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Abstract: Research on the plant growth promoting microorganisms (PGPM) is increasing strongly
due to the biotechnological potential for the agricultural, forestry, and food industry. The benefits
of using PGPM in crop production are well proven; however, their incorporation in agricultural
management is still limited. Therefore, we wanted to explore the gaps and challenges for the
transfer of biotechnological innovations based on PGPM to the agricultural sector. Our systematic
review of the state of the art of PGPM research and knowledge transfer takes Chile as an example.
Several transfer limiting aspects are identified and discussed. Our two main conclusions are: neither
academia nor industry can meet unfounded expectations during technology transfer, but mutually
clarifying their needs, capabilities, and limitations is the starting point for successful collaborations;
the generation of a collaborative innovation environment, where academia as well as public and
private stakeholders (including the local community) take part, is crucial to enhance the acceptance
and integration of PGPM on the way to sustainable agriculture.

Keywords: inter- and transdisciplinary research; collaborative innovation; geographic inequality;
natural laboratory

1. Introduction

Around the world, research on the beneficial plant-microorganisms interaction is
becoming more attractive due to the biotechnological potential for the agricultural, forestry,
and food industry [1,2]. These “plant growth promoting microorganisms” (PGPM) interact
in symbiosis with plants, playing important functional roles in germination, development,
and adaptation to environmental characteristics [3]. During the last decades, dozens of
microbial species and hundreds PGPM strains have been studied by research groups world-
wide. Scientific publications disclose their characteristics and performance in interactions
with plants under laboratory, greenhouse, and field conditions [4–6]. Often these strains are
very well characterized and scientific knowledge encompasses background on their identity,
growth conditions, colonization ability, incompatibilities, as well as primary and secondary
metabolism. More advanced studies may complement genetic data or identification of
specific secondary metabolites. This information is highly relevant for the development of
microbial inoculants.

Despite the diversity of plant associated microorganisms, the most commonly studied
PGPM are Rhizobium, Pseudomonas, Azospirillum, Azotobacter, Bacillus, Glomus, and Trichoder-
mas [7,8]. Some strains of Pseudomonas, Rhizobium, Bacillus, Glomus, and Trichoderma are also
commercially available as single or combined strains.

Applied studies highlight their benefits for agricultural production generated by the
inoculation of beneficial microorganisms in crop plants (Figure 1) [9]. Such benefits are
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increased productivity and crop yield (e.g., a major fruit number, major plant size, plant
survival, and increases in germination rate) [9,10]. Additionally, PGPM increases the
plant’s tolerance against biotic and abiotic stress, an important characteristic for facing
the challenges of global change in agriculture and forestry [10]. The use of beneficial
microorganisms in agriculture is considered as environmentally friendly, as the application
of chemical fertilizers and pesticides can be significantly reduced [9,11].

Figure 1. Graphical summary of PGPM services for agricultural production.

An effective use of PGPM in agriculture could contribute to combating undernourish-
ment and food insecurity as well as to optimize agricultural inputs in energy, fertilization,
pest control, and water [11,12]. The benefits of using PGPM in crop production are well
proven; however, their incorporation in agricultural management is still limited. Therefore,
we wanted to explore the gaps and challenges for the transfer of biotechnological innova-
tions based on PGPM to the agricultural sector. Our systematic review on the state of the art
of PGPM research and knowledge transfer takes Chile as an example. Chile is considered
as a natural laboratory, stretching out from subtropical to subantarctic ecosystems. This
particularity transforms it into a model for extrapolating to global tendencies [13].

2. Materials and Methods
2.1. Study Case

Chile has a surface area of 756,950 km2, with many climates, including the driest desert
on Earth (Atacama Desert), Mediterranean areas, rainforests, and southern areas such as
Antarctica. In addition, Chile presents varied geography characterized by the mountain
ranges of the Andes and the coastal mountain range, the Atacama Desert, the altiplano,
central valleys, and extensive pampas in Patagonia [14].

2.2. Search Strategy for Scientific Publications

A bibliographic search was carried out in PubMed, Web of Science, and Scopus
databases. Keywords related to beneficial plant-microorganism interaction in Chile were
used to identify articles published up to 31 May 2021. On the other hand, we searched
for articles from leading research groups in this field published in the same time frame.
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Please refer to the Supplementary Material for more details (Figure S1). Duplicates and
grey literature, book chapters etc. were eliminated.

2.3. Selection of Scientific Publications

Different selection criteria were considered to select articles that fit the objectives
(Figure S1). Only articles describing, isolating, or applying beneficial microorganisms
associated with plants in Chile were selected, excluding articles on plant pathogens and re-
views.

2.4. Meta-Analysis

For the spatial analysis, the geographic information (sampling or study area) was ex-
tracted from all selected articles and classified into six geographic zones based on available
information on the agro-climatic atlas of Chile [15]. The geographic zones are denominated
as: zone I: hyper-arid zone (18 to 25◦ S), zone II: arid to semi-arid zone (25◦ to 32◦ S),
zone III: Mediterranean zone (32◦ to 36◦ S), zone IV: temperate (warm) zone (36◦ to 39◦ S),
zone V: temperate (cold) zone (39◦ to 44◦ S), zone VI: Patagonian to subantarctic zone
(44◦ to 55◦ S) (Table S1). The articles were analyzed according to the type of technique
(culture-independent, culture-dependent, and both), origin and type of microorganism,
and plant host (commercial, native, or both).

Additional information was extracted to further characterize the selected research
studies (Supplementary Material 2):

(1) Type of PGP mechanism: here, we distinguished 7 PGPM mechanisms (phosphate
solubilization, N fixation, siderophores production, phytohormones production, ACC-
deaminase activity, exopolysaccharides production, biocontrol capacity), as well as
the category “others” for all other reported mechanisms.

(2) Type of environmental stress: here, we distinguished pH, nutrient deficit, salinity,
drought, pollution, temperature (heat or cold), UV radiation, altitude, herbivory, fire,
and others.

(3) Inoculated plant type (vegetable, grass, fruit tree, etc.).
(4) Technology Readiness Level (TRL) [16].
(5) Strain identity.

2.5. Database of Microorganisms Available for the Chilean Agricultural Sector

The record of officially registered commercial strains and products in Chile and the
registry of the commercializing companies was taken from the report of the Agricultural
and Livestock Service of the Chilean Ministry of Agriculture (January 2021).

