host
resistance, i.e. breeding of broomrape-resistant varieties and hybrids (Burlov & Burlov, 2010; Florin
Gabriel et al., 2024; Khablak et al., 2025; Kurylych & Makliak, 2023; Makliak & Kyrychenko, 2012;
Shcherban et al., 2023), and Clearfield® Production Systems (Kysylchuk et al., 2025), search for sources
of resistance (Christov et al., 2014; Velasco et al., 2006) as well as estimation of economic implications
of infestation (Kebede & Ayana, 2018). Each of these directions can be discussed in traditional reviews;
however, it is difficult to cover the entire scope of sunflower broomrape research in one article. For such
analyses, bibliometric approach is applied. Unlike traditional literature reviews, which synthesize
qualitative information from existing research to provide a cohesive summary of knowledge, identify
themes and gaps, bibliometric approach utilizes quantitative data and statistical methods to analyze

characteristics of published documents, dealing with diverse large datasets and revealing temporal
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trends, regional patterns, networks, and the intellectual structure of a research field (Passas, 2024). A
bibliometric analysis of research into another Orobanche species, which parasites on legumes, has been
published recently (El Amri et al., 2023); a comprehensive traditional review on O. cumana races and
sunflower breeding for resistance to broomrape is also available (Molinero-Ruiz et al., 2015), so is an
in-depth review on Orobanche weeds discussing mechanisms underlying parasitism and control
strategies (Fernandez-Aparicio et al., 2016). However, to our knowledge, sunflower broomrape research
has not yet been addressed through the lens of bibliometrics. Thus, we set a goal to conduct a
bibliometric analysis of scientific literature on sunflower broomrape and resistance of sunflower to this
parasitic plant to facilitate choosing topics for future studies and establishing collaborations links for

sunflower/broomrape scientists.
MATERIALS AND METHODS

On September 28, 2025, we used specific keywords to retrieve literature from the Scopus database
at the Library of the Yuriev Plant Production Institute of the National Academy of Agrarian Sciences of
Ukraine. The search terms “Orobanche”, “broomrape”, “Helianthus”, and “sunflower” were employed
in different combinations. Then we set the following filters: document types were limited to articles,
data papers, conference papers, books, book chapters, reviews, conference reviews, and short surveys;
publication stage was limited to final; and languages were limited to English. For data export, we used
the CSV format, selecting all available information fields. There were 4 files; they were merged and the
resulting file contained a total of 961 documents covering the period from 1960 to 2025. After removing
duplicates, 337 documents were left. The final file was uploaded to the web-interface Biblioshiny of the
Bibliometrix package in the free software RStudio (version 2025.09.0; Posit Software, PBC) for
analyses of bibliometric parameters and constructing charts (Aria & Cuccurullo, 2017) or to VOSviewer
(version 1.6.20) (van Eck & Waltman, 2010) for mapping connections. To enhance the accuracy of
analysis of keywords, a CSV file was created and uploaded to Biblioshiny to omit irrelevant keywords
and to consolidate synonyms. For the same purpose, TXT files were compiled for clustering of keywords
in VOSviewer. For mapping in VOSviewer, the default option “Full Counting” was used (in an article
with 10 coauthors, each coauthor got 1 point in the total number of documents); for normalization,
Association Strength was used (this method calculates the ratio between the actual observed number of
shared publications and the expected number of shared publications derived from the total output
(Weight) of both organizations in the dataset). To construct Figure 2 and Table 1 in Excel, we used data
sheets processed in Biblioshiny and downloaded from Biblioshiny as XLSX files. Figures 3-6 were
downloaded from Biblioshiny as PNG files. Figures 7-11 were downloaded from VOSviewer as PNG
files. The design and flow of this study are depicted in Figure 1. The flowchart in Fig. 1 was built in the

free online diagram software diagrams.net (formerly draw.io; JGraph Ltd., 2026).
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Figure 1. Algorithm of the study

