
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo‑
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

CORRESPONDENCE

Tuggle et al. Genome Biology            (2024) 25:8  
https://doi.org/10.1186/s13059-023-03155-w

Genome Biology

Current challenges and future of agricultural 
genomes to phenomes in the USA
Christopher K. Tuggle1*†  , Jennifer L. Clarke2†, Brenda M. Murdoch3†, Eric Lyons4†, Nicole M. Scott1†, 
Bedrich Beneš5, Jacqueline D. Campbell6, Henri Chung1, Courtney L. Daigle7, Sruti Das Choudhury2, 
Jack C. M. Dekkers1, Joao R. R. Dórea8, David S. Ertl9, Max Feldman10, Breno O. Fragomeni11, Janet E. Fulton12, 
Carmela R. Guadagno13, Darren E. Hagen14, Andrew S. Hess15, Luke M. Kramer1, Carolyn J. Lawrence‑Dill1, 
Alexander E. Lipka16, Thomas Lübberstedt1, Fiona M. McCarthy4, Stephanie D. McKay17, Seth C. Murray7, 
Penny K. Riggs7, Troy N. Rowan18, Moira J. Sheehan19, Juan P. Steibel1, Addie M. Thompson20, Kara J. Thornton21, 
Curtis P. Van Tassell22 and Patrick S. Schnable1* 

Abstract 

Dramatic improvements in measuring genetic variation across agriculturally relevant 
populations (genomics) must be matched by improvements in identifying and meas‑
uring relevant trait variation in such populations across many environments (phenom‑
ics). Identifying the most critical opportunities and challenges in genome to phenome 
(G2P) research is the focus of this paper. Previously (Genome Biol, 23(1):1–11, 2022), 
we laid out how Agricultural Genome to Phenome Initiative (AG2PI) will coordinate 
activities with USA federal government agencies expand public–private partnerships, 
and engage with external stakeholders to achieve a shared vision of future the AG2PI. 
Acting on this latter step, AG2PI organized the “Thinking Big: Visualizing the Future 
of AG2PI” two‑day workshop held September 9–10, 2022, in Ames, Iowa, co‑hosted 
with the United State Department of Agriculture’s National Institute of Food and Agri‑
culture (USDA NIFA). During the meeting, attendees were asked to use their experience 
and curiosity to review the current status of agricultural genome to phenome (AG2P) 
work and envision the future of the AG2P field. The topic summaries composing this 
paper are distilled from two 1.5‑h small group discussions. Challenges and solutions 
identified across multiple topics at the workshop were explored. We end our discussion 
with a vision for the future of agricultural progress, identifying two areas of innovation 
needed: (1) innovate in genetic improvement methods development and evalua‑
tion and (2) innovate in agricultural research processes to solve societal problems. To 
address these needs, we then provide six specific goals that we recommend be imple‑
mented immediately in support of advancing AG2P research.
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Needs in agricultural production for genomes to phenomes
 The acceleration of population growth has increased the demands on agricultural sys-
tems and such demands have primarily been met in the last 50 years with increased 
production output through both genetic improvement and management [1]. It is 
predicted that the world population will exceed ten billion by 2050 [2], which will 
require more food to be produced with fewer resources. Due to the continuing expan-
sion of the human population and changing consumer needs, current agricultural 
annual gains in production will need to be further enhanced to meet the challenges of 
decreasing land available for agricultural production, an increased need for sustain-
able production of nutritious food, feed, and fiber, and with the further challenge of 
addressing ethical and social issues concerning food production [3]. This necessary 
increase in production must not be associated with an increase in land or resource 
use but should capitalize on genetic potential to harness more efficient productivity 
in different and changing environments. Changes to farming environments associated 
with increases in extreme climate events and changes in land or water availability cre-
ate additional challenges to ensure the stability of food production.

We propose that agriculture’s production challenges can be tackled by an effective 
program that harnesses technological advances to better understand the genomes 
of agricultural species with the aim of developing novel management and modeling 
tools for improved predictions and, therefore, selection of superior individuals or 
cultivars in genetic populations [4]. Understanding “genome to phenome” (G2P) is a 
grand challenge for biology and is key to increasing the genetic improvement of agri-
cultural resources [5]. Due to technological advancements and governmental invest-
ment in genome sequencing for all major crop and livestock species, collecting highly 
detailed genotypic information is now routine. Due to its complexity, phenotypic 
measurements are much less advanced. However, accurate and/or high-throughput 
phenotypic information on a large scale is crucial to both basic and applied sciences 
[6]. These phenotypes include both physiological/anatomical measures on individuals 
but also environmental parameters, as understanding the interaction between geno-
type and environment is important. In this context, molecular phenotypes, including 
epigenetic measures, will be an important component of understanding the biology 
of this interaction [7, 8]. Such phenotypic information on plants and animals, when 
combined with genomic information, enables researchers to (a) identify underlying 
molecular mechanisms of biological phenomena, (b) maintain or increase the genetic 
gain from selection in breeding programs, and (c) assess and optimize manage-
ment strategies in production settings. Hence dramatic improvements in measuring 
genetic variation across populations (genomics) must be matched by improvements 
in identifying and measuring relevant trait variation in such populations across many 
environments (phenomics) to enable an understanding of the resultant mechanistic 
relationships. Genomic selection tools have resulted in considerable improvements 
for agriculturally important species [9, 10] but can only be achieved for traits that 
can be directly measured (because they are clearly defined), modeled, or are highly 
correlated with well-characterized traits. To remain competitive in the global market, 
agricultural production systems must develop new technology to not only improve 
systems to collect data across diverse environments, but also develop predictive 
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analytics to best analyze such data. Improvement of these tools will allow researchers 
to be more innovative and successful in predicting important outcomes.

While predicting biological outcomes is complex, the use of very large datasets that 
cover deep phenotyping across many individuals has shown promise in predictive biol-
ogy and medicine [11–14]. Thus, the agricultural community must find ways to enhance 
the creation and use of such data to address the efficient production of food and energy 
for our growing population, especially in the face of climate change. Over the last 
50 years, more variation and less predictability in weather patterns have been observed 
which results in decreased availability and quality of agricultural products [15].

Against the backdrop of needing to increase production in an efficient and ecologi-
cally sound manner, food production will need to adapt to address novel environmental 
stressors through the production of more resilient crops and livestock. An increase in 
research capabilities will be crucial for successfully improving resilience of agricultural 
species; however, these must come not only from improvements in terms of methods 
to reliably measure genetic diversity in agricultural species, but also in terms of inclu-
sion of the human groups involved in these efforts, especially those historically under-
represented or marginalized. To this end, diversity should be further expanded upon by 
increasing the breadth of training in subjects with historically low participation from 
agricultural-focused academic programs, including quantitative, molecular, and com-
putational methods that are crucial for the predictive biology described above. This 
increase in diversity should also apply to the range of disciplines that are engaged in 
improving food production, economics, and consumer behavior, especially the social 
sciences.

Although these trends are global issues, we feel a direct impact in the USA. While 
every effort should be made to work with all collaborative countries and cultures on 
developing these needed improvements, the USA is poised to be a leader in develop-
ing a successful agricultural genome to phenome (AG2P) program. Through the gains 
in scientific capabilities and diversity of thought and production practices — and the 
subsequent improvement of agriculturally relevant products (i.e., species, breeds, and 
cultivars) — we will be able to produce populations that are more resilient to environ-
mental change to meet the demands of future consumers. Foundational scientific knowl-
edge funded by governmental agencies that leads to such improvements will be open 
and available to all researchers worldwide.

Survey selection of discussion topics most critical to furthering G2P science
The main goals of the Agricultural Genome to Phenome Initiative (AG2PI; 1) are 
to strengthen the ties between and among G2P research communities and create 
a shared vision for G2P research where common problems can be solved together. 
AG2PI is a federally funded program in the USA that has global membership from 
172 countries, including advisory members from outside the USA. In the spring of 
2022, AG2PI asked members of its scientific advisory board and steering committee 
to list what they “view as the most critical opportunities and challenges in the area of 
AG2P research.” This input was categorized and the following eight emerging themes, 
or “topics” (Table  1), were included in a subsequent community survey in which 
participants were asked to mark the three topics [16] most critical for future R&D 
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funding and [1] the most difficult to achieve. The survey was created in Qualtrics and 
open from June to July 2022. Personalized links to the survey were sent to members of 
the AG2PI and Animal Genetics Mappers (AnGenMap) listservs while general links 
were sent to AG2PI stakeholder and partner organization lists (full list of these organ-
izations available at https:// www. ag2pi. org/ insti tutio nal- invol vement/). All responses 
were collected anonymously. In combination, these lists reached individuals work-
ing in plant and animal sciences, engineering, computer science, social science, and 
other fields relevant to AG2P research and policy. It also reached individuals work-
ing across various sectors including academia, industry, governmental organizations, 
and other private and non-governmental organizations. Overall, 148 survey partici-
pants provided responses to all 15 questions; 60% of participants reside in the United 
States. The majority of respondents work in academia (57%) or a government agency 
(23%); the remaining work at a non-profit or non-governmental agency (8%), a for-
profit company (6%) or other organization (6%). This survey built off two previous 
community surveys conducted by AG2PI in 2020 and 2021 [7].