3. Plant-Microorganism Interaction in Chile: A Case Study
3.1. General Overview of Plant-Microorganism Interaction in Chile

Our final database contained 183 scientific publications on PGPM studies realized in
Chile between 1989 and 2021. However, it was only in the year 2000 that the number of pub-
lications increased significantly (Figure S2). Most studies applied culture-dependent tech-
niques to characterize PGPM-plant interaction (104 articles, Figure 2, Table S2). Nonetheless,
studies based on culture-independent techniques have had greater importance since 2010
(Figure S1) due to the massification of next-generation sequencing techniques, bioinfor-
matics analysis of large amounts of data, and the availability of large databases [17,18].
This technical progress enabled an increased resolution of the plant-associated microbial
diversity. Interestingly, very few studies employed a combination of culture-dependent
and -independent techniques (Figure S2).
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Figure 2. Geographical distribution of the PGPM studies in Chile and general study focus. (a) Spatial
distribution of all articles (183) in this review; (b) articles based on culture-dependent techniques
(105); (c) articles based on culture-independent techniques (71); (d) articles considering both type
techniques (7); (e) Biogeographic origin of the microorganisms in all articles; (f) Taxonomic identity
of the microorganism (domain level) in all articles; (g) Biogeographic origin of the plant host in all
articles. The total number of articles is 183. (For the description of zone I to zone VI, please refer to
methodological Section 2.4).

Globally, articles are not evenly distributed across geographic zones. Together, the
warm-temperate and Mediterranean zone (zone III and IV) comprise approximately 2/3
of the analyzed articles (45.65% (83) and 20.65% (38), respectively) (Figure 2a). These two
zones only represent 15% of the national territory but are the richest biodiversity area and
contain a high diversity of ecosystems [19]. Furthermore, environmental conditions such as
higher precipitation and fertile soils [20,21] favor human settlement (48.9% of the Chilean
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population) and general development (e.g., agriculture, research) in the warm-temperate
and Mediterranean zone [22].

In contrast, geographic zones located in the extreme north (Zone I and II) and south of
Chile (Zone V and VI) present a substantially lower number of articles on PGPM (9.78%
(18), 6.52% (12), 11.41% (21), and 5.98% (11), respectively). These environments are known
for complex and extreme conditions in terms of salinity, aridity, UV radiation, temperature,
pH, and heavy metals [23], limiting agricultural activities [24]. Nevertheless, environments
may harbor beneficial microorganisms, which can contribute to a quick adaptation of
agriculture to climate change conditions such as drought, increased UV, salinity, cold, and
heat [25,26], without the replacement to change crop varieties. However, this potential is
poorly explored as only 27% of the culture-dependent studies were performed in these
geographic zones (zone I and II, zone V and VI) (Figure 2b).

For articles based on culture-independent techniques, the distribution tends to be
slightly less biased towards the warm-temperate and Mediterranean zone (Figure 2c),
where still 54% of the studies were carried out.

Only seven articles used culture-dependent and independent techniques, of which 5
were carried out in the zone with the highest article number, Zone IV (Figure 2d).

In 89.7% of the revised articles, the studied microorganisms were native to Chile, while
only 6.5% used strains introduced (Figure 2e). The effectiveness of introduced microor-
ganisms has been discussed [7,11]. Some studies address this issue, such as Salvatierra-
Martinez et al. (2015) [27], where tolerance to salinity and antagonistic capacity were
evaluated in 10 native Trichoderma spp. Strains and a commercial bioformulation of exoge-
nous. The native strains demonstrated more tolerance to salinity and better performance in
plant growth promotion.

Most studies focus on bacteria or fungi, mainly mycorrhizae (43.5% and 42.4% of the
articles, respectively), whereas 9.2% included both microorganisms (Figure 2f).

Finally, 59.2% of the revised articles work with a native plant host, whereas 38.6%
evaluate the microbial effect on plants for commercial use, such as agricultural and forestry
crops (Figure 2g).

PGPM present a wide range of mechanisms to interact with the plant host [28], includ-
ing nutrient availability for the host, biocontrol, phytohormone production, etc. In our data
set, the most studied mechanisms are biocontrol capacity and phosphate solubilization (20
and 9 articles, respectively). Nonetheless, most studies display a very narrow character-
ization of the investigated microorganisms, with more than 80% of the articles focusing
on one mechanism. Only a small number of studies evaluate experimentally two or more
mechanisms (16%). This high specificity regarding the studied PGPM mechanisms does not
allow for assessing the capabilities of the isolated strains in a more holistic approach, even
though this kind of information would be very helpful for selecting promising microbial
strains. Thus, our understanding of the distribution, acquisition, or loss of functional traits
in PGPM as an adaption to the plant host niche is still very limited.

3.2. Reduction of Environmental Stress through Inoculation of Microorganisms

Several consequences of global change are challenging for the agricultural sector, par-
ticularly when these increase the abiotic stresses for the crop plants, such as floods, salinity,
soil degradation, high temperature, and drought [29]. Different microbial mechanisms have
been described to improve plant growth under stress conditions, such as the production
of phytohormones and exopolysaccharides, as well as the activity of the ACC deaminase
enzyme [7,28,30]. In this sense, we searched our database for articles that evaluate the
interaction of PGPM and their plant host under environmental conditions.

In total, 42 articles address this topic, 31 based on culture-dependent techniques, 10
based on culture-independent techniques and 1 considers both (Figure 3a). The most stud-
ied environmental stresses are drought (15 articles in total), nutrient availability (9 articles),
pollution (7 articles), and soil salinity (6 articles) (Figure 3b). While most articles center on
single stress (31), articles considering multi-stresses are rare (Table S3). Culture-dependent
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studies focus on drought, nutrient availability, and soil salinity. Their experimental ap-
proach involves exploring the PGPM capacity to mitigate the stress effect in the plant host.
Particularly, drought and soil salinity are considered the major stresses for agriculture,
which lead to significant yield reduction [31,32]. Therefore, biotechnological solutions,
as projected by the authors of these studies, would be relevant for the productive sector
but often fail to advance from the laboratory scale to actual commercialization by the
industry [33].

Figure 3. Publications with a research focus on PGPM + environmental stress + stress mitigation.
(a) Venn diagram with the number of articles per study approach, (b) the number of articles per
stress type.

For the culture-independent studies, the range of investigated environmental stresses
is much broader (Figure 3b). In most cases, the research aims to understand microbial
diversity, adaption and/or variability in a natural environment without a specific interest
in its applicability. Despite not being directly applicable, this knowledge is valuable for
understanding microbial sensibility to different conditions, which, e.g., can help to develop
or improve the management of agricultural soils.

