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In the past decade, large investments have been made for planbpjping in terms of funding,
research hours, and high-tech installations in Europe, falist, North America and Asia. The
number of actors in phenotyping has increased rapidly and theugohas gradually shifted
from basic to strategic crop research linked to classiccagitiral traits. During the recent
years, community-wide surveys have pinpointed focus aréadlenges, and bottlenecks in plant
phenotyping (www.plant-phenotyping.org/ippn-survey_2016).

Increasing e orts addressing abiotic and biotic stresse®@ated with the e ects of global
climate change in mind are developing. Crop wild relatives {@3)are important sources for
genes for both biotic and abiotic stress toleranterfipewolf et al., 2017; Vosman et al., 2018
since diversity lost during domestication is vasta(udry et al., 2007 Within the last decade,
large-scale phenotyping research platforms have been setdipranorganized within national
phenotyping facilities with a range of high-tech applicationsciimate rooms, greenhouses
and in the eld (e.g., www.plant-phenomics.ac.uk/, www.ipkegsleben.de/en/phenotyping/,
www.plantphenomics.org.au).

A more urgent challenge is however, that the phenotyping wditgmeeds to bridge the gap between
academia and the multitude of stakeholders to really benet from tige hesearch e orts made
internationally.

BREEDING—THE RESULTS COUNT, BUT RESEARCH CAN
IMPROVE THE SUCCESS

Breeding and selection of crops have for a long time been &tos agricultural traits, disease
resistance, harvest yield and quality, and to some exteasstiolerance. The yearly increase of
yield in major crops is atteningigure 1) (Brisson et al., 20)Pso new approaches are needed to
change this trend4sseng et al., 20).4

Breeders—commercial and academic—are dependent on fastheaap evaluation tools and
have until now selected cultivars primarily by evaluating thesired properties manually or by
genetic markers. However, breeding is also adjusted to tleeetit mega-environments in the
world. The focus points in e.g., wheat breeding in CIMMYT (Intational Maize and Wheat
Improvement Center) during 1945-1986 has been ca. 60% onsgisesistance and ca. 40%
on abiotic stress tolerance including drought and temperatrgsilience for cultivars aimed for
di erent parts of the world QOrtiz et al., 2008

The predictions of the global climate change by the Intergorental Panel on Climate Change
(IPCC) and others indicate both increasing average tempegaind CQ concentration but also
more extreme weather events, altogether more dynamic weé&tlorter and Semenov, 200%orter
et al., 201}t The dry regions will be drier and wet regions wettBrofe, 200%. Model predictions
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FIGURE 1 | Bulletin board drawing up the current landscape of phenotymg. The development of global crop production, exempli ed ly the top-12 wheat producers,
show that the increase in harvest yield is leveling off singgear 2000 in high-yielding areas, while many big producersiiterms of area and production already today
suffer from environmental limitations as seen in the interediate to low harvest yields. The mind map of the stakeholdsrand actors of phenotyping gives a simpli ed
picture of the vast heterogeneity in the phenotyping commuity, where each focus point can be divided into all differertiotic and abiotic stress factors that may be
studied. Some major challenges for the years to come are post. The lines for the top-12 wheat producers are green for Eape (USSR — narrow dashes, Russia —
dash/dot, France — solid line, Germany — wide dashes), red fdksia (solid line — China, wide dashes — India, narrow dashes -aKistan, dash/dot — Kazakhstan), dark
blue for North America (solid line — USA, narrow dashes — Cada), light blue for South America (solid line — Argentina) drorange solid line for Australia.

even indicate that heat stress may have a greater impact on In Europe, even small increases in temperature will have
future yield than drought in Europe Semenov and Shewry, negative consequences for the agriculture in Southern Europe
201). The increased temperature will potentially decrease thand positive e ects in Northern Europesén Passel et al., 2017
yield in some areas while other will be rendered unsuitabte f Many of the dominating wheat-producing countries are alrgad
production (Ortiz et al., 2008 today operating under environmental constrains resulting in
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reduced harvest yieldsFigure 1), emphasizing the need for providing access to a plethora of facilities. The InternagidPlant
breeding for multiple stress resilience. Phenotyping Network (IPPN) (www.plant-phenotyping.org/)