RESULTS AND DISCUSSION
Temporal patterns

Fig. 2 demonstrates the temporal evolution of the publishing activities related to sunflower and
broomrape. With the first articles published in 1960, 1977, and 1982 and long intervals in the publishing
activities, this topic attracted little attention from scholars until the early 1990s. Afterwards they
intensified publication of research results, but, unlike other fields of research, where the volumes of
publications grew significantly and consistently and could be described by an exponential model (Zhou
et al., 2024) or by linear regression (Cai et al., 2025), the blue line in this chart demonstrates that the
growth in the ‘sunflower and broomrape’ research was clearly neither stable (not linear) nor constantly
proportional (not purely exponential). It is best described by a 4™-degree polynomial model. Coefficient
of determination (R?) is a statistical measure that indicates the proportion of the variance (variability) in
the dependent variable (Y, number of publications) that is explained by the model (equation). In our
case, R? is 0.847. This means that approximately 84.7% of the variability in the number of publications
over the years is explained by this 4™-degree polynomial model. The remaining (about 15.3%) is
accounted for by other factors or random noise. At the moment, we have no fully convincing explanation
for the atypical temporal profile of publication volume related to sunflower and broomrape. We can
hypothesize that the observed sharp peaks and the S-shaped trend line may reflect the historical 'arms
race' between sunflower breeders and the rapidly evolving broomrape parasite, as research output may
surge following significant infestation outbreaks. For example, a highly aggressive race of O. Cumana,
race F, was first detected in Spain in 1995 (Alonso et al., 1996) and quickly spread to most areas of
Eastern Europe by the early 2000s (Fernandez-Escobar et al., 2008; Skorié¢ et al., 2010). This could
explain the first peak in 1996 and a large number of publications between 2000 and 2004._In 2008, a

highly virulent broomrape infection was detected in a traditionally non broomrape infested area in Spain.
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Racial determination identified that broomrape inoculum as race F (Fernandez-Escobar et al., 2009). A
year later, in 2009, there was another spike in the number of publications. In 2014, race G was detected
in Spain (Martin-Sanz et al., 2016). Another source attests that it was first found even earlier (2013) in
China and Mongolia (Shi etal., 2015). It might contribute to the spike in 2014. However, this assumption
requires further empirical verification. Timepoints of the development of anti-broomrape chemicals
could be another factor explaining such an unusual temporal profile. Al-Khatib et al. (1998) reported
about a natural mutation in acetolactate synthase that made wild sunflower is less sensitive to an
imidazolinone herbicide (imazethapyr) and, four year later, Miller and Al-Khatib (2002) described
imidazolinone herbicide-resistant sunflower lines carrying the altered acetolactate synthase gene. These
discoveries could at least partially explain the 2000 and 2004 peaks, as this was the onset of the
Clearfield® technology development. Another natural mutation in the acetolactate synthase enzyme
conferring resistance to a sulfonylurea herbicide, tribenuron, was discovered in wild sunflower, with
registering its carriers in 2004 (Miller & Al-Khatib, 2004). This became the basis for the ExpressSun®
sunflower technology, which was officially released for the 2007 growing season (Jursik et al., 2014).
These events could contribute to the 2004 and 2009 peaks. In 2008, the Argentinean scientists described
an ethyl methanesulfonate-induced mutation that confer even greater resistance to imazapyr (Sala et al.,
2008) and, in 2010, the Clearfield® Plus technology was first commercialized (Weston et al., 2012). In
the graph, we observe peaks in 2009, 2012, and 2014, which can reflect development and testing of
Clearfield® Plus lines and hybrids. These considerations cannot fully explain all spikes and troughs in
the sunflower broomrape-related scientific production, as a lot of other factors may affect this parameter.
The general rise in the number of publications is attributed to the development of state-of-the art
techniques of molecular genetics, as we can observe in many other research areas. Furthermore, a
potential source of data volatility is the exclusion of regional or national journals not indexed in Scopus.
Many researchers in major sunflower-producing countries publish in local venues, which may account
for the 'troughs' in our temporal graph. While Scopus-based analyses are inherently limited in their
coverage of non-indexed literature, we prioritized this database due to its high concentration of peer-
reviewed, high-impact sources. Additionally, the standardized metadata provided by Scopus facilitates

robust multi-parameter evaluations using specialized bibliometric software.
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Figure 2. Temporal evolution of the publishing activities in the research related to sunflower and
broomrape

The red line in Fig. 2 shows a general decline in the mean total citations per article. A decrease in
the total citations per article is often observed in different areas of knowledge (Javed et al., 2024;
Pranajaya et al., 2024). As a rule, this is explained by shorter citation lifespans, as more recent papers
naturally had shorter periods to accumulate citations, and quality of publications. The latter
consideration is contradictory. It was reported about moderate positive correlations, but there were great

inter-study variations in the comparison results (Teplitskiy et al., 2022).