Results of the survey identified the intersections of which topics were viewed by 
the community as most critical for future research and development funding and 
easiest to achieve (the upper right quadrant of Fig. 1). An overview of these results 
was presented at the Thinking Big: Visualizing the Future of AG2PI” two-day work-
shop held September 9–10, 2022, in Ames, Iowa to prepare small group discussions 
among the workshop attendees. This workshop was a next step, as laid out in our pre-
vious paper [16], to advance AG2P goals and achieve a shared vision, including to 
coordinate activities with US federal government agencies including USDA, expand 
public–private partnerships, and engage with external stakeholders. Participants 
of this workshop included AG2PI co-PI/staff, seed grant recipients, advisory board 
members, stakeholder organization representatives, as well as USDA NIFA National 

Table 1 Topic areas identified by the AG2PI Steering Committee and Scientific Advisory Board as 
being most critical to furthering AG2P science, in no particular order

Topics Examples provided for community survey

Phenotyping technology development In vivo/low‑to‑moderate throughput versus remote/high throughput 
measurement tools, integration of these

Predictive analytics development Advancing big data tools, integrating statistics with machine learning 
techniques and artificial intelligence

Democratizing access to technology Increase fluency in statistical/computational approaches, community 
investment in flexible software solutions, subsidize new tech testing

Convergence science Facilitating collaborations across disciplines, integration of disciplinary 
approaches

Standardizing research methods and tools Terminology, data collection, data storage and re‑use, pipelines, maxi‑
mize data interoperability

Advancing genomic research Pangenomics, statistical models, and methods for fully leveraging low‑
pass sequencing data, data and support systems for predicting variant 
effect on phenotype

Advancing plant and animal breeding Re‑analyzing past selection programs with modern tools, Identifying 
areas for synergies, support for integrating genomic and phenomic 
data to optimize breeding decisions

Diversifying engagement Learn from the approaches of indigenous and urban farmers, building 
translational validation studies broad enough for diverse producer 
types to participate

https://www.ag2pi.org/institutional-involvement/
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Program Leaders and other thought leaders from the academia, commodity groups, 
and industry (Additional file  1: Appendix  1). Open text responses provided by the 
public survey-takers explaining why they selected topics as most critical to fund or 
most difficult to achieve also served as a launching point for small group discussions 
at the workshop. These discussions each explored one of the eight topics in terms of 
how it is a challenge in AG2P, what the costs are to society if the challenge is not met, 
possible solutions, and blue skies aspirations.

Identified challenges and future steps by topic
In this section, each writing team summarized the discussions from the two 90-min 
small group sessions. Discussion groups included 6–8 participants, each representing a 
mix of crop researchers and livestock researchers, data scientists, social scientists, engi-
neers, and other diverse stakeholders. After the first session, participants were requested 
to switch to another topic for the second period, to provide varied group dynamics and 
enrich the discussions. Detailed notes were taken by volunteer graduate students and 
postdoctoral researchers who also participated in the discussions. Those notes formed 
the basis for the following summaries. While there is some duplication in the needs and 
recommendations identified across topics, this is intentional as it highlights common 
problems and potential solutions. Several writing teams provided a full text of their sum-
mary, and these are included in Additional file 2: Appendix 2.

Advancing plant and animal breeding

Increasing production without increasing land or resource use, coupled with changes 
in extreme climate events, presents new opportunities and challenges to breed animals 
and plants tailored to specific environments known to be more productive [17]. Animal 
and plant breeders have the ability to use genetic variation, develop tools, and deploy 

Fig. 1 Survey rankings of topics for furthering AG2P science by both ease in achieving and criticality of 
funding
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adapted cultivars and breeds to particular environments. Failing to advance method-
ologies could lead to inefficient land uses, shortages of agricultural products resulting 
in food insecurities, and cultivars and lines that are maladapted to their environments. 
Limited progress could result in competitive disadvantages, create dependencies, and 
endanger exports of agricultural goods. Efficiencies can be gained by coordinating pub-
lic and private breeding efforts to minimize redundancies and increase complemen-
tarity. Similarly, several tools and methods that are species agnostic could be shared 
more widely. This will require intentional efforts to integrate plant and animal breeding 
groups. Exchange between species and kingdoms needs to be further improved, as well 
as interactions with other disciplines (e.g., medical genomics). To ultimately advance 
breeding into a more predictive and successful discipline, deeper functional understand-
ing of traits needs to be obtained, both with regard to genes, environments, and geno-
type by environment interactions (GxE). Finally, education and extension professionals 
should be included to help educate consumers on breeding technologies for agricultural 
improvement. Integrative breeding would allow learning and innovation across species 
and kingdoms about theory, methods, and technologies.

Phenotyping technology development

While past advances in phenotyping technologies focused on increasing throughput 
and reducing labor, new methods permit measurements that were previously impossi-
ble or impractical (e.g., growth curves, rumination, disease, and stress responses). With-
out innovative phenotyping technologies, researchers and producers will be unable to 
respond to shifting societal demands, particularly for poorly understood or complex 
consumer-driven traits such as texture, taste, or “sustainability” and the rate of genetic 
gain cannot be maintained or enhanced. Climate change compounds these challenges, as 
target environments continue to shift and existing agriculture genotypes have decreased 
output due to climate stresses [15]. New phenotyping technologies using cameras or 
wearable sensors (among others), provide a means to assess an individual’s ability to 
cope with stressors in its environment. However, major challenges for new phenotyping 
technologies include ensuring the employed devices are resistant to the environment in 
which they are deployed (e.g., sunlight, dirt, moisture, or interactions with pen mates) 
and work in areas without reliable power or internet. Additionally, phenotyping equip-
ment must be cost-effective, scalable, not impact the phenotypes to be measured, and 
easy to maintain. Data collected through these devices are often massive, and parallel 
advances in edge computing and data management are needed. Solutions to these chal-
lenges include attracting new talent and expertise to the field, increasing collaboration 
and teamwork across scientific domains (e.g., plant, animal, and computer scientists 
and engineers), and developing, testing, and benchmarking gold-standard datasets from 
new computational tools. Gold-standard datasets create their own challenge, however, 
as each area of AG2P will have different standards that will need to be defined (see also 
summary on Standardized Research Methods and Data). For example, the typical geno-
typing platform is very close to a gold standard (i.e., Illumina, Affymetrix, etc.) to gener-
ate reproducible genotype data that follows Mendelian inheritance. In livestock, coming 
up with a “gold standard” for individual phenotypes is a challenge. In crops, phenomes 
such as the shape of individual organs, color, and texture of the surface, can be measured, 
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quantified, and stored in varying resolution and precision. The traits that are observed 
in most livestock species are mostly moderately heritable and not easily automatable, 
because animals are not stationary, their shape is fluid, and animals are housed in many 
different environments. It may take some creativity to achieve gold-standard phenomes 
in livestock.

Other solutions include creating public–private partnerships with appropriate intel-
lectual property and data-sharing policies, with an emphasis on open-source standards 
for the global community of academic and industry scientists and researchers. Further 
advances in phenotyping technologies would lead to biosensors that are used on plant-
ers, sprayers, feed troughs, and plots, as well as deployed on animals and plants or in soil 
or digestive tracts to provide traceability, food security, and individualized nutritional 
management. In crops, these data and computational tools could create new produc-
tion methods for determining the optimal distribution and spatial design of diversity in a 
field to maximize resilience rather than growing monocultures. In livestock, these can be 
used to capture behavioral or physiological data to identify animals that cope better with 
environmental stressors. Breeding could focus on optimization of main/rotation crops, 
co-evolution of rotation crops, livestock, and microbes, and interactions between forage 
and livestock.

