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Abstract

In plant-fungus phenotyping, determining fungal hyphal and plant root lengths by digital image analysis can reduce labour and
increase data reproducibility. However, the degree of software sophistication is often prohibitive and manual measuring is still
used, despite being very time-consuming. We developed the HyLength tool for measuring the lengths of hyphae and roots in
in vivo and in vitro systems. The HyLength was successfully validated against manual measures of roots and fungal hyphae
obtained from all systems. Compared with manual methods, the HyLength underestimated Medicago sativa roots in the in vivo
system and Rhizophagus irregularis hyphae in the in vitro system by about 12 cm per m and allowed to save about 1 h for a single
experimental unit. As regards hyphae of R. irregularis in the in vivo system, the HyLength overestimated the length by about
21 cm per m compared with manual measures, but time saving was up to 20.5 h per single experimental unit. Finally, with hyphae
of Aspergillus oryzae, the underestimation was about 8 cm per m with a time saving of about 10 min for a single germinating
spore. By benchmarking the HyLength against the AnaMorf plugin of the ImageJ/Fiji, we found that the HyLength performed
better for dense fungal hyphae, also strongly reducing the measuring time. The HyLength can allow measuring the length over a
whole experimental unit, eliminating the error due to sub-area selection by the user and allowing processing a high number of
samples. Therefore, we propose the HyLength as a useful freeware tool for measuring fungal hyphae of dense mycelia.

Keywords Digital image analysis - Plant-fungus phenotyping - Root length - Hyphal length - Arbuscular mycorrhizal fungi -
Extraradical mycelium

Introduction

Root and fungal hyphal uptake of mineral nutrients and
water varies in time and space, depending on the
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environmental conditions (Augé 2004; Smith et al. 1994;
van Vuuren et al. 1997; Ercoli et al. 2017; Coccina et al.
2019). Determining root and fungal hyphal lengths is a ba-
sic undertaking in many ecophysiological and ecological
studies (Jakobsen et al. 1992; Tibbett 2000; Allen and
Kitajima 2013). Traditionally, total length of filamentous
objects is estimated manually by the grid-line intersect
method using the Newman formula: Length = %A, where
N is the number of intersections of filamentous objects with
reference lines of length H in the measurement area A
(Newman 1966). A precondition that this formula can be
applied is that the filamentous objects are randomly spread
across the measurement area, which is not the case for in situ
images of root systems and fungal mycelia. Approaching
this methodology manually is time-consuming, and it usu-
ally constrains the size and number of samples that can be
processed, compromising the accuracy and precision of root
and fungal hyphal length measurements and consequently
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the likelihood of discovering biological differences and
treatment effects. Hence, automated and semi-automated
image analyses could save time, increasing comparability
and consistency of data.

Since the advent of digital imaging and computing, con-
siderable effort has been made to establish workflows and
design (semi-)automated tools to determine the length of
roots and hyphae, as well as of other filamentous structures
(e.g. Green et al. 1994; Himmelbauer 2004; Meijering et al.
2004; Barry et al. 2009; Lobet et al. 2013; Pierret et al.
2013; Barry et al. 2015; Betegon-Putze et al. 2019). To
avoid the necessity to arrange filamentous objects random-
ly before image acquisition or to enable analyses of images
under in situ conditions, modern tools use skeletonisation
of filamentous objects to one-pixel threads and count
pixels to determine lengths (e.g. Pierret et al. 2013; Barry
et al. 2015). Examples of available tools making use of
pixel counting in skeletonised digital images of roots and
fungal hyphae are the WinRhizo (Arsenault et al. 1995; in
which the grid-line intersection-based estimation is also
available), RootLM (Qi et al. 2007), SmartRoot (Lobet
et al. 2011), RootTrace (Naeem et al. 2011), IJ Rhizo
(Pierret et al. 2013), AnaMorf (Barry et al. 2015) and
HyphaTracker (Brunk et al. 2018). All the above tools
are developed for multiple purposes and analyses going
beyond total root/hyphal length determination, such as
structural, architectural and growth measurements.
Moreover, a tool developed for cell and tissue structural
analyses, such as the Leaf Image Analysis Interface
(LIMANI, Dhondt et al. 2012), also has an option to detect
and determine the lengths of filamentous objects, such as
hyphae of pathogenic fungi. However, manual tracing still
is used when imaging and computing systems are unavail-
able, or training on the latter is lacking. The use of a simple
and free interface aiding in root and hyphal length assess-
ments would help to reduce the tediousness of this opera-
tion, reducing the time effort. The ImageJ/Fiji tool and its
NeuronJ plugin are examples of freely available and often
used software assisting manual tracing (Meijering et al.
2004; Shen et al. 2016).

