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Abstract

Background

Recent years have seen an increase in methods for plant phenotgpiggrage analyses. These
methods require new software solutions for data extraction and treatmeste $blutions are instry-

mental in supporting various research pipelines, ranging from the lodafisa cellular compound

5
to the quantification of tree canopies. However, due to the variety of exitolg and the lack of
central repository, it is challenging for researchers to identify the soévhat is best suited for thei

research.
Results

We present an online, manually curated, database referencing mor@Qhalant image analysi
software solutions. The website, plant-image-analysis.org, presetitsefivare in a uniform an
concise manner enabling users to identify the available solutions for thedrimgntal needs. Th
website also enables user feedback, evaluations and new softwarssions.

Conclusions

The plant-image-analysis.org database provides an overview of exidimgrpage analysis softwar
The aim of such a toolbox is to help users to find solutions, and to providelapmrs a way tq
exchange and communicate about their work.
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Background

Many fields of plant sciences, ranging from physiological studies teding programs, rely on link-
ing genotypes and phenotypes. Thanks to the increasing developngemaif/ping techniques, plant
scientists have been generating an incredibly large amount of genetic ldateever, to effectively
use this genetic information, it must be explicitly linked, together with environrhehtaacterisation,
to the corresponding phenotypic responses. Unfortunately, the laggprbpriate phenotyping tools
and methods often hinders these studies, making the phenotyping step thecstifemany research
programs [1].

Current phenotyping pipelines often rely on imaging techniques [2,3kdddimages have several key
features that make them valuable for plant research: they are multidimehisioature, contain several
layers of information (e.g. shape and colors), allow a temporal decouplisgmpling and analysis
and are prone to standardized and fully automated treatment. In addition, @vithdéspread adoption
of simple imaging tools [4,5], with the appearance of more complex technold@i@sdnd with the
increasing availability of powerful hardware, a majority of plant scientises ane or several imaging
techniques in their research.

Computer scientists and plant biologists have been developing softwatiessho handle imaging data
[9]. Most of the time, these developments were bound to specific applicatiorexample the analysis
of shoot meristem functioning [10] or the 3D reconstruction of entire sgetems [11]. Unfortunately,
the ever increasing number of available tools and the diversity of commumicai@ans within the
scientific community, make it difficult for the non-specialists to find the most@pjate solution for
their analyses. We therefore created a new online database refgremaifable plant image analysis
software and allowing new tools deposit. This paper describes the databash aims to bridge the
gap between software developers and users and help scientists to findiththey need.

Construction and content
General structure

The plant image analysis database was built as a web-based reposias/ fegely available at the
following address: www.plant-image-analysis.org [12]. The web interfaas designed to enable sci-
entists to quickly identify the right tools for their research (Figure 1). ¥¥san navigate through the
complete list of software solutions, query the database with keyword®wsbrit with pre-defined cri-
teria such as the type of organ to analyse, the measurements to make, tbe deimation level, the
operating system or the license type. Users can stay informed using efliseflikes or following the
database Twitter account (@plant_image).

Figure 1 Main search page of the plant-image-analysis.org websiteMain search page of the plant-
image-analysis.org website. Users can browse through the softwatmissld), make a free search
(B), or use pre-defined search critef@). Here, the list of software was restricted by the application of
a filter on the organ typeoot-system (D).

Data sources and management

Because the information about existing plant image analysis software iéyustatered among a vari-

ety of scientific publications (Figure 2) and websites, it is virtually impossiblaitoraate data collec-

tion and database feeding. A manual curation of the database is theedjoieed to ensure that most
of the available tools are presented and properly classified. The peesebroken links is periodically

checked using Google Webmaster tools [13].



Figure 2 Number of publications presenting plant image analysis softare per journal. Number
of publications presenting plant image analysis software per journal. fiataber of journals = 27.

Both published and unpublished software were found through a thbnawiew of the literature and

by using scientific reference databases (such as Scopus [14],dBlofKnowledge [15] or Google

Scholar [16]) and regular search engines (such as Google). Akhtbedist may not be exhaustive, we
believe that most of the major plant image analysis software were found eowpporated. Up-dating the

database is performed by automated web queries, literature screenin@ fe@dhs on journals where

plant imaging tools were published, Figure 2) and developer contributhimssoftware can be added
on request by sending a predefined form to the database curators.

Regarding the database management, each software was assignddkaysebs describing the target
organ , measured parameters, automation level, license type and opeyatam.sin order to avoid
duplication and ambiguity, a limited number of keywords were selected. Tlegseokds were chosen
to describe the most basic features extracted from the images, excludingdhmbinations. As an
example, for rosette analysis in Arabidopsis, “compactness” (defindtbasatio between rosette area
and convex hull area, [17,18]) was not retained since it could be easiblculated from its basic
components. However, the number of keywords is not fixed and newésacan be added if needed.

Software presentation and description

The plant-image-analysis.org database is organized as a set of ptiesesitaets describing the different
software in a concise and homogenized style (Figure 3). Firstly, a shecrigtion introduces each
software, generally based on the information provided by its develommor@ly, a formatted list of

the main software features is reported including the plant part for whichstdesigned, the nature of
the collected data, the level of automation, the operating system, the licenséhypant and image

requirements and the export format. This set of information was choseretdimeecriteria usually used

by researchers when searching for a software solution. Referefcelated publications are given (if
any), as well as the name of the developers.