The data summarized in Table 1 (the early period with few publications and “empty years” is not
presented) show that Helia is the journal No.1 in the research field under investigation for the entire
analyzed period. Among countries, Spain has been the undeniable leader since the very beginning of
research into sunflower and broomrape. Since 2017, Chinese authors have drastically enhanced their
publishing activities. One can notice that Argentina is not on the list of the 10 top counties despite being
the motherland of the Clearfield® Plus technology. The apparent discrepancy between Argentina’s
pivotal technological contribution and its bibliometric representation in this study can be attributed to a
thematic divergence in research objectives. In Argentina, the development of the CLHA-Plus mutation
was primarily driven by the need to manage common weeds rather than O. cumana, which was not a
critical pathogen in South America until 2023 (Barea et al., 2025). Consequently, the core Argentinian
research outputs are indexed under keywords such as “herbicide tolerance”, “induced mutagenesis”, and
“AHAS/ALS enzymatic activity.” Since our search keywords were specifically centered on sunflower
broomrape, these foundational studies remain on the periphery of the retrieved dataset. Once the

mutations in acetolactate synthase became objects of commercial interest, the published information on

them was frequently restricted by proprietary protections. Consequently, the countries primarily
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involved in the commercialization of these technologies (the USA and Germany) have a less prominent
presence on the bibliometric top-country list. Among institutions, CSIC - Instituto de Agricultura
Sostenible (IAS) has been the leading institution since 1998, followed by Institute of Field and Vegetable
Crops (Serbia) and Northwest A&F University. However, these rankings have certain Scopus-imposed
limitations, as a lot of regional/local journals in sunflower growing countries are not Scopus-indexed
and were not included in the analyzed dataset; hence, the scientific outputs of these countries and their

institutions are less visible (see also the discussions of Figs. 7 and 8).
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Table 1. Cumulative scientific production of the leading journals, countries, and institutions in sunflower and broomrape research over time (values represent total publications

by year-end).
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In total, 774 authors contributed to this research area. The plot in Fig. 3 provides a visual
representation of the publishing history of the 10 key authors in this specific field. The blue bubble size
indicates the number of publications in a given year, and the color intensity represents the total citations
per year. The horizontal red lines show the span of the authors’ publishing activities. This analysis in
Biblioshiny indicates that Pérez-Vich, Begofia exhibited consistent publishing activity starting in 2002
to 2024, which was especially intense between 2012-2017, when both the article number (5 articles in
2014) and total citations per year (12.6 in 2016) were the highest. Velasco, L. mirrors Pérez-Vich's
pattern closely, suggesting collaboration and co-authorship (see Figure 7 below). Fernandez-Martinez,
José Maria shows an early start date (in 1989), with a peak in his publishing history between 2013 and
2016 (3-4 articles per year and the maximum total citations per year of 7.1 in 2016). Meléro-Vara, José
Maria started his publishing activities even earlier, in 1982 (one of the first articles on this topic), reached
the peak in 2000 (3 articles; 6.58), and then his publishing activities gradually were reduced to zero by
2014. Encheva, Julia had a shorter period of activities between 2003 and 2015 and her publication count
and citation impact appear to be the lowest among the listed authors. Dominguez, Juan was active from
1989 to 2015. Eizenberg, Hanan shows more recent activities, starting from 2003 and continuing to
2025. He has published not so many articles (1-2 articles per year), but with relatively high citation
counts (4.25 in 2022). Ma, Yongqing started publishing in 2013 and is still active, with the maximum
citation count (6.75) also in 2022. Shindrova, Pepa S has been active since 2013 until now, with
moderate citation counts (below 2). Joci¢, SiniSa B. is a recent but impactful contributor, with publishing
activities started between 2007 and 2023 and the maximum citation count of 6.67 in 2020.