Nevertheless, most of the above-mentioned tools, includ-
ing the ImageJ/Fiji, have complex interfaces, are highly so-
phisticated or are dedicated to specialised tasks (Lobet et al.
2013), and only few of them are thoroughly validated and
benchmarked for total object length measurement (Lobet
2017; Rose and Lobet 2019). For measuring total fungal hy-
phal lengths, the only validated software is the AnaMorf
v.2.017 (Barry et al. 2009, 2015; Barry and Williams 2011),
a plugin of the ImageJ/Fiji (Schindelin et al. 2012; Schneider
et al. 2012). However, the AnaMorf was validated with low-
density images of germinating hyphae of the saprobic, fila-
mentous fungus Aspergillus oryzae, growing on nitrocellulose
membranes. Therefore, there is a need to develop user-
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friendly, validated and benchmarked image analytical tools
to measure the length of complex filamentous structures, such
as the hyphal network of arbuscular mycorrhizal fungi (AMF).

After colonising plant roots, the AMF develop an
extraradical mycelium (ERM) consisting of a complex and
extensive network of hyphae spreading throughout the soil
(Smith and Read 2008). The connection between the ERM
and intraradical fungal structures results in an active symbiotic
transport of carbohydrates and lipids to the fungus and mineral
nutrients to the plant (Bago et al. 2000; Koide and Mosse
2004). The active role of the AMF in the uptake and transport
of minerals needed for plant growth has been demonstrated for
P, N, S, K, Zn, Cu, Fe and Mn in various plant/AMF isolate
combinations (e.g. P: George et al. 1995, Smith and Smith
2012; N: Hodge et al. 2010, S: Allen and Shachar-Hill 2009;
K: Zhang et al. 2017; Zn: Biirkert and Robson 1994, Coccina
et al. 2019; Cu: Li et al. 1991; P, N, K, Zn, Cu, Fe and Mn:
Miransari et al. 2009; Fe, Cu and Mn: Lehmann and Rillig
2015; and Cu, Zn, Mn and Fe: Liu et al. 2000).

In this study, we developed a user-friendly tool for measur-
ing the length of roots and fungal mycelia, assembling func-
tions of the /mage Processing Toolbox of MATLAB R2019b
(The MathWorks Inc., Natick, MA, USA) that allow
skeletonising objects before counting their total pixel number.
This tool, named HyLength, was validated with four sets of
digital images of roots and fungal mycelia grown in in vivo
and in vitro systems. The validation was done by comparing
the lengths determined by the HyLength against those manu-
ally determined using either objects traced by the ImageJ/Fiji
or grid-line intersection counting, which are the standard ap-
proaches in this field and represent the reference methods. The
measuring times of the different methods were recorded and
compared. As additional analysis, we also benchmarked our
tool with the currently available similar tool by comparing the
lengths determined by the HyLength with those determined by
the AnaMorf. This allowed assessing whether the HyLength
could perform better than the AnaMorf. The MATLAB source
code of the HyLength is available for free under the general
public licence agreement from https://gitlab.iit.it/
EDelDottore/hylength, where also, all analysed images are
available for downloading to enable further comparisons and
optimisation of the tool.