In addition to a ecting the harvest yield, the increasing €0 was established in 2016 to connect phenotyping researchers
concentration might have a negative e ect on the amount ofglobally. Countries in EU with the most extensive phenotyping
protein in e.g., wheatNuttall et al., 201y and the nutrient infrastructures have initiated the project EMPHASIS, which
composition tends to be lower_fladze, 2002; Sardans et al.is now on the European Strategy Forum for Research
2017. The wine industry in Southern Europe will have to rely Infrastructures (EU-ESFRI) list for research infrastruesir
heavily on irrigation to safeguard yiel€(sta et al., 20)6Even (emphasis.plant-phenotyping.eu/). EMPHASIS-PREP is the
the beer production may be challenged by drought and heat ipreparation phase in which six member countries de ne the
the future (Xie et al., 2018 Breeding for the future robust crops bene t of the phenotyping community, insights and feedback ar
may require accepting a slightly lower but on average a moreurrently gathered through regional meetings and onlinevsys
stable yield, but it requires an enormous paradigm shift tdkena to de ne what services are needed.

breeders change from short-term to long-term goals. The projects and initiatives EPPN, EPPN2020, and
Phenomen-All have highlighted the demand for access and
DEFINING PHENOTYPING availability to phenotyping infrastructures. Phenomen-All

has secured 73 early stage scientists access to research groups

The COST (European Cooperation in Science and Technologgnd their facilities by funding COST Short Term Scientic
Action FA1306, “The quest for tolerant varieties — phenotgpin Missions. EPPN funded 65 transnational access projects at
at plant and cellular level” (Phenomen-All) (www.plant- seven phenotyping installations in ve countries. One of the
phenotyping.org/home_costfal306), has worked from ceéllevchallenges is matching the diversity of research questtons
to the eld with translation to good practices for applied the platforms.
end use. The action revealed serious knowledge gaps within Results generated in climate rooms are not always directly
the community in handling and interpreting large data sets.and strongly correlated to similar experiments in the eld
Furthermore, di erent “languages” were detected that udider (Spindel and McCouch, 20).6However, the ranking of the
the need for harmonization of the nomenclature. It is a complexheat stress response of1,200 wheat cultivars in climate
situation with a system full of legacies and a vast hetereiien chambers $harma et al., 20)2has been fully reproducible
in scienti ¢ interests Figure 1) but the more data with di erent when exposing 41 selected cultivars to a milder but longer
standards that is accumulated in the scientic communityet heat stress in a greenhous8h@rma et al., 20)5The heat
harder the harmonization will be, as indicated in this webtolerance was characterized by the ability to sustain hidghesa
cartoon (xkcd.com/927/). of R/Fm, photosynthesis rates and stomatal conductance and

In 2017 the COST Action CA16219 Harmonious maintaining good leaf cooling throughout the heat treatment
(Harmonization of UAS techniques for agricultural and negli  Short heat stress in climate chambers has also been used
ecosystems monitoring, www.eu/COST_Actions/ca/CA1$21%0 screen young plants of normally well-performing tomato
was launched with the aim to harmonize measurementultivars from Nepal using chlorophyll uorescence. The most
practices, algorithms and data processing from imagingeat tolerant and susceptible cultivars were subsequentlyrgro
techniques in the eld. Inthe COST Action FA0906 UV4Growth in an irrigated eld trial in Nepal and were by coincidence
(www.cost.eu/COST_Actions/fa/FA0906) a handbook orexposed to a natural heat wav@adudyal et al., 20)8 The
treatment design, measurements and plant growing conditionseparation into two groups in the climate chambers was fully
including minimum requirements for characterization and re ected in the eld. More studies like these are needed where
reporting of the growing conditions for UV-B experiments in cultivar performance after stress in protected cultivatia i
climate chambers, greenhouses, and in the eld was producedllowed by eld studies for veri cation of the reliability afhe
(Rosenquvist et al., 20).Zrlhe same minimum information about phenotyping methods.
growth conditions is valid for phenotyping and there is a dire  Thus, to obtain a thorough understanding of the impact
need for similar harmonization of other data from the numeso  of climate in dierent regional zones on plant performance,
techniques used for phenotypingigure 1). multi-site, multi-regional experiments are needed. Furthere,