3.3. Towards a Biotechnological Solution

In this section, only culture-dependent studies working with microbial inoculation
(single strain and/or consortia) were considered, which sum 84 articles. Of these, 55 studies
used single-strain inoculation; in 29 studies, microbial consortia were applied. Most
biotechnological studies were conducted in the warm-temperate and Mediterranean zone
(zone III and IV) (Figure 4). In these two zones, researchers can take advantage of the high
ecosystem and crop diversity reflected in a higher diversity of investigated plant types
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(Figure 4a). However, increasing drought due to climate change will affect this area [34]
and research from arid zones (zone I and II), anticipating climate change consequences
in formerly more humid areas is urgently needed, but much less performed. The studies
from arid zones (zone I and II) mostly focus on vegetable crops, such as tomato and lettuce,
which are commonly cultivated despite their water demand. In zone V, PGPM inoculation
in grasslands and forest trees is investigated, reflecting the dominant land use types. Finally,
no studies with microbial inoculations were found for the subantarctic zone (zone VI).

Figure 4. Biotechnological perspective of PGPM studies (only considering culture-dependent studies
with microbial inoculation). (a) plant types used in PGPM studies (studies can account for more than
one plant type), and (b) technology readiness levels obtained in the study. (For the description of
zone I to zone VI, please refer to methodological Section 2.4).

The relatively high number of studies conducted with vegetables and grasslands
reflects these crop plants’ commercial importance (local and global) [35]. Nonetheless,
the prevalence of these crops vs. fruit trees or forest trees in scientific studies might
also be influenced by their growth characteristics, e.g., short life cycle, plant size, and
availability of physiological and genetic information for the species. Such arguments gain
importance when considering framework conditions in science, which are defined by the
duration of research projects, availability of funds, and scientific excellence measured in
publications [33].

During the biotechnological development process, the proof of concept for a new
technology is an important step (TRL 3). At that level, the scientific knowledge is con-
sidered sufficiently founded to encounter the validation and scaling to the operational
environment [36]. In this section, 87% of the articles were classified as TRL1 or 2 (36 and 37,
respectively), reflecting knowledge generation in the context of PGPM and their interaction
with the plant host (Figures 4b and S3). Only 11% of the articles corresponding to TRL3, and
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the remaining 2% report findings equivalent to TRL4. These findings exemplify a diagnosis
published by other authors in the field [36–38]. Among others, the lack of funding for
more applied research is probably the major limitation, despite the effort made by the
Chilean state to promote this transitional stage via special calls of the national science
agency and tax breaks for companies involved in research and development (R+D). It is
important to mention that research beyond TRL3 rarely is published in scientific journals,
in order to conserve data privacy for patenting (or other form of protection of the intel-
lectual property) [33]. Additionally, the formulation of PGPM based products and the
scaling up requires collaborative research, e.g., with bioengineers, agronomists, commercial
engineers etc., and alliances with the productive sector, which often escape the interest (or
possibilities) of a scientist in PGPM [36,37].

Another relevant aspect is the selection of the microbe to be investigated o scaled up.
Here, arguments for science and industry differ widely from each other. For science, the
novelty of the research and cultivability of the microorganism is often decisive, whereas
for industry technical, economic, and even social aspects (sustainability, innocuousness)
are relevant [33]. The higher degree of freedom of choice is reflected in a higher taxonomic
diversity of the study microorganisms in science (Figure 5). Interestingly, Bacillus sp. strains
are the most used microorganisms in science and industry. Many commercial products
contain Bacillus sp. strains, as single strains or consortia (often with Trichoderma) (Supple-
mentary Material 2), because they maintain high levels of viability in formulations and
relatively long shelf life [7,36,39] such as Serratia spp. and Klebsiella spp. are only found in
scientific articles, and despite their promising plant growth promotion effects, such strains
are difficult to transfer to the industry area in generally stigmatized as pathogens [30,36].

Figure 5. Microorganisms described in scientific publications and used in commercial products in
Chile (Data Source: SAG, Chile; Table S4).
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4. Gaps in Knowledge and Technology Transfer of PGPM Research

The knowledge and technology transfer around biotechnological solutions based
on PGPM between academia and industry is limited [36,40]. During our analysis of
the situation in Chile as a study case, we discussed some critical points of the transfer
process, e.g., scaling up from the proof of concept to a proven technology includes various
pitfalls [37,41], deviating selection criteria for the PGPM study objects [33]. In this section,
we aim to put our results into a broader context, focusing on three transversal aspects:
inter- and transdisciplinary research, territories, public policy and society, and collaborative
innovation between academia and industry.

4.1. Inter- and Transdisciplinary Research

We detected that PGPM research mainly focuses on understanding interaction mecha-
nisms, microbial community assembly, and function. However, this research rarely leads
to application. We consider that a low level of collaboration with other disciplines might
be involved, as other scientific specialties are needed during the transfer process. In this
sense, inter- or transdisciplinary science provides a possibility to overcome subject-specific
limitations. At the same time, scientific findings are communicated in a way that is easier
to understand and accessible to various stakeholders (such as industrial partners) [13]. In
the health sector, incorporating interdisciplinary formation improved the innovation in
research and increased the interaction between professionals of different areas to resolve
problems with input from different disciplines [42]. The major challenges for inter- or trans-
disciplinary science are developing a common base for communication and understanding,
generating a common conceptual model, and appropriately handling expectations and
misunderstandings.

Beyond the purely academic context, transdisciplinary collaboration is an opportunity
to integrate the local and regional community in participatory research, allowing it to
properly address real-world problems and sustainable development goals [43]. Additional
benefits of such a participatory approach are promoting an open-minding social attitude,
enabling cross-learning between participants, and building networks [13,33].

To achieve this, the availability and distribution of funding resources become relevant.
They must be adapted to current requirements [44] to ensure an adequate environment for
cutting-edge innovations and their application and egalitarian access to knowledge and
development in societies.

Inter- and transdisciplinary collaborations in science allow greater knowledge in-
tegration and comprehension of the proposed study subject [45]. This also applies to
underexplored geographic areas in our review (e.g., arid and semi-arid zones), where
PGPM science is much less conducted but highly relevant to face climate change and the
increase in desertification worldwide. Similarly to Vásquez-Dean et al. (2020) [46], we con-
sider that this global challenge requires and demands a stronger linkage and cooperation
between researchers worldwide.