Materials and methods

Experimental set-up: In vivo two-dimensional model
system and in vitro three-dimensional model system

The plant species used was Medicago sativa var. Messe. The
arbuscular mycorrhizal (AM) fungus was Rhizophagus
irregularis (Blaszk., Wubet, Renker & Buscot) Schiiller and
Walker (2010), isolates SW101 and MUCL 41833.
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Spores were extracted from pot-culture soil by wet-sieving
and decanting, down to a mesh size of 100 pum, flushed into
Petri dishes and manually collected with forceps under a Wild
dissecting microscope (Leica, Milano, Italy). They were
washed by vortexing in sterile distilled water (SDW) for
20 s, rinsed three times in SDW and germinated in the dark
at 24 °C between two 47-mm-diameter cellulose nitrate
Millipore™ membranes (pore diameter 0.45 wm) placed on
acid-washed, autoclaved quartz grit (2—5 mm diameter) in 14-
cm-diameter Petri dishes (Avio et al. 2006). Spore clusters (15
clusters each comprising a mean of four spores per cluster)
were placed in 13 membrane sandwiches.

Surface-sterilised seeds of M. sativa were germinated in
moist sterile grit. After 21 days, the root system of one seedling
was inserted within one membrane sandwich (n = 13), contain-
ing the germinated spore clusters showing homogeneous hy-
phal lengths (Avio et al. 2006; Giovannetti et al. 2006;
Pellegrino et al. 2010). Membrane sandwiches were placed into
10-cm-diameter pots (one per pot) filled with sterile quartz grit.
Pots were placed in a climate chamber (23 °C day and 18 °C
night temperature, 16 h day and 8 h night photoperiod regimes,
70% relative humidity, 400 pmol m > s~ photosynthetic pho-
ton flux density). After 8 weeks, plants were transferred into
new membrane sandwiches between two 140-mm-diameter
cellulose nitrate Millipore™ membranes (pore diameter
0.45 pm) and maintained in the growth chamber. No
fertilisation was applied. After 8 weeks, the membranes were
opened, and the roots and the extraradical mycelium were
stained with trypan blue in lactic acid (0.05%) to enhance their
contrast with the nitrocellulose membrane background.

In the in vitro three-dimensional model system, the plant spe-
cies used was Medicago truncatula cv. Jemalong (line J5). The
line was provided by the Institut National de la Recherche
Agronomique (INRA, Dijon, France). The AMF isolate utilised
was Rhizophagus irregularis MUCL 41833 provided from the
Glomeromycota In vitro Collection (GINCO) (BCCM™/
MUCL, Microbiology Unit, Université catholique de Louvain,
Belgium). Seeds of M. truncatula were surface-sterilised, and
one pre-germinated seedling (5 days old) was placed on a Petri
dish (92 mm diameter) filled with modified Strullu-Romand
(MSR) medium, lacking sucrose and vitamins and solidified with
3g L' of Gellan Gum (Alfa Aesar, Karlsruhe, Germany)
sterilised (121 °C) for 20 min (Declerck et al. 1998;
Cranenbrouck et al. 2005; Voets et al. 2005). The shoots of
seedlings were allowed to grow outside the Petri dishes through
a hole made in the dishes, which was closed with silicon grease.
The Petri plates were sealed using a Parafilm. After 2 weeks, the
M. truncatula seedlings were inoculated with 100 spores of
R. irregularis MUCL 41833. The plates were covered with alu-
minium foil and grown for 16 weeks in a climate chamber (22 °C
day and 18 °C night temperature, 16 h day and 8 h night photo-
period regimes, 80% relative humidity, 120 pmol m 2s ' pho-
tosynthetic photon flux density).