Authors' Production over Time
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Figure 3. Temporal patterns of 10 top authors’ publishing activities in the sunflower and broomrape
research

The plot in Fig. 4 visualizes the evolution of research topics related to sunflower and broomrape.
The plot allows us to identify emerging, sustained, and declining areas of interest within the field. The
start and end of the line are the years of the first and third quartiles of the term frequency, and the median

is denoted by the circle. Terms like “genetics” (median 19 in 2021), “gene expression” (25 in 2021),
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“plant protein” (23 in 2021), “genomics” (10 in 2022), and “gene” (16 in 2020) appear relatively late in
the timeline, indicating the growing importance of genetic and biochemical approaches in this research
field. This recent burst in genetic terms can be attributed to the development of numerous molecular
markers as well as of state-of-the-art genomic and proteomic techniques applied to analyze the genetic
diversity of O. cumana (Cveji¢ et al., 2020; Duca et al., 2024; Pineda-Martos et al., 2013), to monitor
virulence patterns (Dedi¢ et al., 2026), to search for wild germplasm as a reservoir of adaptivity (Sisou
et al., 2026), to investigate the gene-for-gene interaction (Velasco et al., 2016), parasitism (Calderdn-
Gonzalez et al., 2019) and resistance mechanisms (Calderén-Gonzalez et al., 2023) as well as host-
parasite interactions (Sisou et al., 2026), and to foster marker-assisted/genomic selection (Dimitrijevic
& Horn, 2018; Lu et al., 2000; Miladinovi¢ et al., 2012).Terms, such as “disease resistance”, “parasite”,
“host-parasite interaction”, “plant breeding”, “physiology”, “herbicide”, “crop yield”, emerge and gain
traction, suggesting sustainable interest in these issues. For instance, the consistent presence of the term
“herbicide” after 2002 may reflect the rapid expansion of herbicide-resistant sunflower lines and
hybrids. This trend correlates with the commercial introduction of Clearfield® technology, followed by
the subsequent development and global adoption of the more advanced Clearfield® Plus and
ExpressSun® systems. The consistent prevalence of the terms “plant breeding” and ‘“host-parasite
interaction” reflects an ongoing co-evolutionary arms race, in which breeders have continuously to
outpace the evolution of the parasite and the emergence of increasingly virulent races. Being the
definitive metric of breeding success, the term “crop yield” maintains its status as a top topic even in the
era of advanced technologies. At the same time terms like “fungus” (median 14 in 2005), “Fusarium
oxysporum” (14 in 2002), “Orobanche aegyptiaca” (12 in 2003), “Orobanche cernua” (38 in 2000)
point to declining/disappearing themes. This trend is likely to mean that fungal pathogens and
Orobanche species, other than Orobanche cumana, are much less frequently discussed in the context of

sunflower broomrape.
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Figure 4. Temporal evolution of themes in the sunflower and broomrape research based on authors’
keywords (minimum word frequency 10; number of words per year 3)

Connections and associations

Fig. 5 visualizes the flow of connections between the three fields. The thicker the gray band
connecting two elements, the stronger the relationship (i.e., more publications linking them). This helps
identify the dominant collaborations and affiliations. The left field (AU CO - Author Country)
represents the countries of the authors. The height of each bar indicates the overall representation from
each country within this dataset. The center field (AU _UN - Author Affiliation) lists the authors’
affiliations. The height indicates the number of publications associated with each institution. The right
field (AU - Author) lists authors (10 most relevant based on results from Biblioshiny), with the height
indicating their publication number. Spain and China appear to be the dominant countries (which agrees
with the data in Table 1). For example, "CSIC - Instituto de Agricultura Sostenible (IAS)" is a Spanish
institution collaborating with France, USA, Israel, Romania, and Bulgaria. Probably, it is this institution
that promotes Spain to the first position in the sunflower broomrape research. Institute of Field and
Vegetable Crops (Serbia) collaborates with the US and Turkey. However, Northwest A&F University
(a Chinese university, which is likely to have made a significant contribution to bringing China to the
top list in the sunflower and broomrape research, although only one scientist, Ma, Yongqing, is affiliated
with this organization), another prominent institution in the Scopus dataset, has no international
connections in this specific field. The plot reveals which authors are most active within these institutions
and countries. For example, the most influential authors, Pérez-Vich, Begofia, Fernandez-Martinez, José
Maria, and Velasco, L., are associated with the CSIC - Instituto de Agricultura Sostenible (IAS). Pérez-
Vich, Begofia and Velasco, L. also collaborate with Universidad de Cérdoba (Spain) and Université de