Research institutes and universities in Europe have igomplex traits with polygenic inheritance are the ones that
recent years invested in large-scale research infrastieidor  would put both breeders and scientists a step forward in geneti
automated plant phenotyping: gains in breeding and ecophysiological understanding of crops
(Pauli et al., 2016 To explore the mechanistic relationships
needed to understand phenotyping data between non-invasive
methods of specic crop traits and the underlying genetics
the link has to go via multi-omics to include physiological
explanationsGroRRkinsky et al., 2015, 20117

The need to test the performance on a large “agricultural”
Transnational access was launched within the rst EU-projecscale has brought the farmers-oriented, and rapidly evaglvin
European Plant Phenotyping Network (EPPN) and continuedeld of precision agriculture close to the phenotyping
in the on-going EPPN2020 (eppn2020.plant-phenotyping.eu/fommunity. Both domains require geo-referenced data lthke

1. Platforms for low to high resolution, high-throughput
phenomics in climate rooms and greenhouses.

2. Semi-controlled eld systems for
high-throughput phenomics.

3. Network of practical eld experiments for lean phenotyping.
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to environmental data i.e., weather parameters, irrigationBIG DATA—COORDINATION AND
fertilizers dosages, soil characteristics, etc. Phenuypi STANDARDS
projects analyse these data to understand plant performance

(Performanced Genetics Environment Management), Plant phenotyping in its various approaches generates large
while precision farming is focussed on the required farmingamounts of data and the data processing is challenging. $&reci
activities to maximize yields. ontologies, thorough experimental descriptions and shawig

data are crucial. The number of published papers on the concept
“plant AND phenotyp” in Web of Science has risen almost
STAKEHOLDERS AND ACTORS exponentially during the last 20 years from 1,002 papers in®,00
to 4,335in 2017. As we do not deal with really big data yetethe
The stakeholdersfor phenotyping range from academia in s still the chance to develop such data-related tools antbpris
various research institutions, breeding companies, or Waré in time—but only if data pools are available and shared.
development and production, to farmers and society as While one aspect of this challenge is the non-uniform data
a whole. Theactorsin phenotyping, though, are research structures and lack of comparable standards across platfaheas
institutions, breeders, hardware/software manufactsrand  more critical part is the lack of expertise in the more biologjica
gene banks, supported by commercial tech companies witriented research groups interpreting the datagjewski et al.,
high-tech solutions Kigure ). These actors have dierent 2019. It is essential to implement standards for generating
interests and aims for their activities, which sometimesand describing data including a minimal amount of required
complicates collaboration. metadataFigure 1) and to make them publicly available meeting
these standards to facilitate more reproducible phenotyping. |

the Minimal Information about Plant Phenotyping Experiment
PUBLIC-PRIVATE PARTNERSHIPS—ONE initiative (MIAPPE, www.miappe.org/) recommendations has
SOLUTION FOR COLLABORATION been developeddwiek-Kupczynska et al., 201LeSo far, there
are various commercial and academic systems of data stofage

Collaborative projects with participants from breeders, see@henotyping data (cordis.europa.eu/project/rcn/95172 fieie;
banks, academia, and developers of phenotyping equipmehbbet et al., 2013; Arend et al., 2016; Cruz et al., ROM&ny
are rare, but Public Private Partnerships (PPP) initiatiees publications do not provide the needed accessible data and
funded in EU, regional, and national funding schemes, tlgiou accompanying metadata for further analyses. It is expectat th
“multi-actor” requirements. Some examples are the Nordighis will gradually change with the requirement from journals
Plant Phenotyping Network (nordicphenotyping.org/) where aand funding bodies, to store and give access to raw data fer ne
processing software for drone images has been developed famgles of analysis. New and promising approaches to exploitation
the industrial partners, and the grapevine screening in Ryaitu of these vast amounts of data rely on novel machine learning
together with the University of LisborCJosta et al., 20)6 techniquesTsaftaris et al., 2016; Pound et al., 2017