Image acquisition of root systems and mycelia

Thirteen images of M. sativa root systems and twenty
images of subareas of the low-density extraradical myceli-
um of R. irregularis SW101 (Fig. 1) obtained from the in
vivo system were taken. Twenty-five images of subareas
of the high-density extraradical mycelium of R. irregularis
MUCL 41833 obtained from the in vitro system also were
taken from 25 Petri dishes (one per Petri dish in subareas
where only hyphae were present). To account for the par-
tial three-dimensional development of the in vitro myceli-
um, 15 Z-stacked images (overall depth of about 5 mm)
of approximately 20 mm” were taken and merged to a
projection image in the Leica Application Suite (LAS)
v.3.6.0. In addition, 12 images of low-density germinated
hyphae of the saprobic, filamentous fungus Aspergillus
oryzae ATTC 12891 grown on solid growth medium by
Barry et al. (2015) were downloaded from
https://bitbucket.org/djpbarry/anamorf/downloads/ and used
as reference images. Details about image backgrounds
and objects, object diameter, image resolution and size as
well as the acquisition hardware utilised are given in
Table 1. The A. oryzae images have already been used
to validate the AnaMorf ImageJ/Fiji plugin (Barry et al.
2015). All the image analyses and all the software utilised
for this work were run on the same laptop with the fol-
lowing specifications: Intel® Core™ i7-7500U Processor,
8-GB RAM, 250-GB SSD, Windows 10 Home 64 bit.

Development of HyLength: A new tool for measuring
the length of roots and fungal hyphae of dense
mycelia

We developed the HyLength, a semi-automated digital image
tool for measuring the length of roots and fungal mycelia in
different experimental systems, assembling existing functions
of the Image Processing Toolbox of MATLAB
R2019b (Mathworks Inc. 2019). The tool is provided in the
form of MATLAB code and runs in a simple one-window user
interface (Fig. 2a), which provides easy access to basic image
processing commands and utilities. Both the source code and
the installer for the stand-alone application are available for
download at https://gitlab.iit.it/EDelDottore/hylength. The git
repository also contains several sets of different types of
pictures of hyphae, roots and other filamentous structures
that have been used for validation and benchmarking, either
coloured, grey scale or black and white, having different
resolutions and dimensions. A README file is present with
instructions for installation and execution.

For an image analysis, the suggested measuring workflow
is summarised in the flowchart of Fig. 3 with concise code
comprising the following steps:
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Fig. 1 Examples of the four sets
of analysed digital images. a
Stained root system of Medicago
sativa L. grown between two
nitrocellulose membranes. b
Subsection of a at higher
magnification, showing the
extraradical mycelium of the
arbuscular mycorrhiza fungus
Rhizophagus irregularis (Blaszk.,
Wubet, Renker & Buscot) C.
Walker & A. Schii8ler (strain
SW101, x 50). ¢ Germination
hyphae of the saprobic
filamentous fungus Aspergillus
oryzae (Ahlb.) Cohn (strain
ATTC12891) grown on
nitrocellulose membrane on malt
agar medium (x 100, courtesy:
Barry et al. 2009). d Mature
mycelium of R. irregularis (strain
MUCL 41833) grown on
transparent modified Strullu and
Romand solid medium (x 25, z-
stack of 15 images). See Table 1
for further details about the image
properties

a)

c)

1. Load the image file for the analysis (any image file for-
mat is allowed, e.g. jpg, png, tif, tiff, bmp, gif) (Fig.
2b, e). This is allowed by the open file button in the user 2.
interface. This operation reads a grey scale, black and

L 1 iu“a

rl\

> e

100 pm

ol

b)

d)

white or colour image from the file, with no limit im-
posed on the size or resolution.

Delimit the region of interest using the crop button (Fig.
2a) or the cross cursor which is also automatically

Table 1 Characteristics of the images of filamentous objects utilised for length measurement and for the validation and benchmarking of the semi-
automated digital image analysis pipeline HyLength
Plant or fungus Experimental Image subject Object  Image Image Hardware for
set-up/background diameter resolution size (pixel) image acquisition
(pixel)  (dpi)
Medicago sativa L. In vivo system Stained root 2-10 72 2984 x 2408 Samsung SM-A520F
/nitrocellulose system mobile phone
membrane
Rhizophagus In vivo system Stained 5-10 300 2560 x 1920 Leica DFC295 camera
irregularis SW101 /nitrocellulose extraradical attached to Leica M205C d
membrane mycelium issecting microscope (x 20)
Aspergillus oryzae In vitro system Stained mycelium  1-2 72 640 x480  Canon PowerShot S50 camera
ATTC 12891 /nitrocellulose attached to Leica DM
membrane LS2
dissecting microscope
(% 100)
Rhizophagus irregularis In vitro system/modified Extraradical 2-12 300 2560 % 1920 Leica DFC295 camera attached
MUCL 41833 Strullu-Romand medium mycelium to Leica M205C dissecting