Advancing genomic (and epigenomic) research

Ensuring food security necessitates the advancement of genomic research, especially 
with regards to characterizing and integrating DNA sequence and structural variation 
with related central dogma–omic datasets (e.g., transcriptomic, epigenomic, proteomic, 
and metabolomic datasets). These data should encompass variation both within and 
across agronomically important species as well as their wild relatives. Open access to 
high-quality datasets has accelerated the refinement of genomic selection methodolo-
gies. However, additional data and integrative tools are necessary for genomic technolo-
gies to continue these improvements for agronomic outcomes. While genomic tools have 
become more accessible for many major agricultural species, most species’ genomes are 
represented by only a single cultivar or ecotype, which may not reflect commercial pro-
duction varieties. Extensive sequencing of these selected individuals reduced the extent 
of discoverable genetic diversity and the consequences of this are now evident as we try 
to dissect the genetic architecture of economically important traits. To adequately utilize 
the genomic contribution from high-throughput phenotyping to novel trait information 
being obtained, more individuals, including wild progenitors, need to be sequenced at 
both genomic and epigenomic levels.

In addition, insufficient translation of advancements in basic genomic research to 
practical, usable analytical tools inhibits further germplasm improvement. Conse-
quently, the full potential for genomic selection to accelerate genetic gain in agronom-
ically important traits and species is unrealized [5, 18]. Additional scientific, funding, 
and human resources are needed to support young scientists and to help build a more 
cohesive agricultural genomics community. When public funding support for genomics 
does not keep pace with the costs of modern research, support staff resources decrease, 
and research-focused scientists must spend more time on non-science responsibili-
ties, which impedes the workforce development of new scientists who often are highly 
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innovative. Solutions to these challenges include using existing funding to efficiently 
generate high-resolution and more diverse –omics data, including spatiotemporal sin-
gle-cell data, as well as computational tools to better integrate, visualize, and test bio-
logical hypotheses that are agnostic to the species (e.g., support both plants and animal 
research communities). Such resources can serve as reference datasets for the commu-
nity to decrease data collection costs. Moreover, it is critical to engage scientists from 
industry to ensure relevance, and to ensure that data systems are accessible to the widest 
diversity of researchers, agriculture professionals, educators, and learners.

Predictive analytics development

The general term “predictive analytics” encompasses a wide spectrum of data, processes, 
and techniques — including statistical, machine learning, and data mining methods — 
that attempt to uncover meaningful patterns (information) in data to permit accurate 
prediction of future events [19]. The goals of predictive analytics may include shrink-
ing highly inbred crop populations to generate the most productive phenomes or select 
suitable parent populations for successive generations of livestock. This will require data 
from different or multiple temporal (days, weeks, or years) and spatial scales (individual 
plants/animals or entire ecosystems). The value of such predictive analytics to increase 
efficiency and decrease costs has been demonstrated in many fields [20–22].

To attain these goals, we, as an AG2P community, need to define data and software 
standards, create clear objectives, and share rigorously defined metrics of progress, as 
well as communicate and train users in best practices. The lack of existing gold-standard 
datasets and/or the sharing and access to such datasets has created testing and validation 
issues when newer technologies or datasets enter the field. Further, many individuals 
with training and experience in areas of agricultural science lack expertise in the fields 
of data science, machine learning, and artificial intelligence, while data scientists often 
lack a background in agriculture. This disparity often leads to gaps in common language 
and communication across and between researchers and educators in these fields, exac-
erbating existing disciplinary silos and slowing progress in identifying gold standards. 
Convergent, or transdisciplinary, team-building is required to overcome communication 
challenges, and, once overcome, these teams would benefit from a scientific culture that 
incentivizes collaborative science and trans-disciplinary interactions through promotion 
and rewards. This said, forward-looking, “big” ideas for solving current challenges in 
predictive analytics commonly focus on promoting bigger and more inclusive collabora-
tive science. Prize competitions (e.g., Ansari X-Prize, NASA Solve) have been successful 
in bringing diverse individuals together to imagine and develop unique solutions, par-
ticularly those individuals who perceive the competition to be at the boundary of their 
expertise [23]. Additional ideas include hosting hackathons to develop, test, and identify 
the best predictor tools and software.

Standardizing research methods and data

Standardizing research methods is a polarizing topic, especially in new research areas 
where new methods are being rapidly developed by disparate groups. Many researchers 
see there would be benefits to having standards but are concerned that this would stifle 
exploratory research or impose constraints on their work. Regardless, publicly funded 
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research data and results must be Findable, Accessible, Interoperable, and Reusable 
(FAIR; [24]). These values are required for continued public confidence and support for 
such research efforts. Modern collaborative science will use public funds most efficiently 
and maintain high-quality value if all data are FAIR [25]. Examples of open collabora-
tive science which incorporate these values in agriculture include Genomes to Fields 
(G2F, [26]) and Functional Annotation of Animal Genomics (FAANG, [27]); however, 
such projects are not routine. Given the historical and cultural impediments to sharing 
data and ideas across science and society, as a whole, an open science approach requires 
significant support to nurture the optimal AG2PI research enterprise. Data sharing is 
difficult as it requires both careful organization at the community level and individual 
adherence to recognized data standards. Early communication to avoid simply increas-
ing the complexity of the problem is important, but as shown by the successful consortia 
listed above (G2F and FAANG), standardization can pay dividends.

Maintenance of FAIR data requires multiple levels of cognizance that impact individ-
uals and groups (i.e., journal publication enforcement); however, it is crucial that such 
rules do not significantly impede scientific progress and data reporting itself. Supporting 
diversity in methods has many advantages, and it is helpful if those methods are FAIR 
and can be compared to gain a full appreciation of the advantages and disadvantages of 
various approaches. This is crucial and will require substantial communication across 
disparate communities with distinct expectations and protocols, including those out-
side AG2PI, such as AgBioData (www. agbio data. org), NAPPN (www. plant pheno typ-
ing. org), the Research Data Alliance (https:// www. rd- allia nce. org), and FAANG (http:// 
www. FAANG. org). Expanding current communication across these and similar groups 
should be encouraged. Specific topics for such discussions could include how to cre-
ate long-term open data repositories, dedicated cloud-based analysis using standard-
ized pipelines, and mechanisms to re-evaluate and periodically update such community 
resources. Visionary ideas such as artificial intelligence tools to find metadata automati-
cally and potentially bring researchers working in overlapping areas together would be 
transformative.

Democratizing access

Democratizing access to data and technology has been a focal point of the public and 
private sectors in data science-related disciplines. While this initiative is critical to dis-
seminate knowledge and novel tools (e.g., code, software, and data), the scope of the 
democratization goes beyond data access through publicly available repositories. It 
requires other considerations to support and ensure that data generated is FAIR while 
appropriately acknowledging the studies, people or organizations that generated the 
data. Public dissemination of FAIR datasets provides researchers across the globe access 
to datasets that they may not have the infrastructure to generate or maintain but could 
use as well as contribute to. Aspects related to capacity building, such as access to com-
putational resources, sensors, and digital literacy are other barriers that preclude access 
and research development [28]. Democratizing access to technology in agriculture 
would benefit small organizations by reducing the costs to develop new ideas, research 
projects, educational tools, and commercial products.

http://www.agbiodata.org
http://www.plantphenotyping.org
http://www.plantphenotyping.org
https://www.rd-alliance.org
http://www.FAANG.org
http://www.FAANG.org
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Education is a central component in democratizing access to data and technology in 
agriculture. A large portion of the agricultural community, which is composed of farm-
ers, industry, cooperatives, and other associations, would benefit from training and 
support as well as user-friendly application tools that enable them to leverage data and 
technology development. The activities needed to democratize access to data and tech-
nology could be supported through federal funding agencies, where specific programs 
would finance research projects on the mechanisms to enhance data sharing and tech-
nology access in agriculture. These projects would also incentivize collaboration with 
other scientific domains, such as computer science, engineering, and social sciences, 
which is crucial to advance AG2P research quickly. Interdisciplinary work would create 
awareness of existing tools and strategies for best practices in data sharing. Strategies to 
monitor the benefits of democratizing access to data and technology are important to 
quickly identify weaknesses of sharing processes for timely adjustments and to justify 
future investments.