4.2. Territories, Public Policy and Society

The geographic distribution of the PGPM studies in Chile reflects a tendency that has
been observed as a general pattern with regard to research efforts on soil biodiversity (and
microbial diversity studies): most studies are concentrated in temperate systems, from
which microbial diversity and ecological function often are extrapolated to other ecosys-
tems [47,48]. Moreover, as mentioned before, much less research has been published from
arid and semiarid ecosystems which is worrying particularly in the context of increasing
desertification due to global change [46,49].

Economic and infrastructure development of a country strongly correlates with es-
tablishing national scientific capabilities [50]. For instance, the economic development
in most dryland countries is very low compared to countries in other ecosystems [51,52],
which could explain (at least partially) the lower scientific productivity in these regions.
Emerging and developing countries generally identified the potential of innovation and
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technology transfer to advance economic development and employment. In this context,
allocating public funds is the main source for establishing local capability and sustainable
science systems [53,54]. Take the example of Chile (despite being an OECD member state),
where an average of 0.36% of GDP (Gross Domestic Product) is inverted in science, and
only 33% of this amount is contributed by the private sector, which is far below OECD
average [55]. Under such conditions, scientific research in emerging and developing coun-
tries intends to compete with developed countries, which is not yet achieved but is on
track [50]. In addition, the research hotspots of a country geographically correlate with
its economically most competitive regions, generating a high degree of inequality in the
national science system in both developed and developing countries [50].

Public science policy in developing countries seeks to strengthen knowledge and
technology transfer via different mechanisms, focusing on generating public incubators to
support entrepreneurship and startups [33,53]. This strategy is also related to achieving the
UN Sustainable Development Goals, and both are strongly based on science, technology,
and innovation. Public incubator programs successfully contributed to economic and social
development in countries such as India, Brazil, or China, whereas African countries just
started with such public programs [53]. A challenge for policymakers is how to invert
public funds most effectively to locally or regionally in order to achieve a sustainable
development [43]. Therefore, an overall strategic vision for the territory based on a bottom-
up and inclusive process involving all stakeholders and a comprehensive diagnosis of
territorial strengths and challenges is required [56].

Public awareness. Despite the multiple benefits PGPM based biotechnological solu-
tions offer to the farmer as well as to the final consumer, these are little integrated into
crop management, and commonly little is known about them. At least since the pandemic,
microorganisms have become part of daily awareness, but mainly as pathogens to humans,
animals, or plants. This negative image, also supported by public health and the adver-
tisement of cleaning and hygienic products that eliminate up to 99.9% of microbes, causes
rejection and misunderstanding of microorganisms and their importance for us as well
as all ecosystems on earth [57,58]. Therefore, it is important to convert their bad reputa-
tion through education (schools and universities) and outreach programs, highlighting
the benefits generated by microorganisms (e.g., pharmacy, health, food production, soil
fertility, etc.) [57,59]. In the context of PGPM for agriculture, communication and training
with specific information and practical guides for using microbe-based products could
contribute to overcoming uncertainties, such as efficiency, specificity, or compatibility with
other products (e.g., fertilizers, pesticides) [10].

4.3. Collaborative Innovation between Academia and Industry

Although the number of articles analyzed in this review is not small (n > 200), their
impact on society is not significant. Kampers et al. (2022) identified in their study two
mayor causes for the lack of market introduction: ineffective communication (often leading
to the loss of opportunity) and the differences of TRL that academia and industry operate on
(which is linked to the aims and expectations on both sides). This divergence of objectives
in science and the productive sector could also be complex for the agricultural industry [60].

In the context of ineffective communication, other studies confirm that the dissemina-
tion of scientific knowledge historically occurred through platforms, which are not suitable
for technology transfer [61]. An “economic impact can be achieved only after a complex,
temporally unfolding sequence of interactions between formal and informal channels of
knowledge transfer” [61].

We consider that the generation of a collaborative innovation environment, where
academia as well as public and private stakeholders (including the local community) take
part, is crucial to enhance the acceptance and integration of PGPM on the way to sustainable
agriculture. The establishment of such collaborative network is still in its infancy in many
countries and is not necessarily linked to the economic potential of a country, as the example
of Chile shows [55,62]. In their revision of co-invention patents in Chile, Pinto et al. (2019)
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reveal that the inventor network in Chile is highly fragmented and a significant majority of
the patents granted in Chile belong to foreign inventors.

Such studies highlight the need to strengthen the science-policy–society interface and
the collaborative generation of knowledge, based on renewed public policy frameworks,
focusing on the local and national scale first [63,64].

In a future scenario, dynamic system would arise in which a rather industrial sector of
society generates demand for innocuous agricultural products, stimulating the growth of
the biotechnological market, such as the manufacture of biostimulants and biofertilizers
based on PGPM. Thus, dynamic and growing marketing with costs and benefits arises.
Society generates a demand as the final consumer of safe agricultural products, which gen-
erates a growing market for PGPR products, leading to the establishment of costs/benefits
for the producer.

5. Final Remarks

Since the discovery of the benefits that the interaction of plants and beneficial mi-
croorganisms can generate for agriculture sustainability and adaption to climate change
challenges, much scientific research has been developed, and knowledge of involved
mechanisms has been gained. However, this scientific knowledge about PGPM does not
penetrate society, and technology transfer to the productive sector (agriculture, forestry,
and biotechnological industry) is low. This transfer from the academia to the productive
sector is essential to scale up PGPM based solutions for agriculture. The bridge of effective
communication has two heads and crossing requires the commitment of both. Neither
academia nor industry can meet unfounded expectations during technology transfer, but
mutually clarifying their needs, capabilities, and limitations is the starting point for success-
ful collaborations. In this context, intermediaries such as R & D bureaus, or even startups,
together with a strategic public policy, could contribute to overcoming industry’s limited
experience in collaborative innovation.

A more efficient funding mechanism is needed to bridge the gap between scien-
tific findings and promising prototypes, promoting a collaborative environment between
academia and industry. Regionally developed PGPM solutions for specific soil and climate
conditions offer the opportunity to diversify the productive regional sector, improving the
labor market and social development.