In the last Phenomen-All meeting in Leuven, Kristian Harmonization of data will be crucial in the future as it
Thorup-Kristensen presented the Danish RadiMax eldis expected that phenotypic data sets are rapidly becoming
infrastructure for root phenotyping, which derives from a bigger and more complex. Sensor and camera systems will be
joint project between three Danish universities and fourmore sophisticated and will be combined with complementary
breeding companies, where the breeders have access measurement (e.g., destructive analyses), allowing foremo
most of the 600 minirhizotrons for their pipeline genotypesdetailed screenings and more parameters being measured in a
(Jensen, 20)5 It operates down to 3m depth and allows higher spatiotemporal resolution, i.e., more images per time a
for manipulation of the water availability and use of more detailed images. The data is rarely compatible between
labeled isotopes. equipment or installations, which was shown in experiments in

Benjamin Gillian (Crop Trust, Germany) introduced the EPPN. In EPPN2020 one aim is to show the bene ts of multi-
initiative “Adapting agriculture to climate change: colieg, site/multi-region data in comparison studies, but at leaseon
protecting, and preparing crop wild relatives,” which is a 10-challenge remains. Not all phenotyping production companies
years (2011-2020) project with core funding from the Nonaegi are willing to open their proprietary formats. In addition,
Government with the Millennium Seed Bank in Svalbard, 2lestablished phenotypic ontologies and reliable handling gf bi
participants and 50 other partner institutions (universities phenotypic data could serve as a basis to make them FAIR
NARS, NGO, and companies) from around the world. The(Findable, Accessible, Interoperable, and Re-usable), which
project both focus on building capacity for collecting, canvéeg ~ would allow integrating them also with other information duc
and using CWRs in developing countries and pre-breeding oés genetic data.
wild relatives to 19 major crops creating interspeci ¢ hylsid
introgression lines and backcrosses for use in ongoingdinge
programs at the same time as making the results publidNTERACTION NEEDED TO ACHIEVE THE
on www.cwrdiversity.org/. GOALS

The previous examples underlines the importance of
interaction between di erent stakeholders to succeed inrtgk As the phenotyping community is extremely diverse, e cient
advantage of phenotyping. exchange of information and open discussion of the needs
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of each stakeholder is needed. Christian Sig Jensen (DIEONCLUSIONS

Trifolium, Denmark) introduced this aspect from a breeder's

perspective in the Phenomen-All meeting in Copenhagen 2018here is a high demand for integrated facilities where
The breeders need methods that have a positive e ect on theoth drought and heat stress can be analyzed, generating
“breeder's equation” by increasing the breeding gainsu¢'3‘[g phenotypic FAIR data, both in greenhouses and in the eld.
the generation interval and increasing the selection istgrand ~ This type of collaboration requires that some “principles”
accuracy, which can be Supported byautomated h|gh_throughplﬁf di erent stakeholders will have to be softened. Scientists
phenotyping approaches. However, these technologies have Wl have to include more applied aspects in their research.
be more time-e cient and/or accurate than manual breederBreeders will have to decrease their secrecy and open
scorings; otherwise, they need to allow identifying noveMp to collaboration where pipeline cultivars are used and
information bene ting the breeding process. Particularipce  publications are allowed with anonymized genotypes. Harewar
genomic selection is implemented in breeding programsnanufacturers will have to also develop cheap phenotyping
increased phenotyping accuracy are even more important. Lik€ols and open their software storage structure to allow
the increase in publications also the number of vendors istigpi  full access to raw data and integration of the processed
rising, which put even more pressure on the need to documerfiata, and allow interaction between equipment from
and align their systems interfaces and data standards aresec di erent companies.

conversion tools. Last but absolutely not least, a major e ort is needed to
develop a joint ontology within the phenotyping society to