Convergence science

The term convergence science is used to indicate a type of collaborative science that sur-
passes interdisciplinary and multidisciplinary science, requiring a unity of intellectual 
frameworks beyond the disciplinary perspective [29]. It has long been established that 
innovations and major breakthroughs come from convergent teams and from groups 
that are internally diverse [30, 31]. This convergence depends on the ability of the team 
members to build and sustain a productive collaborative environment—an ability that 
is both non-trivial and often neglected. A well-known example of the application of 
convergent science in biology is the Human Genome Project (HGP), which developed 
a multi-institutional, multi-national, and transdisciplinary team with a clearly defined, 
common goal to share responsibilities and benefits equitably within and beyond insti-
tutional and national boundaries [32]. The HGP fundamentally changed the way we 
do biology, transforming biology into an informational type of science and practically 
demonstrating transformative impacts of convergent science for technological advances 
and innovation. We note that fundamental scientific advances often leverage past dis-
coveries, while the most complex questions remain unanswered [33]. This may be due 
to both intrinsic and extrinsic barriers. Intrinsic barriers exist mostly at the team-level 
and are based on practices and principles for developing strong, efficient, and long-last-
ing collaborative teams [34]. These include the lack of a common vernacular, forming 
an inclusive transdisciplinary team from the start (instead of ad hoc), reserving the time 
required for building trust, having a shared vision and clear expectations, and manag-
ing diverse viewpoints and personalities. Extrinsic barriers exist more at the institutional 
level and include the `silo’ mentality of expertise, incentivizing individual or independ-
ent research, and the lack of mindful development of convergent science teams (which 
build over longer time periods than most grant funding periods).

Funding agencies should be willing to devote resources to support this team building 
process as an initial step toward collaborative success in solving G2P. Immediate steps 
for developing convergent science can be divided into incentivizing creation of produc-
tive, transdisciplinary teams, and developing capacity to support convergent research. 
Examples of transdisciplinary team building are developing “go to” lists for a broad range 
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of experts who are interested in addressing specific agricultural challenges, including 
stakeholders in team planning, and meeting mixers that support the development of 
transdisciplinary teams.

Diversifying engagement

Agricultural stakeholders comprise a diversity of interests, ranging from commodity 
groups, individual producers, private corporations, environmental associations, gov-
ernment agencies, health organizations, and researchers. Several actions and Extension 
programs have successfully developed and implemented models of community engage-
ment focused on identifying research priorities [35–37], co-production of science [38], 
and delivery of science-based recommendations to stakeholders and policymakers for 
over a century [39–41]. These programs have been very effective in reaching white rural 
stakeholders, but they have often failed in engaging minorities within these communi-
ties, such as individuals living in urban environments, indigenous people, and marginal-
ized religious or ethnic communities [15, 42].

An important component to increasing the potential of G2P is to increase the diversity 
of scientists, stakeholders, and communities that are engaged in finding G2P solutions. 
There is scant literature on the impact of diversity on agricultural research; neverthe-
less, there are some reasonable assumptions we believe can be made. Communities that 
are poorly represented in scientific research could share — as well as gain — valuable 
knowledge and experience through increased opportunities and involvement in G2P 
research. Acceptance of diverse options to produce food increases when a broader pro-
ducer community in involved [43, 44]. Further, increasing the diversity of consumer 
communities, including currently under-represented and indigenous groups, would 
increase overall marketable products by including a wider range of agricultural prod-
ucts. Forums like community listening sessions can be an effective way to learn from 
marginalized groups as participation is optional and engagement can be performed on 
the community’s terms [45]. Changing this deficit in engagement and connection will 
require substantial commitment, as there are historical and cultural impediments as well 
as a lack of budgetary prioritization for addressing this issue. This must be viewed as a 
long-term, complex problem that requires a sustained effort and will be most successful 
when viewed as a mutual benefit rather than one-sided. Specific ideas related to increas-
ing diversity in G2P research include bringing G2P science into under-served commu-
nities, including workshops and hands-on demonstrations that are optimally related to 
community-specific resources and issues and that can spark interest in science and solve 
practical problems.

Identifying solutions to challenges shared across topics

Based on the above topic-specific discussions, several shared challenges as well 
as their solutions were identified (Fig.  2). First, an important challenge is identify-
ing which yet-to-be-studied crop or livestock trait merits study, and then identify-
ing what parameters to apply in such a study. For example, predictive analytics for 
genome to phenome could be advanced by initiating a single-cell genomics or genom-
ics annotation project across a large number of species and integrating such data with 
other biological data types. The resulting data, covering multiple levels of analysis, 
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would provide functional insight into cellular heterogeneity and provide new molecu-
lar traits for investigation; such a project could advance the underlying technology, 
identify data gaps, and further the methods for analyzing and managing the data. 
However, the technology that must be advanced to achieve this work may not be 
immediately cost-effective and the new avenues of study that are opened up would 
necessitate further financial support. To cut down on the financial input required to 
successfully meet these challenges, failed solutions would need to be shared, yet this 
does not generally occur. There is little incentive to publish failed attempts and so 
failures may be repeated, thereby reinventing the metaphorical wheel.

Fig. 2 Challenges (A) and solutions (B) identified across the multiple topic discussions
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Another limiting factor to progress in linking phenomes with genomes is related to the 
lack of incentives to make data accessible or technology available when such data and 
technology may be expensive or proprietary, and when extra labor and funds—some-
times substantial – are necessary to ensure excellent quality standards in data and tech-
nology sharing [46]. Such efforts would go beyond just advancing the science faster but 
move closer to winning back public trust and support for research and its continued 
funding. Publishing datasets and code that follow FAIR principles require an up-front 
commitment and/or additional time from research teams and knowledge of the avail-
able open-science platforms for data sharing, primarily if large datasets are being pub-
lished. Funding agencies are typically focused on supporting time-limited projects and 
cannot require research groups to maintain data resources in perpetuity; even national 
(National Center for Biotechnology Information, NCBI) and trans-national (European 
Bioinformatics Institute, EBI) public data warehouses cannot provide such resources 
for data from all biological research. Further, data availability requirements are different 
between journals, and once the data and associated materials are published, journals rely 
on researchers to dedicate time to answering questions and handling data retrieval com-
plaints [47]. It will be necessary to break the cycle by disrupting the cultural norms that 
prop up these practices. Furthermore, intellectual property concerns hinder the pub-
lic sharing of proprietary data, which further adds to the reinvention of the wheel and 
decreases the cost-effectiveness of public funding.

Solutions to this substantial problem of data sharing and accessibility will require 
institutional change; for example, journal policies that require method transparency and 
data sharing with appropriate metadata but can also develop from the ground up. As 
described below, improving the training of both data submitters and users is critical to 
change the expectations for data availability. As the agricultural community is quickly 
building large datasets that will require platforms with well-described policies to sup-
port decisions related to the lifetime of individual datasets, the development of an open 
and accessible research data infrastructure is crucial. This should include user-friendly 
interfaces to increase access to technology for a broader spectrum of users. For exam-
ple, the development of technology based on mobile applications would make technol-
ogy not only democratized and accessible but also scalable. Low- and middle-income 
countries have radically increased the use of mobile devices, going from 23 mobile sub-
scriptions per 100 inhabitants in 2005 to 98.7/100 in 2017 [48–50]; therefore, the present 
is ripe with opportunity. However, while acceptance and participation in solutions by 
researchers will be important, only the funding agencies have the power to implement 
such needed changes in the research enterprise.

Addressing the challenges in agricultural G2P will require continuous support for 
trans-disciplinary science, starting from the very preliminary steps, e.g., assembling 
a research team, and throughout as team members develop productive communica-
tion strategies. This support is essential to overcome extrinsic barriers to convergent 
science, such as the silo mentality of expertise, the current emphasis of institutions 
on incentivizing individual or independent research, and differences in pay scales 
between fields of study and private and public sectors. Since building a convergent 
team is about building clear communication, clear expectations, and trust, this pro-
cess will necessarily take time and resources, yet typical funding periods do not 
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accommodate these timelines. Building effective teams can open novel opportuni-
ties to develop convergent science for agriculture by connecting extension experts, 
and their industry contacts, with researchers. Very often farmers and producers are 
interested in innovation but unable to take risks that may result in loss of production 
or profits. By building effective transdisciplinary teams we can overcome the institu-
tional emphasis on conservative research that treads little new ground, and, instead, 
support a basic pillar of scientific research that knowledge is gained from unex-
pected outcomes in well-designed experiments. Further, if public–private partner-
ships focusing on real-world questions with sufficient data become more prevalent, 
subsequent incorporation of knowledge into better experiments and breeding proto-
cols in the future is more likely. Efforts to address the legal and intellectual property 
constraints that vary across institutions and countries and that limit publicly funded 
research with industry proprietary breeds and germplasm (as well as access to meta-
data) would greatly improve the success of G2P research in agriculture.