Awareness raising in society and within the agricultural sector should be reinforced.
Involving society with arguments on food quality and safety and sustainable crop man-
agement could be a powerful tool to enhance the incorporation of PGPM based solutions
in agriculture. In addition, the current public interest in the circular economy enables the
possibility of bringing PGPM to a wider audience and winning new partners.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11041061/s1. The following supplementary
information can be downloaded at: Supplementary Material 1, containing Figure S1: scheme of the
methodology of obtaining the metadata; Figure S2: number of scientific publications in the time
according to the technique of studies that used: Dependent culture (orange), independent culture (sky
blue), and both techniques (green); Figure S3: Distributions of studies according to agroclimatic zone
by Knowledge generation and application; Table S1: Descriptions of the agroclimatic zone of Chile;
Table S2: number of articles by agroclimatic zones and sty approach; Table S3: Number of articles
according to the number of mechanisms PGPM described; Table S4: Microorganisms described in
scientific publications and used in commercial products in Chile (Suerce: SAG, Chile). Supplementary
Material 2: Meta-data file with the revised articles and the extracted information used in this study.

Author Contributions: Conceptualization M.G. and A.S.; methodology, E.M.-C., J.P.A.-A., N.G.-S.,
M.G. and A.S.; software, E.M.-C., J.P.A.-A., N.G.-S. and A.S.; validation, E.M.-C. and A.S.; formal
analysis, E.M.-C., J.P.A.-A. and N.G.-S.; investigation, E.M.-C., J.P.A.-A. and N.G.-S.; data cura-
tion, E.M.-C., M.G. and A.S.; writing—original draft preparation, E.M.-C., J.P.A.-A. and N.G.-S.;
writing—review and editing, E.M.-C., M.G. and A.S.; visualization, A.S.; supervision, M.G. and A.S.;

https://www.mdpi.com/article/10.3390/microorganisms11041061/s1
https://www.mdpi.com/article/10.3390/microorganisms11041061/s1


Microorganisms 2023, 11, 1061 12 of 14

funding acquisition, M.G. and A.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by grants Beca Doctorado Nacional of Agencia Nacional de
Investigación y Desarrollo (ANID), Chile, grants n◦ 21192012 (2019), 21211435 (2021), and 21211151
(2021).

Data Availability Statement: The data is available in the Supplementary Material 2.

Acknowledgments: The authors thank the doctorate programs of “Doctorado en Biología y Ecología
Aplicada” and “Doctorado en Ciencias Biológicas, mención Ecología de Zonas Áridas”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Díaz-Rodríguez, A.M.; Salcedo Gastelum, L.A.; Félix Pablos, C.M.; Parra-Cota, F.I.; Santoyo, G.; Puente, M.L.; Bhattacharya,

D.; Mukherjee, J.; de los Santos-Villalobos, S. The Current and Future Role of Microbial Culture Collections in Food Security
Worldwide. Front. Sustain. Food Syst. 2021, 4, 291. [CrossRef]

2. Valverde, C.; Ramírez, C.; Kloepper, J.W.; Cassán, F. Current Research on Plant-Growth Promoting Rhizobacteria in Latin America:
Meeting Report from the 2nd Latin American PGPR Workshop. J. Plant Growth Regul. 2015, 34, 215–219. [CrossRef]

3. Vishwakarma, K.; Kumar, N.; Shandilya, C.; Mohapatra, S.; Bhayana, S.; Varma, A. Revisiting Plant–Microbe Interactions and
Microbial Consortia Application for Enhancing Sustainable Agriculture: A Review. Front. Microbiol. 2020, 11, 3195. [CrossRef]
[PubMed]

4. Lee, S.K.; Lur, H.S.; Liu, C. te From Lab to Farm: Elucidating the Beneficial Roles of Photosynthetic Bacteria in Sustainable
Agriculture. Microorganisms 2021, 9, 2453. [CrossRef]

5. Anand, U.; Vaishnav, A.; Sharma, S.K.; Sahu, J.; Ahmad, S.; Sunita, K.; Suresh, S.; Dey, A.; Bontempi, E.; Singh, A.K.; et al. Current
Advances and Research Prospects for Agricultural and Industrial Uses of Microbial Strains Available in World Collections. Sci.
Total Environ. 2022, 842, 156641. [CrossRef]

6. Kumar, S.; Diksha; Sindhu, S.S.; Kumar, R. Biofertilizers: An Ecofriendly Technology for Nutrient Recycling and Environmental
Sustainability. Curr. Res. Microb. Sci. 2022, 3, 100094. [CrossRef]

7. Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. Plant Growth-
Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to Commercialization of Biostimulants for Sustainable
Agriculture. Front. Plant. Sci. 2018, 871, 1473. [CrossRef] [PubMed]

8. Verma, M.; Mishra, J.; Arora, N.K. Plant Growth-Promoting Rhizobacteria: Diversity and Applications. Environ. Biotechnol.
Sustain. Future 2019, 6, 129–173. [CrossRef]

9. Koskey, G.; Mburu, S.W.; Awino, R.; Njeru, E.M.; Maingi, J.M. Potential Use of Beneficial Microorganisms for Soil Amelioration,
Phytopathogen Biocontrol, and Sustainable Crop Production in Smallholder Agroecosystems. Front. Sustain. Food Syst. 2021, 5,
130. [CrossRef]

10. Shah, A.; Nazari, M.; Antar, M.; Msimbira, L.A.; Naamala, J.; Lyu, D.; Rabileh, M.; Zajonc, J.; Smith, D.L. PGPR in Agriculture: A
Sustainable Approach to Increasing Climate Change Resilience. Front. Sustain. Food Syst. 2021, 5, 211. [CrossRef]

11. Alori, E.T.; Babalola, O.O. Microbial Inoculants for Improving Crop Quality and Human Health in Africa. Front. Microbiol. 2018,
9, 2213. [CrossRef]

12. Basu, A.; Prasad, P.; Das, S.N.; Kalam, S.; Sayyed, R.Z.; Reddy, M.S.; Enshasy, H. el Plant Growth Promoting Rhizobacteria (PGPR)
as Green Bioinoculants: Recent Developments, Constraints, and Prospects. Sustainability 2021, 13, 1140. [CrossRef]

13. Aguilera, J.M.; Larraín, F. Natural Laboratories in Emerging Countries and Comparative Advantages in Science: Evidence from
Chile. Rev. Policy Res. 2021, 38, 732–753. [CrossRef]

14. Sarricolea, P.; Herrera-Ossandon, M.; Meseguer-Ruiz, Ó. Climatic Regionalisation of Continental Chile. J. Maps 2017, 13, 66–73.
[CrossRef]

15. Santibáñez, F.; Santibáñez, P.; Caroca, C.; González, P. Atlas Agroclimático de Chile; Universidad de Chile: Santiago, Chile, 2017.
16. Armstrong, K. Emerging Industrial Applications. In Carbon Dioxide Utilisation: Closing the Carbon Cycle: First Edition; Elsevier:

Amsterdam, The Netherlands, 2015; pp. 237–251. [CrossRef]
17. Black, J.S.; Salto-Tellez, M.; Mills, K.I.; Catherwood, M.A. The Impact of next Generation Sequencing Technologies on Haemato-

logical Research—A Review. Pathogenesis 2015, 2, 9–16. [CrossRef]
18. Zhang, J.; Chiodini, R.; Badr, A.; Zhang, G. The Impact of Next-Generation Sequencing on Genomics. J. Genet. Genom. 2011, 38,

95–109. [CrossRef] [PubMed]
19. Martínez-Tilleria, K.; Núñez-Ávila, M.; León, C.A.; Pliscoff, P.; Squeo, F.A.; Armesto, J.J. A Framework for the Classification

Chilean Terrestrial Ecosystems as a Tool for Achieving Global Conservation Targets. Biodivers. Conserv. 2017, 26, 2857–2876.
[CrossRef]

20. Zambrano, F.; Vrieling, A.; Nelson, A.; Meroni, M.; Tadesse, T. Prediction of Drought-Induced Reduction of Agricultural
Productivity in Chile from MODIS, Rainfall Estimates, and Climate Oscillation Indices. Remote Sens. Environ. 2018, 219, 15–30.
[CrossRef]

https://doi.org/10.3389/fsufs.2020.614739
https://doi.org/10.1007/s00344-014-9470-9
https://doi.org/10.3389/fmicb.2020.560406
https://www.ncbi.nlm.nih.gov/pubmed/33408698
https://doi.org/10.3390/microorganisms9122453
https://doi.org/10.1016/j.scitotenv.2022.156641
https://doi.org/10.1016/J.CRMICR.2021.100094
https://doi.org/10.3389/fpls.2018.01473
https://www.ncbi.nlm.nih.gov/pubmed/30405652
https://doi.org/10.1007/978-981-10-7284-0_6
https://doi.org/10.3389/fsufs.2021.606308
https://doi.org/10.3389/fsufs.2021.667546
https://doi.org/10.3389/fmicb.2018.02213
https://doi.org/10.3390/su13031140
https://doi.org/10.1111/ropr.12450
https://doi.org/10.1080/17445647.2016.1259592
https://doi.org/10.1016/B978-0-444-62746-9.00013-X
https://doi.org/10.1016/j.pathog.2015.05.004
https://doi.org/10.1016/j.jgg.2011.02.003
https://www.ncbi.nlm.nih.gov/pubmed/21477781
https://doi.org/10.1007/s10531-017-1393-x
https://doi.org/10.1016/j.rse.2018.10.006


Microorganisms 2023, 11, 1061 13 of 14

21. Cai, W.; Cowan, T.; Thatcher, M. Rainfall Reductions over Southern Hemisphere Semi-Arid Regions: The Role of Subtropical Dry
Zone Expansion. Sci. Rep. 1948, 2, 702. [CrossRef]

22. Censal, C. ¿En Qué Etapa Del Post-Censo Estamos? Primeros Resultados Definitivos Entrega Completa de Resultados Definitivos
Entrega de Base de Microdatos. Available online: http://www.censo2017.cl/wp-content/uploads/2017/12/Presentacion_
Resultados_Definitivos_Censo2017.pdf (accessed on 9 March 2023).

23. Gaete, A.; Mandakovic, D.; González, M. Isolation and Identification of Soil Bacteria from Extreme Environments of Chile and
Their Plant Beneficial Characteristics. Microorganisms 2020, 8, 1213. [CrossRef]

24. Viale, M.; Bianchi, E.; Cara, L.; Ruiz, L.E.; Villalba, R.; Pitte, P.; Masiokas, M.; Rivera, J.; Zalazar, L. Contrasting Climates at Both
Sides of the Andes in Argentina and Chile. Front. Environ. Sci. 2019, 7, 69. [CrossRef]

25. Maldonado, S.; Rodríguez, A.; Ávila, B.; Morales, P.; González, M.P.; Araya Angel, J.P.A.; Olalde, V.; Bravo, J.; Jana, C.; Sierra, C.;
et al. Enhanced Crop Productivity and Sustainability by Using Native Phosphate Solubilizing Rhizobacteria in the Agriculture of
Arid Zones. Front. Sustain. Food Syst. 2020, 4, 607355. [CrossRef]

26. Fortt, J.; González, M.; Paloma, M.; Remonsellez, F.; Coba de la PeñA, T.; Ostra-Gallardo, E.; Stoll, A. Bacterial Modulation of the
Plant Ethylene Signaling Pathway Improves Tolerance to Salt Stress in Lettuce (Lactuca sativa L.). Front. Sustain. Food Syst. 2022, 6,
70. [CrossRef]

27. Salvatierra-Martinez, R.; Sepúlveda Chavera, G.; Huanca Mamani, W.; Rodríguez Molina, M. Native Strains of Trichoderma from
Northern Chile: Adaptive Tolerance in Boric Saline Soils. Interciencia 2015, 40, 263–269.

28. Vurukonda, S.S.K.P.; Vardharajula, S.; Shrivastava, M.; SkZ, A. Enhancement of Drought Stress Tolerance in Crops by Plant
Growth Promoting Rhizobacteria. Microbiol. Res. 2016, 184, 13–24. [CrossRef] [PubMed]

29. FAO Climate Change and Food Security: Risks and Responses. 2015. Available online: https://www.fao.org/3/i5188e/I5188E.
pdf (accessed on 9 March 2023).