OUR JOINT CHALLENGE FOR THE o the best Use.for meta-analyse. This vast challenge 15 no

FUTURE FOOD SECURITY something that will be solved by individual actors but only by

a joint e ort within the phenotyping society of academia and

Recent advancement and current developments are fac'“tat'riﬁdustrial stakeholders.

the analysis of plants on multiple scales. Although it is alehgle
regarding the amount of diverse data, it will be even more so
when the irregular weather patterns of the future are beccgninAUTHOR CONTRIBUTIONS

more obvious. These complex traits will be a ected by more .
than one gene modi cation and the multi-scale will have tOAII authors have been part of the COST Action Phenomen-All

work on two planes; at multiple organizational levels in thenpla and participated in the discussions covered by the manuscript.

as well as with multiple combined stresses. Phenotyping undeof" authors have participated in the writing process. ER has

optimal growth conditions drought and/or nutrient de ciency, drawn the gure.
the currently most common options for high-throughput
phenotyping, will not be su cient for major breakthroughs. FUNDING

We must explore this multi-scale approactFidure 1)
which ultimately will serve basic plant science, plant bregdi The participation in the COST Action Phenomen-All (FA1306)
and (precision) agriculture as well as collaborations betwe Meetings has been covered by the Action.
these sectors. One very important achievement of Phenomen-
All became clear during the closing discussions in the lasACKNOWLEDGMENTS
annual meeting in Leuven 2018. Even though only few
formalized collaborations between academia and breedefdis paper is discussing the conclusions of WG3 Integration
have been initiated through the COST Action there wa®f phenotyping on both [eld and cell] levels and
full consensus that the invited speakers from the breederanslation into good practices for applied use in the
community to all the Phenomen-All meetings have createdeU COST Action Phenomen-All. The quest for tolerant
a much better understanding in the European academivarieties: phenotyping at plant and cellular level (FA1306)
community now, of what breeders need in terms of phenotypindwww.phenomen-all.eu) with inspiration from the EU-
methods and produced data. It will be desirable that similaprojects EPPN (Grant Agreement No. 284443), the
interactions between breeders, academic and other actoes-going EPPN2020 (eppn2020.plant-phenotyping.eu/) and

also improves. EMPHASIS (emphasis.plant-phenotyping.eu/).

REFERENCES Brisson, N., Gate, P., Gouache, D., Charmet, G., Oury, F.-X., and}B. (2010).
Why are wheat yields stagnating in Europe? A comprehensive datasifaly

Arend, D., Lange, M., Pape, J.-M., Weigelt-Fischer, K., Araglaallos, F., Miicke, FranceField Crops Re$19, 201-212. doi: 10.1016/j.fcr.2010.07.012

I., et al. (2016). Data Descriptor: quantitative monitoring Afabidopsis Costa, J. M., Vaz, M., Escalona, J., Egipto, R., Lopes, C., Medkan
thaliana growth and development using high-throughput plant phenotyping. et al. (2016). Modern viticulture in southern Europe: vulnerabilitesd

Sci. Date3:160055. doi: 10.1038/sdata.2016.55 strategies for adaptation to water scarcifigric. Water Managel64, 5-18.
Asseng, S., Ewert, F., Martre, P., Rétter, R. P., Lobell, D. B., Camm®., et al. doi: 10.1016/j.agwat.2015.08.021

(2014). Rising temperatures reduce global wheat producian.Clim. Chang.  Cruz, J. A., Yin, X., Liu, X., Imran, S. M., Morris, D. D., Cramer,

5, 143-147. doi: 10.1038/nclimate2470 D. M, et al. (2016). Multi-modality imagery database for plant

Frontiers in Plant Science | www.frontiersin.org 5 February 2019 | Volume 10 | Article 163



Rosenqvist et al.