Education and training are central components in common solutions for advancing 
genome to phenome research and applications (Fig.  2B). The use of complex tech-
nology for phenotyping will require a well-trained, astute workforce. Importantly, the 
curation of relevant platforms, best practices, and user awareness are key elements 
to overcoming data-sharing barriers in domains where these processes are not fre-
quently routine. In general, graduate programs have not incorporated formal training 
on mechanisms for data sharing and technology democratization. Consequently, stu-
dents and researchers are often unaware of the best-practices and benefits that data 
sharing would bring to these fields of research. Additionally, the rapid development 
of data and technologies that could be shared may overwhelm new users if not well 
organized with educational materials to inform data practitioners better. Develop-
ing workshops, webinars, and other hands-on activities will be important to train the 
next generation of students and researchers on data creation and sharing, including 
following standard protocols that will ensure access and reproducibility. An emphasis 
to support such training, together with providing the funding needed to describe and 
store these datasets, would synergize to improve data re-use, which can pay dividends 
to research funders in increased efficiency in knowledge output per input dollar.

Finally, understanding the needs of underrepresented stakeholders is a crucial 
objective for the long-term success of agricultural G2P research. The diversity that is 
inherent to the people, the disciplines, and the diverse heritage in agricultural prod-
ucts and processes can enrich G2P research. Failure to enhance research and invest-
ment in communities to ensure diversity, equity, inclusivity, and accessibility will not 
impart trust in the merits of scientific problem-solving and could contribute to the 
further marginalization or loss of minority groups and rural communities [18]. Lack 
of diverse engagement also stifles scientific creativity. The unique traditional knowl-
edge held within underrepresented groups should be engaged to maximize finding 
diverse solutions to G2P prediction in the short term and can contribute to solving 
global problems in the long term [51, 52]. For example, examining technology and 
human interactions across all societal groups will help shape the future of work to 
increase opportunities for agriculture workers and productivity to create a commu-
nity-driven workforce that reflects the diversity of the nation.
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Conclusions
The discussions summarized in this report provide insights on the challenges in genome 
to phenome research to meet the increased demands for agricultural production and 
sustainability. Based on these insights, specific recommendations for research invest-
ment are presented below, followed by critical milestones that, if achieved, will lead to a 
more inclusive agricultural community and benefits for producers and society in terms 
of sustainability, productivity, and profitability. Although the focus of the AG2PI pro-
gram is advancement of research in the USA, these recommendations are applicable to 
the global research community. In fact, we welcome comments and exchange of ideas to 
build on these proposals.

Innovate in genetic improvement methods development and evaluation

Without significant scientific innovations in AG2P, researchers and producers will be 
unable to respond to increasing and shifting societal demands for food, feed, and bioen-
ergy. Selective breeding, including molecular markers, has proven powerful to improve 
many heritable traits [53–56], yet innovation is needed to address particularly complex 
and poorly understood traits, including those that are substantially affected by environ-
ment and or consumer-driven traits like food texture and taste. As consumer prefer-
ences change, new challenges arise in how to quantify and breed for new traits. Climate 
change compounds these challenges, as target environments continue to shift, and 
resources required for agricultural production become more constrained. Measuring 
new phenotypes that integrate environment and genetics, such as molecular epigenetic 
traits, will provide new tools, but there are significant unmet needs for agricultural pro-
ducers focused on maximizing sustainability, productivity, efficiency, and profitability. 
We provide critical milestones below that highlight these needs in improving data ana-
lytics, enhancing public–private collaboration and data resources, and creating a work-
force trained to exploit these new resources (bullets #1–4 below).

Innovate in agricultural research processes to solve societal problems

Innovations and major breakthroughs can come from multi-disciplinary teams, and 
from highly diverse groups of people [30, 31]. This is particularly true for complex 
problems, such as food and energy production in the U.S., that have many, varied 
inputs and multiple measures of success. We must embrace the dedication required 
to develop such teams and provide the tools and resources to find genomic and phe-
nomic answers to complex challenges to food, feed, and energy security. This develop-
ment rests on building a more diverse, inclusive, and equitable research community 
through mechanisms such as improved and incentivized data and technology sharing, 
engaging with marginalized and underrepresented groups, and supporting the devel-
opment and progress of effective and efficient scientific teams [18]. Several groups 
already exist that are committed to sharing and connecting agricultural data and 
research (i.e., AgBioData, CGIAR, CIMMYT, FAANG), and these and similar efforts 
could serve as the foundation for further development. In addition to the education 
and training mentioned already, significant investment in education and training 
in multi-disciplinary thinking and communication is also needed. Finally, we must 
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encourage solutions that are species agnostic (i.e., that can be leveraged by multiple 
producer communities across plant and animal kingdoms). These needs, highlighted 
in bullets #5–6 below, will lead to a more cohesive agricultural community, one in 
which we can learn from each other and save time by solving common problems 
together.

We recommend that AG2PI funding be used to address the following critical goals:

1. Provide resources to address identified needs for G2P research, including the genera-
tion of benchmark testing datasets to identify success or failure and parameters to 
effectively advance from first- to second-generation AG2P predictive tools.

2. Remove current public–private barriers for collaborating with commercial entities 
that maintain large and relevant phenotypic datasets that are critical for the develop-
ment and testing of predictive algorithms for agricultural G2P.

3. Establish comprehensive public genome/phenome knowledge bases that enable FAIR 
data sharing as a foundation for building on Federal investments for the exploration 
of biological function and the creation of new and improved agricultural products.

4. Increase progress toward developing and evaluating data analytics training programs 
and accelerate the training of scientists required for AG2P research and implemen-
tation, using curricula identified in AG2PI activities (e.g., field days, training work-
shops, and funded grants).

5. Expand the diversity of researchers, students and producers engaged in agricultural 
G2P activities through a sustained effort to bring G2P science and opportunities to 
underrepresented communities.

6. Identify additional gaps in knowledge, multidisciplinary team development, educa-
tion/training, and analytical or quantitative methods relevant to AG2P (for example 
in genome function annotation, phenotyping methods, phenotype prediction, as well 
as convergence science), and strategize and initiate actions to fill those gaps.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s13059‑ 023‑ 03155‑w.

Additional file 1: Appendix 1. List of workshop attendees and their institutional affiliations.

Additional file 2: Appendix 1. Full text of writing team summaries.

Additional file 3: Review history.

Acknowledgements
We gratefully acknowledge the support of USDA‑NIFA awards 2020‑70412‑32615, 2021‑70412‑35233 and 2022‑70412‑
38454. We appreciate the ideas for topics submitted by AG2PI Scientific Advisory Board members Ranveer Chandra, 
Noelle Cockett, Mike Goddard, Kari Jordan, Albrecht Melchinger, Simon Morley, Henner Simianer, and Abe Stroock. We 
appreciate the ideas for topics submitted by AG2PI Steering Committee members. We thank Katerina Holan, Samantha 
Snodgrass, Tyler Foster, Vishesh Bhatia, and Ryan Corbett for their notetaking during the Thinking Big: Visualizing the 
Future of AG2PI two‑day workshop during which these group discussions occurred. We also thank all those who partici‑
pated in the group discussions, whom we have identified in Additional file 1: Appendix 1. We thank Cheng‑Ting “Eddy” 
Yeh for helping with table preparation.

Peer review information
Andrew Cosgrove was the primary editor of this article and managed its editorial process and peer review in collabora‑
tion with the rest of the editorial team.

Review history
The review history is available as Additional file 3.

https://doi.org/10.1186/s13059-023-03155-w


Page 17 of 19Tuggle et al. Genome Biology            (2024) 25:8  

Authors’ contributions
All authors contributed to drafting and editing the manuscript and have read and approved the final manuscript. Tuggle, 
Clarke, Murdoch, Lyons, and Scott contributed equally to this work.