Toulouse (France). Fernandez-Martinez, José Maria collaborates with Universidad de Cordoba too.
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Figure 5. Three-field plot: country-affiliation-author associations in the sunflower and broomrape
research (10 top items)

Strategic maps are tools used in bibliometrics to visualize the thematic structure of a research
field. They are typically divided into four quadrants. Motor Themes (Upper Right) are both highly
central (influential) and highly dense (developed). They represent the core, well-established areas of
research. Niche Themes (Upper Left) are highly developed but not very central. They are specialized
areas that might be isolated from the main research streams. Emerging or Declining Themes (Lower
Left) are neither very central nor very developed. They could be new areas gaining attraction or older
areas losing relevance. Basic Themes (Lower Right) are central but not very well developed. They
represent fundamental concepts or areas that are crucial to the field but might not be experiencing rapid
growth. The map in Fig. 6 reveals four distinct clusters. The big red bubble ("plant breeding, physiology,
genetics") located in the 'Motor Theme' quadrant suggests that plant breeding-related topics are both
central to the field of study and well-developed. This indicates a strong, ongoing research focus. The

"’ n

biggest blue bubble (“sunflower”, “broomrape”, "sunflower broomrape") located in the 'Basic Theme'
quadrant suggests that sunflower-broomrape issues per se, while fundamental to understanding
sunflower agriculture, might not be as actively developed as other areas. This could indicate a relatively
stable, but important, area of research. The lilac “chemical” bubble positioned in the 'Niche Theme'

N1

quadrant includes such terms as “chemistry”, “lactone”, “sesquiterpene”, implying that this area is well-
developed but not a primary driver of the broader field. The classification of “sesquiterpene” and
“lactone” as niche themes (despite the prospect of causing suicide germination of the parasitic weed
seeds (Pérez de Luque et al., 2000) in our mapping reflects the high-tech specialization required for

research into sesquiterpene lactone secretion. The technical exactingness of stable root exudate
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collection and the requirement for integrated LC-MS/MS workflows naturally restrict this research to
few specialized physiological laboratories. This creates a bibliometric signal lag compared to frequently
mentioned terms like “genes” or “plant breeding”. The small green bubble comprises such keywords as
“combining ability”, “mutant line”, “new breeding material” and is located in the 'Emerging or Declining
Theme' quadrant. This position, characterized by low centrality and density, typically suggests a
research area that is either nascent or fading. However, we propose a more nuanced interpretation of
these themes. In the case of “mutant line,” the low bibliometric visibility likely reflects a declining
interest, as classical mutagenesis for developing broomrape resistance may have reached its practical
limits with currently available mutagens. Conversely, we argue that assessments of “combining ability”
and “new breeding material” remain indispensable in breeding practice. Their presence in this quadrant
does not signify a loss of relevance, but rather their transition into routine methodological steps. Unlike
state-of-the-art genomic or biotechnological techniques, these fundamental breeding procedures are less
frequently the primary focus of contemporary Scopus-indexed publications. However, it should be noted
that a lot of studies using these indispensable steps of breeding practice can be documented in
local/regional journals that remain outside the scope of the Scopus database, potentially affecting the