The Phenotyping Dilemma

phenotyping. Mach. Vis. Appl. 27, 735-749. doi:
0734-6
Cwiek-Kupczynska, H., Altman, T., Arend, D., Arnaud, E., Chen, @ornut,

G., et al. (2016). Measures for interoperability of phenotyping :data

minimum information requirements and formattingPlant Methods12:44.
doi: 10.1186/s13007-016-0144-4

Dempewolf, H., Baute, G., Anderson, J., Kilian, B., Smith, C., andaGio, L.
(2017). Past and future use of wild relatives in crop breed®mp Sci57,
1070-1082. doi: 10.2135/cropsci2016.10.0885

Dore, M. H. (2005). Climate change and changes in global precipitatio

patterns:  what do we know? Environ. Int. 1167-1181.
doi: 10.1016/j.envint.2005.03.004

GroRkinsky, D. K., Svensgaard, J., Christensen, S., and IRoifsc(2015).
Plant phenomics and the need for physiological phenotyping acradsesto
narrow the genotype-to-phenotype knowledge gafExp. Bot66, 5429-5440.
doi: 10.1093/jxb/erv345

GroRkinsky, D. K., Syaifullah, S. J., and Roitsch, T. (201%gtation of multi-
omics techniques and physiological phenotyping within a holigtienomics
approach to study senescence in model and crop pldnExp. Bo69, 825-844.
doi: 10.1093/jxb/erx333

Haudry, A., Cenci, A., Ravel, C., Bataillon, T., Brunel, D., Pori¢etet al. (2007).
Grinding up wheat: a massive loss of nucleotide diversity sioceestication.
Mol. Biol. Evol24, 1506-1517. doi: 10.1093/molbev/msm077

Jensen, C. S. (2015). RadiMax — planteforskning undercdiaskrift Fraavi2,
10-11 (in Danish).

Krajewski, P., Chen, D., Cwiek, H., van Dijk, A. D. J., Fioranj, Kkersey, P.,
et al. (2015). Towards recommendations for metadata and data mandli
in plant phenotyping. J. Exp. Bot.66, 5417-5427. doi: 10.1093/jxb/e
rv271

Lobet, G., Draye, X., and Périlleux, C. (2013). An online datatmagednt image
analysis software toolBlant Method®, 1-7. doi: 10.1186/1746-4811-9-38

Loladze, I. (2002). Rising atmospheric £@nd human nutrition: toward
globally imbalanced plant stoichiometryxends Ecol. Evoll7, 457-461.
doi: 10.1016/S0169-5347(02)02587-9

Nuttall, J. G., O'Leary, G. J., Panozzo, J. F., Walker, C. K., BaloM., and
Fitzgerald, G. J. (2017). Models of grain quality in wheat — A reviésid Crops
Res202, 136-145. doi: 10.1016/j.fcr.2015.12.011

Ortiz, R., Sayre, K. D., Govaerts, B., Gupta, R., Subbarao, Gaw,.,TB et al.
(2008). Climate change: can wheat beat the hagtz. Ecosyst. Enviroh26,
46-58. doi: 10.1016/j.agee.2008.01.019

Pauli, D., Chapman, S. C., Bart, R., Topp, C. N., Lawrence-Dil, Coland®
J., et al. (2016). The quest for understanding phenothypic tianiavia
integrated approaches in the eld environmerftlant Physiol172, 622-634.
doi: 10.1104/pp.16.00592

Porter, J. R., and Semenov, M. A. (2005). Crop responses to clinaatation.
Philos. Trans. R. Soc. SeB@, 2021-2035. doi: 10.1098/rsth.2005.1752

Porter, J. R., Xie, L., Challinor, A. J., Cochrane, K., Howden, Sigklal, M. M.,
et al. (2014). “Food security and food production systemsClimate Change
2014: Impacts, Adaptation, and Vulnerability. Part A: Global &ettoral
Aspects. Contribution of Working Group Il to the Fifth Assest Report of the
Intergovernmental Panel on Climate Charegis. C. B. Barros, V. R. Dokken,
D. J. Mach, K. J. Mastrandrea, M. D. Bilir, T. E. Chatterjee, M, EbL.
Estrada, Y. O. Genova, R. C. Girma, B. Kissel, E. S. Levy, A. Nritd@D, S.
Mastrandrea, P. R. and L. L. White (Cambridge, UK; New York, NY: Cadlgleri
University Press), 485-533.