Declarations

Competing interests
Tuggle, Clarke, Dekkers, Ertl, Lawrence‑Dill, Lyons, Murdoch, and Schnable are on the executive board of the Agricultural 
Genome To Phenome Initiative. Tuggle is co‑lead of the Functional Annotation of Animal Genomes consortium and 
is a recipient of research funding from Recombinetics, Inc. Ertl is an executive committee member of the Genomes to 
Fields Initiative. Lyons is the principal investigator of CyVerse funded by the NSF and a Founder of uPetsia, Inc. Scott is 
the project manager for the USDA‑NIFA funded Agricultural Genome to Phenome Initiative. Schnable is a co‑lead of 
the Genomes to Fields Initiative; co‑founder of Data2Bio, LLC; Dryland Genetics, Inc; EnGeniousAg, LLC; and LookAhead 
Breeding, LLC; a member of the scientific advisory board and a shareholder of Hi‑Fidelity Genetics, Inc.; a member of the 
scientific advisory boards of Kemin Industries and Centro de Tecnologia Canavieira; and a recipient of research funding 
from Iowa Corn and Bayer Crop Science. Benes, Daigle, Das Choudhury, Dorea, Feldman, Fragomeni, Guadagno, Hess, 
McKay, Rowan, Thompson and Thornton are all recipients of AG2PI seed grants. Lipka and Sheehan serve on the AG2PI 
Steering Committee. Hagen and Murray serve on the AG2PI Seed Grant Steering Committee.

Author details
1 Iowa State University, Ames, IA, USA. 2 University of Nebraska‑Lincoln, Lincoln, NE, USA. 3 University of Idaho, Moscow, 
ID, USA. 4 University of Arizona, Tucson, AZ, USA. 5 Purdue University, West Lafayette, IN, USA. 6 USDA ARS, Ames, IA, USA. 
7 Texas A&M University, College Station, TX, USA. 8 University of Wisconsin‑Madison, Madison, WI, USA. 9 Iowa Corn Grow‑
ers Association, Johnston, USA. 10 USDA ARS, Wapato, WA, USA. 11 University of Connecticut, Storrs, CT, USA. 12 Hy‑Line 
International, Dallas Center, IA, USA. 13 University of Wyoming, Laramie, WY, USA. 14 Oklahoma State University, Stillwater, 
OK, USA. 15 University of Nevada‑Reno, Reno, NV, USA. 16 University of Illinois Urbana‑Champaign, Champaign, IL, USA. 
17 University of Vermont, Burlington, VT, USA. 18 University of Tennessee, Knoxville, TN, USA. 19 Cornell University, Ithaca, NY, 
USA. 20 Michigan State University, East Lansing, MI, USA. 21 Utah State University, Logan, UT, USA. 22 USDA ARS, Beltsville, 
MD, USA. 

Received: 29 May 2023   Accepted: 21 December 2023

References
 1. Pingali PL. Green revolution: Impacts, limits, andthe path ahead. Proc Natl Acad Sci U S A. 2012;109(31):12302–8. 

Available from: https:// doi. org/ 10. 1073/ pnas. 09129 53109. Cited 2022 Nov 30.
 2. World population projected to reach 9.8 billion in 2050, and 11.2 billion in 2100 | United Nations. Available from: 

https:// www. un. org/ en/ desa/ world‑ popul ation‑ proje cted‑ reach‑ 98‑ billi on‑ 2050‑ and‑ 112‑ billi on‑ 2100. Cited 2022 
Dec 7.

 3. Stevenson JR, Villoria N, Byerlee D, Kelley T, Maredia M. Green Revolution research saved an estimated 18 to 27 
million hectares from being brought into agricultural production. Proc Natl Acad Sci U S A. 2013;110(21):8363–8. 
Available from: https:// doi. org/ 10. 1073/ pnas. 12080 65110. Cited 2022 Nov 30.

 4. Tuggle CK, Clarke J, Dekkers JCM, Ertl D, Lawrence‑Dill CJ, Lyons E, et al. The Agricultural Genome to Phenome 
Initiative (AG2PI): creating a shared vision across crop and livestock research communities. Genome Biol [Internet]. 
2022;23(1):1–11. [cited 2022 Sep 22]. Available from: https:// genom ebiol ogy. biome dcent ral. com/ artic les/ 10. 1186/ 
s13059‑ 021‑ 02570‑1.

 5. Rexroad C, Vallet J, Matukumalli LK, Reecy J, Bickhart D, Blackburn H, et al. Genome to phenome: Improving animal 
health, production, and well‑being ‑ A new USDA blueprint for animal genome research 2018–2027. Front Genet. 
2019;10(MAY):327.

 6. Lane HM, Murray SC. High throughput can produce better decisions than high accuracy when phenotyping plant 
populations. Crop Sci. 2021;61(5):3301–13. Available from: https:// doi. org/ 10. 1002/ csc2. 20514. Cited 2022 Nov 30.

 7. Clarke JL, Dekkers JCM, Ertl D, Lawrence‑dill CA, Lyons E, Murdoch BM, et al. Community Perspectives : Genome to 
Phenome in Agricultural Sciences. 2022. Available from: https:// osf. io/ p89vk/

 8. Michael TP, VanBuren R. Progress, challenges and the future of crop genomes. Curr Opin Plant Biol. 2015;24:71–81. 
Available from: https:// doi. org/ 10. 1016/j. pbi. 2015. 02. 002

 9. Weigel KA. Genomic selection of dairy cattle : A review of methods, strategies, and impact Dairy Cattle Selection in 
the Pre‑genomic ERA. J Anim Breed Genomics. 2017;1(1):1–15.

 10. Xu Y, Liu X, Fu J, Wang H, Wang J, Huang C, et al. Enhancing Genetic Gain through Genomic Selection: From Live‑
stock to Plants. Plant Commun. 2020;1(1):100005.

 11. Koltes JE, Cole JB, Clemmens R, Dilger RN, Kramer LM, Lunney JK, et al. A Vision for Development and Utilization of 
High‑Throughput Phenotyping and Big Data Analytics in Livestock. Front Genet. 2019;17(10):1197.

 12. Delude CM. Deep phenotyping: The details of disease. Nat. 2015 ;527(7576):S14–5. Available from: https:// www. 
nature. com/ artic les/ 527S1 4a. Cited 2022 Dec 2.

 13. Rincent R, Charpentier JP, Faivre‑Rampant P, Paux E, Le Gouis J, Bastien C, et al. Phenomic Selection Is a Low‑
Cost and High‑Throughput Method Based on Indirect Predictions: Proof of Concept on Wheat and Poplar. G3 
Genes|Genomes|Genetics. 2018;8(12):3961–72. Available from: https:// acade mic. oup. com/ g3jou rnal/ artic le/8/ 12/ 
3961/ 60268 83. Cited 2023 May 12.

https://doi.org/10.1073/pnas.0912953109
https://www.un.org/en/desa/world-population-projected-reach-98-billion-2050-and-112-billion-2100
https://doi.org/10.1073/pnas.1208065110
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02570-1
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02570-1
https://doi.org/10.1002/csc2.20514
https://osf.io/p89vk/
https://doi.org/10.1016/j.pbi.2015.02.002
https://www.nature.com/articles/527S14a
https://www.nature.com/articles/527S14a
https://academic.oup.com/g3journal/article/8/12/3961/6026883
https://academic.oup.com/g3journal/article/8/12/3961/6026883


Page 18 of 19Tuggle et al. Genome Biology            (2024) 25:8 

 14. Adak A, Murray SC, Anderson SL. Temporal phenomic predictions from unoccupied aerial systems can outperform 
genomic predictions. G3 Genes|Genomes|Genetics. 2023;13(1). Available from: https:// acade mic. oup. com/ g3jou 
rnal/ artic le/ 13/1/ jkac2 94/ 68511 43. Cited 2023 May 12.

 15. USGCRP. Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Reidmiller D, 
Avery C, Easterling D, Kunkel K, Lewis K. Impacts, Risks, and Adaptation in the United States: Fourth National Climate 
Assessment. Vol. II. Washingtion: Global Change Research Program; 2018. p. 1–196.

 16. Tuggle CK, Clarke J, Dekkers JCM, Ertl D, Lawrence‑Dill CJ, Lyons E, et al. The Agricultural Genome to Phenome Initia‑
tive (AG2PI): creating a shared vision across crop and livestock research communities. Genome Biol. 2022;23(1):1–11. 
Available from: https:// doi. org/ 10. 1186/ s13059‑ 021‑ 02570‑1. Cited 2022 Sep 22.

 17. Ewing PM, Runck BC, Kono TYJ, Kantar MB. The home field advantage of modern plant breeding. PLoS One. 
2019;14(12):e0227079. Available from: https:// doi. org/ 10. 1371/ journ al. pone. 02270 79. Cited 2023 May 12.