perceived frequency of specific terms.
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Figure 6. Thematic map of the sunflower and broomrape research
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The co-authorship in Fig. 7 shows connections established by researchers in the sunflower
broomrape research. This VOSviewer analysis resulted in 13 clusters. The presence of 6 isolated
clusters, which are not connected with others, stands out. This may reflect the fact that broomrape spread
always has local peculiarities; therefore, regional teams of researchers may way independently,
investigating broomrape races and sunflower lines and hybrids that are crucial for their areas. Three
clusters (green, red and brown) have numerous connections. The violet cluster has few connections with
the red and green ones. The yellow cluster is also connected with the red and green ones. The orange
and lilac clusters are only connected with each other. The most prolific authors are in the green and red
clusters (Pérez-Vich Begofia and Velasco L.- green cluster; Fernandez-Martinez José Maria - red
cluster). Pérez-Vich Begofia has established 20 connections with other researchers, with the total link
strength of 119, and published 39 papers. The corresponding figures for Velasco L and Fernandez-
Martinez José Maria are as follows: 15, 104, 36 and 16, 103, 35, respectively. The link strength between
Pérez-Vich, Begofia and Velasco, L. is 34, confirming their close co-authorship, which we assumed
from Fig. 3. We should emphasize that the co-authorship map would likely exhibit additional clusters
from broomrape-affected regions in Eastern and Southeastern Europe, if databases indexing local
journals provided sufficient metadata for comprehensive bibliometric analysis or if the levels of these
journals met the Scopus criteria. The current mapping reflects the scientific landscape as provided by
Scopus metadata, which does not account for the extensive volume of research published in local

journals.
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Figure 7. Co-authorship map for authors in the sunflower and broomrape research
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Clustering of the countries by co-authorship resulted in 6 clusters (Fig. 8; one-country clusters of
India and Ukraine are not presented in the map because of too big distances between them and the major
clusters). The red cluster comprises Germany, Israel, Italy, Serbia, Turkey, and the US. The green cluster
contains 4 countries: Bulgaria, Moldova, Romania, and Russia. The green cluster could be significantly
larger as it encompasses countries with extensive sunflower acreages. The current clustering reflects the
volume of research represented within the Scopus database rather than the absolute scientific output of
the regions. The yellow cluster has 2 countries: Spain and France. The blue cluster also has 2 countries:
China and Australia. At first, we assumed that clustering of countries would reflect broomrape spread
or regional peculiarities of broomrape infestation. However, this map, with Israel and the US in one
cluster or with China and Australia in the same cluster, etc., refutes this assumption. Thus, this map

attests that inter-country collaboration is not driven by geographical spread of broomrape races.

Figure 8. Co-authorship map for the countries in the sunflower and broomrape research
Bibliographic Coupling measures the degree to which two newer documents share a common
reference list, i.e. documents A and B are coupled if they both cite one or more of the same older
documents (C). This analysis reflects a shared knowledge base. Fig. 9 illustrated bibliographic coupling
between scientists in the sunflower broomrape research. This VOSviewer analysis grouped the
researchers in 5 clusters closely connected with one another. Here Pérez-Vich Begofia, Velasco L., and
Fernandez-Martinez José Maria are assigned to the same cluster, meaning they very frequently rely on

the same references. For example, the link strength between Pérez-Vich Begona and Velasco L. is 1290,
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between Pérez-Vich Begofia and Fernandez-Martinez José Maria — 1187 and between Velasco L. and

Fernandez-Martinez José Maria - 1032.

Figure 9. Bibliographic coupling between the authors in the sunflower and broomrape research

There are 4 clusters in Fig. 10 that shows bibliographic coupling of the countries. The red cluster
comprises Moldova, Romania, Russia, Serbia, Spain, Turkey, and Ukraine. The green cluster consists
of 4 countries: France, Germany, Israel, and Italy. The blue cluster has 3 countries: Australia, China,
and India. The yellow cluster has 2 countries: the US and Bulgaria. Bibliographic coupling of the
countries in Fig. 10 demonstrates that Spanish and American scientists often cite the same references,
as the Spain-US link strength is 785. The Spain-China link strength is 268. For comparison, the Spain-
Ukraine link strength is 38.
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Figure 10. Bibliographic coupling between the countries in the sunflower and broomrape research

We also analyzed bibliographic coupling for journals (Fig. 11). This analysis produced 3 clusters.
The red cluster contains the following journals: Agronomy, Bulgarian Journal of Agricultural Science,
Crop Science, Frontiers in Plant Science, Helia, and Theoretical and Applied Genetics. The green cluster
comprises of Biotechnology and Biotechnological Equipment, Plant Disease, Weed Research, and Weed
Science. The blue cluster only has 2 journals: Plant Breeding and Romanian Agricultural Research. Here
we can see that Helia, the most influential journal in this area of knowledge, besides its own red cluster,

often has reference lists similar to those of Plant Breeding (link strength 199) and Weed Research (240).
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Figure 11. Bibliographic coupling between the journals in the sunflower and broomrape research