Figure 3 Software presentation page on the plant-image-analysisgpwebsite. Software presenta-
tion page on the plant-image-analysis.org website (in this case, 1J-Rhiessmiation page [19]).

In addition, taking advantage of recent web technologies, user fekedina software evaluations have
been implemented in every presentation page. This layer of informationy the Bcientists themselves,
aims at improving the tools and establishing interactions between softwaseamskdevelopers. Social
media links (such as Twitter or Facebook) have been added to promoiegshad discussions [20].
Finally, altmetrics (alternativenetrics [21]) have been added for every published article using a widget
developed by ImpactStory [22]. These metrics convey information on tiedear reception by the
scientific community and provide the users with an indication of the relevantiyeopaper in their
field [23].

Utility and discussion

Currently, the database references more than 90 software, rangimgéll to whole canopy analyses.
It provides a way for developers of plant image analysis tools to préseintwork, published or un-
published. It enables plant scientists to easily find and compare the diftexas available for their
research. Since its release in January 2013, the website receivedrageaof 500 visitors per month
(data retrieved from Google Analytics [24]), confirming the interest okthientific community for such
a repository.



An overview of the available plant image analysis software

The plant-image-analysis.org database allows to draw an overview ofdhatdg plant image analysis
tools (Figure 4).

Figure 4 Distribution of the tools presented in the plant-image-analgis.org website. Distribution of
the tools presented in the plant-image-analysis.org website, by plant opgaAtyNumber of software
by plant organ typeB. Proportion of operating systems by organ tyeProportion of license type by
organ typeD. Proportion of automation levels by organ type. Total number of softw&® =

A first general observation is that the number of available systems vamigsnuch with plant organs
(Figure 4A). In particular, a large proportion of the tools are dedicatéddividual leaves, then to the
analysis of roots (either root systems or single roots) and cells. As statést,gahe important number of
similar, yet different, tools reflects the diversity of biological questiorktaardware solutions. Software
solutions are frequently developed in a specific context, making them uplguita other applications.
Fortunately, developers have begun to address this issue as demdnsyr#ite recent publication of
more flexible software solutions. As an example, for the analysis of rose#eabidopsis plants,
Rosette Tracker provides a framework adaptable to multiple experimentghdd47]. Still for the
analysis of rosette (or individual leaves), PhenoPhyte is accessiblegtiha web-interface, making it
a easy cross-platform solution that does not require any installation arabriachine [25]. For the
analysis of root system, both SmartRoot [26] and RootNav [27] rely am-aetomated root tracing
procedures that make them suitable for a large range of image types aitéeguhanks to their semi-
automated root tracing process.

While many plant image analysis applications were originally developed for thedWs operating
system (Figure 4B), it should be noted that many developers have nfads & offer cross-platform
solutions. Moreover, a large majority of the referenced software aitable for free for the scientific
community (and even open-source, Figure 4C). Both the inter-operablityelen operating systems
and the free access highlight positive dynamics in the on-going develapfiregw plantimage analysis
software.

Finally, in line with the growing development of phenotyping platforms and pipslia clear tendency
towards a full automation of the image analyses process can be obsEigace(4D). Interestingly,
for few organ types such as the root systems, a fair proportion of rhansami-automated tools are
available. In the case of the analysis of root systems, this distribution eaxplaned, at least partially,
by the intrinsic nature of the objects to analyse. Root systems are indeed Iighthed and complex
structures, which makes automated analysis challenging and prone to cuenatatirs [27]. In such
scenario, semi-automated and manual procedures are still neededdogthsition of quality data.

Our analysis shows that, in many cases, new users will have the choicedpedifferent software solu-

tions (Figure 5A) that were developed independently for specific m@gpand with given constrains. Al-
though these tools present some redundancy (Figure 5B), they alsdncoomplementarity approaches
that could be combined for further improvement. By providing a classifiednemmogenised presen-
tation of the available image analysis software solutions, the plant-image-amaigsatabase aims

at increasing the communication between developers, so participating tonbersa development of

future tools.



Figure 5 lllustration of the redundancy between the existing plant inage analysis software solu-
tions. lllustration of the redundancy between the existing plant image analysisasefsolutions,
here for the analysis of single leaves. Properties of each software (measurements, license, operating
system and automation leveB. Clustering of the different tools, based on their properties. A higher
weight was given to the measurements compared to the other properties tugkering (2:1). Tools
designed for specific measurements (disease, venation analysis i@ssgeognition) are highlighted

in colors. For both figures, and for the sake of clarity, measurements pesied by classes (e.gze
encompasses surface, length, width and perimeter measurements).

Conclusion

The variety of biological questions, hardware solutions and technigabaphes in plant image analysis
have led to the development of a wide variety of tools and software. Tleesity of hosting solution
(from personal webpages to centralized repositories) and publicapen(tsom none to biological to
computational journals) has led to the dispersion of these tools acrossbhevaking it difficult for a
researcher to find the right tool for his research.

Here we presented a new online, manually curated, database thahcefesnd presents more than 90
plant image analysis tools. This database enables developers to presetudls (both published or
unpublished) and users to easily navigate through the space of possiitare solutions to find the
most appropriate solution for their research.

Availability and requirements

The plantimage analysis software database is freely available at thessdalte://www.plant-image-analysis.
org and is compatible with all major web browsers.
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