 18. Henkhaus N, Bartlett M, Gang D, Grumet R, Jordon‑Thaden I, Lorence A, et al. Plant science decadal vision 
2020–2030: Reimagining the potential of plants for a healthy and sustainable future. Plant Direct. 2020;4(8):e00252. 
Available from: https:// doi. org/ 10. 1002/ pld3. 252. Cited 2022 Dec 12.

 19. Abbott D. Applied predictive analytics: Principles and techniques for the professional data analyst. Indianapolis: 
John Wiley & Sons; 2014. ISBN: 978‑1‑118‑72793‑5.

 20. Xu Z, Lian J, Bin L, Hua K, Xu K, Chan HY. Water Price Prediction for Increasing Market Efficiency Using Random Forest 
Regression: A Case Study in the Western United States. Water 2019, Vol 11, Page 228. 2019;11(2):228. Available from: 
https:// www. mdpi. com/ 2073‑ 4441/ 11/2/ 228/ htm. Cited 2023 Feb 24.

 21. Piekutowska M, Niedbała G, Piskier T, Lenartowicz T, Pilarski K, Wojciechowski T, et al. The Application of Multiple 
Linear Regression and Artificial Neural Network Models for Yield Prediction of Very Early Potato Cultivars before 
Harvest. Agron 2021, Vol 11, Page 885. 2021;11(5):885. Available from: https:// www. mdpi. com/ 2073‑ 4395/ 11/5/ 885/ 
htm. Cited 2023 Feb 24.

 22. Tilman D, Balzer C, Hill J, Befort BL. Global food demand and the sustainable intensification of agriculture. Proc Natl 
Acad Sci U S A. 2011;108(50):20260–4. Available from: https:// doi. org/ 10. 1073/ pnas. 11164 37108. Cited 2023 Feb 24.

 23. Szajnfarber Z, Zhang L, Mukherjee S, Crusan J, Hennig A, Vrolijk A. Who Is in the Crowd? Characterizing the Capabili‑
ties of Prize Competition Competitors. IEEE Trans Eng Manag. 2022;69(4):1537–51.

 24. Wilkinson MD, Dumontier M, Aalbersberg IjJ, Appleton G, Axton M, Baak A, et al. The FAIR Guiding Principles for 
scientific data management and stewardship. Sci Data 2016 31. 2016;3(1):1–9. Available from: https:// www. nature. 
com/ artic les/ sdata 201618. Cited 2022 Nov 30.

 25. Brouder S, Eagle A, Fukagawa NK, Mcnamara J, Murray S, Parr C, et al. Enabling Open‑source Data Networks in Public 
Agricultural Research. 2019; Council for Agricultural Science and Technology CAST Commentaries ‑ QTA2019‑1 
(March):1–20. https:// www. cast‑ scien ce. org/ wp‑ conte nt/ uploa ds/ 2019/ 05/ QTA20 19‑1‑ Data‑ Shari ng. pdf.

 26. McFarland BA, AlKhalifah N, Bohn M, Bubert J, Buckler ES, Ciampitti I, et al. Maize genomes to fields (G2F): 2014–2017 
field seasons: genotype, phenotype, climatic, soil, and inbred ear image datasets. BMC Res Notes. 2020;13(1):71. 
Available from: https:// doi. org/ 10. 1186/ s13104‑ 020‑ 4922‑8. Cited 2020 Feb 21.

 27. Giuffra E, Tuggle CK, FAANG Consortium the. Functional Annotation of Animal Genomes (FAANG): Current Achieve‑
ments and Roadmap. 2018; Available from: https:// doi. org/ 10. 1146/ annur ev‑ animal‑ 020518‑

 28. Serwadda D, Ndebele P, Kate Grabowski M, Bajunirwe F, Wanyenze RK. Open data sharing and the Global South—
Who benefits?: Limited capacity, deep mistrust pose challenges to sharing. Science (80‑ ). 2018;359(6376):642–3. 
Available from: https:// doi. org/ 10. 1126/ scien ce. aap83 95. Cited 2022 Nov 30.

 29. Roco MC. Principles of convergence in nature and society and their application: from nanoscale, digits, and logic 
steps to global progress. J Nanoparticle Res. 2020;22(11):1–27. Available from: https:// doi. org/ 10. 1007/ s11051‑ 020‑ 
05032‑0. Cited 2022 Nov 30.

 30. Hofstra B, Kulkarni V V., Galvez SMN, He B, Jurafsky D, McFarland DA. The diversity–innovation paradox in science. 
Proc Natl Acad Sci U S A. 2020;117(17):9284–91. Available from: https:// doi. org/ 10. 1073/ pnas. 19153 78117. Cited 
2022 Nov 30.

 31. Kuhn T. The structure of scientific revolutions. 2nd Editio. Vol. I and II, The Structure of Scientific Revolutions. Chicago, 
IL: The University of Chicago Press; 1970.

 32. Petersen AM, Majeti D, Kwon K, Ahmed ME, Pavlidis I. Cross‑disciplinary evolution of the genomics revolution. Sci 
Adv. 2018;4(8):eaat4211. https:// www. scien ce. org/ doi/ reader/ 10. 1126/ sciadv. aat42 11.

 33. Dörner D, Funke J. Complex problem solving: What it is and what it is not. Front Psychol. 2017;8(JUL):1–11.
 34. Tuckman BW. Developmental sequence in small groups. Psychol Bull. 1965;63(6):384–99. https:// doi. org/ 10. 1037/ 

h0022 100.
 35. Wang SL. Cooperative Extension System : Trends and Economic Impacts on U.S Agriculture. Choices‑ The Magazine 

of Food, Farm, and Resource issues. 2014;29(1):1–7. https:// www. choic esmag azine. org/ UserF iles/ file/ cmsar ticle_ 355. 
pdf.

 36. James JJ, Gornish ES, DiTomaso JM, Davy J, Doran MP, Becchetti T, et al. Managing Medusahead (Taeniatherum 
caput‑medusae) on Rangeland: A Meta‑Analysis of Control Effects and Assessment of Stakeholder Needs. Rangel 
Ecol Manag. 2015;68(3):215–23.

 37. Roche LM, Schohr TK, Derner JD, Lubell MN, Cutts BB, Kachergis E, et al. Sustaining Working Rangelands: Insights 
from Rancher Decision Making☆. 2015;68(5):383–9. Available from: https:// doi. org/ 10. 1016/j. rama. 2015. 07. 006. full. 
Cited 2023 Feb 15.

 38. Murray M, Cahn M, Caprile J, May D, Miyao G, Mullen B, et al. University of California Cooperative Extension Process‑
ing Tomato Cultivar Evaluation Program. Horttechnology. 1999;9(1):36–9. Available from: https:// journ als. ashs. org/ 
hortt ech/ view/ journ als/ hortt ech/9/ 1/ artic le‑ p36. xml. Cited 2023 Feb 15.

 39. Roche LM, Kromschroeder L, Atwill ER, Dahlgren RA, Tate KW. Water Quality Conditions Associated with Cattle Graz‑
ing and Recreation on National Forest Lands. PLoS One. 2013;8(6):e68127. Available from: https:// doi. org/ 10. 1371/ 
journ al. pone. 00681 27. Cited 2023 Feb 15.

https://academic.oup.com/g3journal/article/13/1/jkac294/6851143
https://academic.oup.com/g3journal/article/13/1/jkac294/6851143
https://doi.org/10.1186/s13059-021-02570-1
https://doi.org/10.1371/journal.pone.0227079
https://doi.org/10.1002/pld3.252
https://www.mdpi.com/2073-4441/11/2/228/htm
https://www.mdpi.com/2073-4395/11/5/885/htm
https://www.mdpi.com/2073-4395/11/5/885/htm
https://doi.org/10.1073/pnas.1116437108
https://www.nature.com/articles/sdata201618
https://www.nature.com/articles/sdata201618
https://www.cast-science.org/wp-content/uploads/2019/05/QTA2019-1-Data-Sharing.pdf
https://doi.org/10.1186/s13104-020-4922-8
https://doi.org/10.1146/annurev-animal-020518
https://doi.org/10.1126/science.aap8395
https://doi.org/10.1007/s11051-020-05032-0
https://doi.org/10.1007/s11051-020-05032-0
https://doi.org/10.1073/pnas.1915378117
https://www.science.org/doi/reader/10.1126/sciadv.aat4211
https://doi.org/10.1037/h0022100
https://doi.org/10.1037/h0022100
https://www.choicesmagazine.org/UserFiles/file/cmsarticle_355.pdf
https://www.choicesmagazine.org/UserFiles/file/cmsarticle_355.pdf
https://doi.org/10.1016/j.rama.2015.07.006.full
https://journals.ashs.org/horttech/view/journals/horttech/9/1/article-p36.xml
https://journals.ashs.org/horttech/view/journals/horttech/9/1/article-p36.xml
https://doi.org/10.1371/journal.pone.0068127
https://doi.org/10.1371/journal.pone.0068127


Page 19 of 19Tuggle et al. Genome Biology            (2024) 25:8  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 40. O’Geen AT, Saal MBB, Dahlke H, Doll D, Elkins R, Fulton A, et al. Soil suitability index identifies potential areas for 
groundwater banking on agricultural lands. Calif Agric. 2015;69(2):75–84. Available from: https:// escho larsh ip. org/ 
uc/ item/ 24v0q 1sj. Cited 2023 Feb 15.