Keyword mapping produced 6 clusters (Fig. 12). The red cluster is broad-scoped: it
encompasses terms of genetics and breeding, parasitology, plant biochemistry, physiology, and

5 13

immunology. The green cluster contains such diverse terms as “enzyme activity”, “hybridization”,
“host-parasite interaction”, “morphology”, “polymerase chain reaction”, “weeds”, etc. The dark-blue
cluster is focused on pest control, Orobanchaceae species, fungal pathogens, and parasitism. The yellow
cluster concerns such issues as germination, growth, development, and aging, sesquiterpenes, lactones,
roots and rhizosphere, and allelopathy. The lilac cluster contains the “main characters” of this study:
common sunflower and sunflower broomrape; in addition, it has terms concerning breeding and
sunflower pathogens. The light-blue cluster contains such terms as “randomly amplified polymorphic

DNA”, “races”, “virulence”, “genetic flow”, “inheritance”, “genetic resistance”, and “genetic diversity”.

This clustering generally corroborates the thematic mapping in Fig. 6.
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Figure 12. Co-occurrence of authors’ keywords in the sunflower and broomrape research

Analysis in Biblioshiny allowed to identify the most cited articles, with the total citation count of
over 100. The most cited article (the total citation count was 147), Labrousse et al. (2001) reported about
several mechanisms of resistance of Helianthus to O. cumana, which included cell wall deposition,
vessel occlusion, and broomrape cellular disorganization and were detected in a resistant sunflower
genotype by histological assay of the host-parasite interface. This article is most likely to have
contributed the peak in the total citations per article in 2001 (Figure 2). The next 3 most cited papers
(the total citation count was 144, 128, and 122, respectively) were devoted to chemical response of
sunflower to broomrape infestation (Joel et al., 2011; Serghini et al., 2001; Ueno et al., 2014). It is
evident that the article by Serghini et al. (2001) also contributed to the 2001 peak. Despite the highly-
cited article by Joel et al. (2011), the spike in the total citations per article in 2011 was relatively low.
The highly-cited article by Ueno et al. (2014) did not result in a spike at all; this point on the ‘total
citations per article’ line is on the slope. The last article on the top list (the total citation count was 102)
is rather more broad-scoped than concentrated on broomrape-sunflower interaction only, describing
nucleotide binding site leucine-rich repeat sequences, which were tightly linked to previously mapped
downy mildew, rust, and broomrape resistance genes (Radwan et al., 2008). The article by Radwan et

al. (2008) is not associated with any of the spikes either.
CONCLUSION

This study offers extensive comprehension of Scopus-based bibliometric variables related to
sunflower-broomrape interactions. Using analyses in Biblioshiny and VOSviewer, the greatest

contributors among countries, institutions, journals, and authors were identified, with Spain
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distinguished as the undeniable leader (311 publications) among countries in the research related to
broomrape and sunflower, CSIC - Instituto de Agricultura Sostenible (IAS) as the most publishing
organization (187 publications), Helia as the most important journal (74 papers), and Pérez-Vich B. (20
connections with other researchers, with the total link strength of 119 and 39 papers), Velasco L. (15,
104, and 36, respectively) and Fernandez-Martinez J.M. (16, 103, and 35, respectively) as the most
prolific authors in this field. The temporal patterns in the publishing activities revealed that the
publishing volume was described by an atypical 4"-degree polynomial model, while the profile of mean
total citations per article showed a typical decline. Terms like "genetics", "gene expression"”, "plant
protein", "genomics", and "gene" indicate the growing importance of genetic and biochemical
approaches in this research field. The most influential papers were devoted to mechanisms of resistance
of Helianthus to O. cumana, chemical response of sunflower to broomrape infestation, and genes
encoding disease resistance proteins. The bibliometric findings may help researchers to evaluate the

current status and outline emergent trends related to the challenge posed by broomrape to sunflower

cultivation.
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