31,

10.1007/s00138-015-Poudyal, D., Rosenqvist, E., and Ottosen, C.-O. (2018). d¥pgimg from lab

to eld — tomato lines screened for heat stress using Fv/Fm maiethinigh
fruit yield during thermal stress in the eldFunct. Plant Biol46, 44-55.
doi: 10.1071/FP17317

Pound, M. P., Atkinson, J. A., Townsend, A. J., Wilson, M. H., tGsi M.,
Jackson, A. S., et al. (2017). Deep machine learning providesoétéite-art
performance in image-based plant phenotypi@igasciend®, 1-10.

Rosenqvist, E., Figueroa, F. L., and Aphalo, P. J. (2012). ‘Raming conditions,”
in Beyond the Visible: A Handbook of Best Practice in Plant U\bBiotagy.
COST Action FA0906 UV4growtds P. J. Aphalo, A. Albert, L. O. Bjorn, A.
McLeod, T. M. Robson, and E. Rosenqyvist (Helsinki: Universitidelsinki;
Division of Plant Biology), 176. Available online at: https://feettelsinki. /
handle/10138/37558

Sardans, J., Grau, O., Chen, H. Y. H., Janssens, |. A,, Ciaimd SR et al. (2017).
Changes in nutrients concentrations of leaves and roots in regptmglobal
change factorsslob. Chang. BioR3, 3849-3856. doi: 10.1111/gch.13721

Semenov, M. A., and Shewry, P. R. (2011). Modelling predicts thett $ieess,
not drought, win increase vulnerability of wheat in Europci. Repl:66.
doi: 10.1038/srep00066

Sharma, D. K., Andersen, S. B., Ottosen, C.-O., and Rosenduis{2012).
Phenotyping of wheat cultivars for heat tolerance using chlorophyll
a uorescence. Funct. Plant Biol. 39, 936-947. doi: 10.1071/FP
12100

Sharma, D. K., Andersen, S. B., Ottosen, C.-O., and Rosenduis{2015).
Wheat cultivars selected for highy/F, under heat stress maintain high
photosynthesis, total chlorophyll, stomatal conductance, trangpirand dry
matter.Physiol. Plantl53, 284-298 doi: 10.1111/ppl.12245

Spindel, J. E., and McCouch, S. R. (2016). When more is betterdatasharing
would accelerate genomic selection of crop plaNesw Phytol212, 814-826.
doi: 10.1111/nph.14174

Tsaftaris, S. A., Minervini, M., and Scharr, H. (2016). Machiearning for
plant phenotyping needs image processifigends Plant Sci21, 989-991.
doi: 10.1016/j.tplants.2016.10.002

van Passel, S., Massetti, E., and Mendelsohn, R. (2017). @iRicanalysis of the
impact fof climate change on European agricultugaviron. Resour. Ecod7,
725-760. doi: 10.1007/s10640-016-0001-y

Vosman, B., van't Westende, W. P. C., Henken, B., van Eekeleh, M., de
Vos, R. C. H., and Voorrips, R. E. (2018). Broad spectrum insect aasist
and metabolites in close relatives to the cultivated tomEtgphytica214:46.
doi: 10.1007/s10681-018-2124-4

Xie, W., Xiong, W., Ali, T., Cui, Q., Guan, D., Meng, J., et al. 0Decreases
in global beer supply due to extreme drought and h&kt. Plants4, 964-973.
doi: 10.1038/s41477-018-0263-1

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatidps that could
be construed as a potential con ict of interest.

Copyright © 2019 Rosenqvist, Grof3kinsky, Ottosen and van de Zbddis an
open-access article distributed under the terms of thev@r€ammons Attribution
License (CC BY). The use, distribution or reproductiornierdorums is permitted,
provided the original author(s) and the copyright ownerésyeedited and that the
original publication in this journal is cited, in accordaneith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

February 2019 | Volume 10 | Article 163