 41. Franz NK, Townson L. The Nature of Complex Organizations: The Case of Cooperative Extension. New Dir Eval. 
2008;120:5–14.

 42. Morse GW, Markell JE, O’Brien P, Ahmed A, Klein TK, Coyle LD. Cooperative Extension’s Monday and Mission Crisis: 
The Minnesota Response. Morse GW, editor. Vol. 4. Bloomington: iUniverse Publisher; 2009. 88–100 p.

 43. Vijayan D, Ludwig D, Rybak C, Kaechele H, Hoffmann H, Schönfeldt HC, et al. Indigenous knowledge in food system 
transformations. Commun Earth Environ 2022 31. 2022;3(1):1–3. Available from: https:// www. nature. com/ artic les/ 
s43247‑ 022‑ 00543‑1. Cited 2022 Dec 2.

 44. Khoury CK, Bjorkman AD, Dempewolf H, Ramirez‑Villegas J, Guarino L, Jarvis A, et al. Increasing homogeneity in 
global food supplies and the implications for food security. Proc Natl Acad Sci U S A. 2014;111(11):4001–6. Available 
from: https:// doi. org/ 10. 1073/ pnas. 13134 90111. Cited 2022 Dec 2.

 45. Bezahler A. 17 Indigenous Agricultural Programs to Recognize International Day of World’s Indigenous Peoples. 
FoodTank. 2019. Available from: https:// foodt ank. com/ news/ 2019/ 08/ 17‑ indig enous‑ agric ultur al‑ progr ams‑ to‑ 
recog nize‑ inter natio nal‑ day‑ of‑ worlds‑ indig enous‑ peopl es/. Cited 2023 Feb 15.

 46. Nosek BA, Alter G, Banks GC, Borsboom D, Bowman SD, Breckler SJ, et al. Promoting an open research culture. Sci‑
ence (80‑ ). 2015;348(6242):1422–5. Available from: https:// doi. org/ 10. 1126/ scien ce. aab23 74. Cited 2022 Nov 30.

 47. Gewin V. Data sharing: An open mind on open data. Nat 2016 5297584. 2016;529(7584):117–9. Available from: 
https:// www. nature. com/ artic les/ nj7584‑ 117a. Cited 2022 Dec 12.

 48. Wang H, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd‑Allah F, et al. Global, regional, and national under‑5 mor‑
tality, adult mortality, age‑specific mortality, and life expectancy, 1970–2016: A systematic analysis for the Global 
Burden of Disease Study 2016. Lancet. 2017;390(10100):1084–150.

 49. Statistics. Available from: https:// www. itu. int/ en/ ITU‑D/ Stati stics/ Pages/ stat/ defau lt. aspx. Cited 2022 Nov 30.
 50. Sanou B. ICT Facts and Figures 2016. https:// www. itu. int/ en/ ITU‑D/ Stati stics/ Docum ents/ facts/ ICTFa ctsFi gures 2016. 

pdf.
 51. Indigenous farmers reclaim time‑honored techniques (Growing traditions) — High Country News – Know the West. 

Available from: https:// www. hcn. org/ issues/ 54.9/ indig enous‑ affai rs‑ food‑ indig enous‑ farme rs‑ recla im‑ time‑ honor 
ed‑ techn iques? utm_ source= wcn1& utm_ medium= email & utm_ campa ign= 2022‑ 08‑ 30‑ Newsl etter. Cited 2022 
Nov 30.

 52. Native Americans farming practices hold potential amid climate change ‑ Washington Post. Available from: https:// 
www. washi ngton post. com/ clima te‑ solut ions/ inter active/ 2021/ native‑ ameri cans‑ farmi ng‑ pract ices‑ may‑ help‑ feed‑ 
warmi ng‑ world/. Cited 2022 Nov 30.

 53. Dekkers JCM, Hospital F. The use of molecular genetics in the improvement of agricultural populations. Nat Rev 
Genet 2002;3(1):22–32. Available from: https:// www. nature. com/ artic les/ nrg701. Cited 2022 Dec 2.

 54. Georges M, Charlier C, Hayes B. Harnessing genomic information for livestock improvement. Nat Rev Genet 2018 
203. 2018;20(3):135–56. Available from: https:// www. nature. com/ artic les/ s41576‑ 018‑ 0082‑2. Cited 2022 Dec 12.

 55. Hill WG. Is continued denetic improvement of livestock sustainable? Genetics. 2016;202(3):877–81.
 56. Weller JI. Genomic Prediction of Complex Traits in Animal Breeding with Long Breeding History, the Dairy Cattle 

Case. Methods Mol Biol. 2022;2467:447–67. Available from: https:// doi. org/ 10. 1007/ 978‑1‑ 0716‑ 2205‑6_ 16. Cited 
2022 Dec 12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://escholarship.org/uc/item/24v0q1sj
https://escholarship.org/uc/item/24v0q1sj
https://www.nature.com/articles/s43247-022-00543-1
https://www.nature.com/articles/s43247-022-00543-1
https://doi.org/10.1073/pnas.1313490111
https://foodtank.com/news/2019/08/17-indigenous-agricultural-programs-to-recognize-international-day-of-worlds-indigenous-peoples/
https://foodtank.com/news/2019/08/17-indigenous-agricultural-programs-to-recognize-international-day-of-worlds-indigenous-peoples/
https://doi.org/10.1126/science.aab2374
https://www.nature.com/articles/nj7584-117a
https://www.itu.int/en/ITU-D/Statistics/Pages/stat/default.aspx
https://www.itu.int/en/ITU-D/Statistics/Documents/facts/ICTFactsFigures2016.pdf
https://www.itu.int/en/ITU-D/Statistics/Documents/facts/ICTFactsFigures2016.pdf
https://www.hcn.org/issues/54.9/indigenous-affairs-food-indigenous-farmers-reclaim-time-honored-techniques?utm_source=wcn1&utm_medium=email&utm_campaign=2022-08-30-Newsletter
https://www.hcn.org/issues/54.9/indigenous-affairs-food-indigenous-farmers-reclaim-time-honored-techniques?utm_source=wcn1&utm_medium=email&utm_campaign=2022-08-30-Newsletter
https://www.washingtonpost.com/climate-solutions/interactive/2021/native-americans-farming-practices-may-help-feed-warming-world/
https://www.washingtonpost.com/climate-solutions/interactive/2021/native-americans-farming-practices-may-help-feed-warming-world/
https://www.washingtonpost.com/climate-solutions/interactive/2021/native-americans-farming-practices-may-help-feed-warming-world/
https://www.nature.com/articles/nrg701
https://www.nature.com/articles/s41576-018-0082-2
https://doi.org/10.1007/978-1-0716-2205-6_16

	Current challenges and future of agricultural genomes to phenomes in the USA
	Abstract 
	Needs in agricultural production for genomes to phenomes
	Survey selection of discussion topics most critical to furthering G2P science
	Identified challenges and future steps by topic
	Advancing plant and animal breeding
	Phenotyping technology development
	Advancing genomic (and epigenomic) research
	Predictive analytics development
	Standardizing research methods and data
	Democratizing access
	Convergence science
	Diversifying engagement
	Identifying solutions to challenges shared across topics

	Conclusions
	Innovate in genetic improvement methods development and evaluation
	Innovate in agricultural research processes to solve societal problems

	Anchor 18
	Acknowledgements
	References