30. Carlson, R.; Tugizimana, F.; Steenkamp, P.A.; Dubery, I.A.; Hassen, A.I.; Labuschagne, N. Rhizobacteria-Induced Systemic
Tolerance against Drought Stress in Sorghum bicolor (L.) Moench. Microbiol. Res. 2020, 232, 126388. [CrossRef]

31. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop
Production under Drought and Heat Stress: Plant Responses and Management Options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]

32. GOSWAMI, M.; DEKA, S. Plant Growth-Promoting Rhizobacteria—Alleviators of Abiotic Stresses in Soil: A Review. Pedosphere
2020, 30, 40–61. [CrossRef]

33. Kampers, L.F.C.; Asin-Garcia, E.; Schaap, P.J.; Wagemakers, A.; Martins dos Santos, V.A.P. Navigating the Valley of Death:
Perceptions of Industry and Academia on Production Platforms and Opportunities in Biotechnology. EFB Bioeconomy J. 2022, 2,
100033. [CrossRef]

34. Boisier, J.P.; Alvarez-Garreton, C.; Cordero, R.R.; Damiani, A.; Gallardo, L.; Garreaud, R.D.; Lambert, F.; Ramallo, C.; Rojas, M.;
Rondanelli, R. Anthropogenic Drying in Central-Southern Chile Evidenced by Long-Term Observations and Climate Model
Simulations. Elementa 2018, 6, 74. [CrossRef]

35. Naamala, J.; Smith, D.L. Relevance of Plant Growth Promoting Microorganisms and Their Derived Compounds, in the Face of
Climate Change. Agronomy 2020, 10, 1179. [CrossRef]

36. Lobo, C.B.; Juárez Tomás, M.S.; Viruel, E.; Ferrero, M.A.; Lucca, M.E. Development of Low-Cost Formulations of Plant Growth-
Promoting Bacteria to Be Used as Inoculants in Beneficial Agricultural Technologies. Microbiol. Res. 2019, 219, 12–25. [CrossRef]

37. Dolmans, S.A.M.; Walrave, B.; Read, S.; van Stijn, N. Knowledge Transfer to Industry: How Academic Researchers Learn to
Become Boundary Spanners during Academic Engagement. J. Technol. Transf. 2021, 47, 1422–1450. [CrossRef]

38. Baglieri, D.; Baldi, F.; Tucci, C.L. University Technology Transfer Office Business Models: One Size Does Not Fit All. Technovation
2018, 76–77, 51–63. [CrossRef]

39. Sarker, A.; Ansary, M.W.R.; Hossain, M.N.; Islam, T. Prospect and Challenges for Sustainable Management of Climate Change-
Associated Stresses to Soil and Plant Health by Beneficial Rhizobacteria. Stresses 2021, 1, 200–222. [CrossRef]

40. Vassilev, N.; Vassileva, M.; Martos, V.; Garcia del Moral, L.F.; Kowalska, J.; Tylkowski, B.; Malusá, E. Formulation of Microbial
Inoculants by Encapsulation in Natural Polysaccharides: Focus on Beneficial Properties of Carrier Additives and Derivatives.
Front. Plant Sci. 2020, 270. [CrossRef] [PubMed]

41. Borge, L.; Bröring, S. Exploring Effectiveness of Technology Transfer in Interdisciplinary Settings: The Case of the Bioeconomy.
Creat. Innov. Manag. 2017, 26, 311–322. [CrossRef]

42. Domino, S.E.; Smith, Y.R.; Johnson, T.R.B. Opportunities And Challenges of Interdisciplinary Research Career Development:
Implementation of A Women’s Health Research Training Program. J. Womens Health 2007, 16, 256–261. [CrossRef]

43. Moallemi, E.A.; Malekpour, S.; Hadjikakou, M.; Raven, R.; Szetey, K.; Ningrum, D.; Dhiaulhaq, A.; Bryan, B.A. Achieving the
Sustainable Development Goals Requires Transdisciplinary Innovation at the Local Scale. One Earth 2020, 3, 300–313. [CrossRef]

44. OECD Improving Knowledge Transfer and Collaboration between Science and Business in Spain | OECD Science, Technology and
Industry Policy Papers|OECD ILibrary. Available online: https://www.oecd-ilibrary.org/science-and-technology/improving-
knowledge-transfer-and-collaboration-between-science-and-business-in-spain_4d787b35-en (accessed on 8 March 2023).

45. Forbat, J. Opportunities and Challenges to Increase Inter- and Transdisciplinarity: A Qualitative Study of the FloodRISE Project. J.
Multidiscip. Eval. 2020, 16, 32–47. [CrossRef]

46. Vásquez-Dean, J.; Maza, F.; Morel, I.; Pulgar, R.; González, M. Microbial Communities from Arid Environments on a Global Scale.
A Systematic Review. Biol. Res. 2020, 53, 1–12. [CrossRef]

https://doi.org/10.1038/srep00702
http://www.censo2017.cl/wp-content/uploads/2017/12/Presentacion_Resultados_Definitivos_Censo2017.pdf
http://www.censo2017.cl/wp-content/uploads/2017/12/Presentacion_Resultados_Definitivos_Censo2017.pdf
https://doi.org/10.3390/microorganisms8081213
https://doi.org/10.3389/fenvs.2019.00069
https://doi.org/10.3389/fsufs.2020.607355
https://doi.org/10.3389/fsufs.2022.768250
https://doi.org/10.1016/j.micres.2015.12.003
https://www.ncbi.nlm.nih.gov/pubmed/26856449
https://www.fao.org/3/i5188e/I5188E.pdf
https://www.fao.org/3/i5188e/I5188E.pdf
https://doi.org/10.1016/j.micres.2019.126388
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.1016/S1002-0160(19)60839-8
https://doi.org/10.1016/j.bioeco.2022.100033
https://doi.org/10.1525/elementa.328
https://doi.org/10.3390/agronomy10081179
https://doi.org/10.1016/j.micres.2018.10.012
https://doi.org/10.1007/s10961-021-09882-1
https://doi.org/10.1016/j.technovation.2018.05.003
https://doi.org/10.3390/stresses1040015
https://doi.org/10.3389/fpls.2020.00270
https://www.ncbi.nlm.nih.gov/pubmed/32211014
https://doi.org/10.1111/caim.12222
https://doi.org/10.1089/jwh.2006.0129
https://doi.org/10.1016/j.oneear.2020.08.006
https://www.oecd-ilibrary.org/science-and-technology/improving-knowledge-transfer-and-collaboration-between-science-and-business-in-spain_4d787b35-en
https://www.oecd-ilibrary.org/science-and-technology/improving-knowledge-transfer-and-collaboration-between-science-and-business-in-spain_4d787b35-en
https://doi.org/10.56645/jmde.v16i35.625
https://doi.org/10.1186/s40659-020-00296-1


Microorganisms 2023, 11, 1061 14 of 14

47. Guerra, C.A.; Heintz-Buschart, A.; Sikorski, J.; Chatzinotas, A.; Guerrero-Ramírez, N.; Cesarz, S.; Beaumelle, L.; Rillig, M.C.;
Maestre, F.T.; Delgado-Baquerizo, M.; et al. Blind Spots in Global Soil Biodiversity and Ecosystem Function Research. Nat.
Commun. 2020, 11, 1. [CrossRef] [PubMed]

48. Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; Gibbons, S.M.; Ackermann,
G.; et al. A Communal Catalogue Reveals Earth’s Multiscale Microbial Diversity. Nature 2017, 551, 457–463. [CrossRef] [PubMed]

49. Zhang, Y.; Tariq, A.; Hughes, A.C.; Hong, D.; Wei, F.; Sun, H.; Sardans, J.; Peñuelas, J.; Perry, G.; Qiao, J.; et al. Challenges and
Solutions to Biodiversity Conservation in Arid Lands. Sci. Total Environ. 2023, 857, 159695. [CrossRef] [PubMed]

50. Patelli, A.; Napolitano, L.; Cimini, G.; Gabrielli, A. Geography of Science: Competitiveness and Inequality. J. Informetr. 2023, 17,
101357. [CrossRef]

51. Peterson, E.W.F. The Role of Population in Economic Growth. Sage Open 2017, 7, 2158244017736094. [CrossRef]
52. Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Desertification Synthesis; World Resources Institute:

Washington, DC, USA, 2005; 36p. Available online: https://www.millenniumassessment.org/documents/document.354.aspx.pdf
(accessed on 25 February 2023).

53. Surana, K.; Singh, A.; Sagar, A.D. Strengthening Science, Technology, and Innovation-Based Incubators to Help Achieve
Sustainable Development Goals: Lessons from India. Technol. Forecast Soc. Chang. 2020, 157, 120057. [CrossRef]

54. Dehmer, S.P.; Pardey, P.G.; Beddow, J.M.; Chai, Y. Reshuffling the Global R&D Deck, 1980–2050. PLoS ONE 2019, 14, e0213801.
[CrossRef]

55. OECD/UN Production Transformation Policy Review of Chile Reaping the Benefits of New Frontiers. 2018. Available online:
https://www.oecd.org/publications/production-transformation-policy-review-of-chile-9789264288379-en.htm (accessed on 9
March 2023).

56. Demblans, A.; Martínez, M.P.; Lavalle, C. Place-Based Solutions to Territorial Challenges: How Policy and Research Can Support
Successful Ecosystems. Sci. Policy Handb. 2020, 19, 224–238. [CrossRef]

57. Fatton, M.; Schneiter, A.; Allisiardi, M.; Hänni, L.; Hauser, G.; Gonçalves-Fernandes, Y.; Pessina, A.; Pijnenburg, M.-L.; Vaudroz,
C.; Bshary, A.; et al. Microbes Go to School: Using Microbiology and Service-Learning to Increase Science Awareness and
Fostering the Relationship Between Universities and the General Public. Front. Educ. 2021, 6, 371. [CrossRef]

58. Stark, L.A. Beneficial Microorganisms: Countering Microbephobia. CBE Life Sci. Educ. 2010, 9, 387–389. [CrossRef] [PubMed]
59. Timmis, K.; Cavicchioli, R.; Garcia, J.L.; Nogales, B.; Chavarría, M.; Stein, L.; McGenity, T.J.; Webster, N.; Singh, B.K.; Handelsman,

J.; et al. The Urgent Need for Microbiology Literacy in Society. Environ. Microbiol. 2019, 21, 1513–1528. [CrossRef] [PubMed]
60. Klerkx, L.; Jakku, E.; Labarthe, P. A Review of Social Science on Digital Agriculture, Smart Farming and Agriculture 4.0: New

Contributions and a Future Research Agenda. NJAS—Wagening. J. Life Sci. 2020, 90–91, 100315. [CrossRef]
61. Azagra-Caro, J.M.; Barberá-Tomás, D.; Edwards-Schachter, M.; Tur, E.M. Dynamic Interactions between University-Industry

Knowledge Transfer Channels: A Case Study of the Most Highly Cited Academic Patent. Res. Policy 2017, 46, 463–474. [CrossRef]
62. Pinto, P.E.; Vallone, A.; Honores, G. The Structure of Collaboration Networks: Findings from Three Decades of Co-Invention

Patents in Chile. J. Informetr. 2019, 13, 100984. [CrossRef]
63. Saviano, M.; Barile, S.; Farioli, F.; Orecchini, F. Strengthening the Science–Policy–Industry Interface for Progressing toward

Sustainability: A Systems Thinking View. Sustain. Sci. 2019, 14, 1549–1564. [CrossRef]
64. Franzoni, C.; Sauermann, H. Crowd Science: The Organization of Scientific Research in Open Collaborative Projects. Res. Policy

2014, 43, 1–20. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-020-17688-2
https://www.ncbi.nlm.nih.gov/pubmed/32747621
https://doi.org/10.1038/nature24621
https://www.ncbi.nlm.nih.gov/pubmed/29088705
https://doi.org/10.1016/j.scitotenv.2022.159695
https://www.ncbi.nlm.nih.gov/pubmed/36302433
https://doi.org/10.1016/j.joi.2022.101357
https://doi.org/10.1177/2158244017736094
https://www.millenniumassessment.org/documents/document.354.aspx.pdf
https://doi.org/10.1016/j.techfore.2020.120057
https://doi.org/10.1371/JOURNAL.PONE.0213801
https://www.oecd.org/publications/production-transformation-policy-review-of-chile-9789264288379-en.htm
https://doi.org/10.1016/B978-0-12-822596-7.00019-X
https://doi.org/10.3389/feduc.2021.735297
https://doi.org/10.1187/cbe.10-09-0119
https://www.ncbi.nlm.nih.gov/pubmed/21123679
https://doi.org/10.1111/1462-2920.14611
https://www.ncbi.nlm.nih.gov/pubmed/30912268
https://doi.org/10.1016/j.njas.2019.100315
https://doi.org/10.1016/j.respol.2016.11.011
https://doi.org/10.1016/j.joi.2019.100984
https://doi.org/10.1007/s11625-019-00668-x
https://doi.org/10.1016/j.respol.2013.07.005

	Introduction 
	Materials and Methods 
	Study Case 
	Search Strategy for Scientific Publications 
	Selection of Scientific Publications 
	Meta-Analysis 
	Database of Microorganisms Available for the Chilean Agricultural Sector 

	Plant-Microorganism Interaction in Chile: A Case Study 
	General Overview of Plant-Microorganism Interaction in Chile 
	Reduction of Environmental Stress through Inoculation of Microorganisms 
	Towards a Biotechnological Solution 

	Gaps in Knowledge and Technology Transfer of PGPM Research 
	Inter- and Transdisciplinary Research 
	Territories, Public Policy and Society 
	Collaborative Innovation between Academia and Industry 

	Final Remarks 
	References