microscope (% 20)
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enabled after step 1. With this operation, the user can
crop the picture, reducing the dimensions and easing
the processing. It also can be a first noise removal step,
since only a smaller portion of the picture containing the
objects to be analysed is selected. Once the rectangular
region has been selected, a double click inside the select-
ed region will confirm the selection and a new window
with the working figure (titled “modified”) will show.
The original picture will still be available (as a compar-
ative reference) in another window titled “Original”.

3. Set the scale of the image with the ruler button (Fig. 2a)
to define the correspondence between pixels and
millimetres. The ruler is defined by the user simply
drawing a line on the image in correspondence to a ref-
erence element (e.g. an object of known dimension like a
ruler or graph paper) and by evaluating the Euclidean
distance in pixels between the positions of the extremi-
ties of this line. When the ruler is selected, the interface
will automatically pop-up the “original” picture. The
ruler should be selected above this figure.

4. Convert the image to an 8-bit grey-scale image with the
grey button (Fig. 2a). This operation is optional. It de-
pends on the input image if already being coloured and
on the quality of the result when applied.

5. Remove non-target objects to avoid spurious length cal-
culations from the selected area with the remove internal
area button or outside the selected area with the remove
external area button (Fig. 2a). For these operations, the
user needs to delimit the area to be removed (or kept) by
drawing its boundaries in freehand. Different from the
crop operation (step 2), the user can draw an irregular
path to exclude undesired irregular artefacts in the pic-
ture which might appear between the objects to be
analysed or outside the margins of the objects (e.g. hy-
phae or roots).

6. Covert to black and white with the BW button (Fig. 2a).
Pressing the BW button will show new options to set the
grey threshold to separate objects (roots and fungal hy-
phae) from the background on the whole image by
Global Threshold, or individually on four quadrants of
the image by 4-sub Thresholds, if there are zones with
different light exposures. This operation not only con-
verts the image to black and white, but it also helps
defining a better contour of the relevant objects in the
picture. This operation is crucial for a correct object
length count and the user might need to adjust the thresh-
old value with trial and error to improve the result. The
operation is then accepted with the apply button or can-
celled with the cancel button.

7. Invert black to white pixels and vice versa (Fig. 2c, f)
with the invert button (Fig. 2a).

8. Skeletonise all objects to one-pixel (Fig. 2d, g) width
with the skeletonise button (Fig. 2a). This operation

requires step 7 to have been applied in order to obtain
a white object above a black background.

9. Set a minimum pixel (px) threshold to remove noise by
clear area with less than (px) button (Fig. 2a). The num-
ber of pixels must be specified (we suggest a pixel value
ranging from two to five).

10. Count the pixels to obtain the length with the count
length button (Fig. 2a) and read the length from the
interface.

It is recommended, if satisfied with the results after each
step, to save the current state with the save as reference button
(Fig. 2a). This allows reloading the last satisfactory state of the
image process with the reload reference button, in the event
that undesired changes are applied in a following step. From
the interface, there is the possibility to save the current mea-
surement in comma-separated value (csv) format by creating a
new file (save csv) or saving into an already existing file
(append in csv file), to facilitate the analysis of data from sets
of pictures. When initializing a new csv file, the headings
“File Name; px in X mm; Length (mm)” are inserted into
the file. Then, there will be a row for each file analysed and
appended. A total of three columns are saved. The first will
contain the file name of the object of the analysis, the second
column is the number of pixels reported for the measured
objects, and the third column is the total length in millimetres.
If only the “save csv” button is used, a file with two rows (one
heading and one result length) and three columns is obtained
for the file.

The intervention of the user is required for each picture to
be analysed, in order to selectively identify and remove noisy
regions (steps 2, 5 and 9) and to separate the object from the
background (step 6). These key steps may be reiterated by the
user to find the optimal solution (via trial and error—e.g. for
thresholding—or with consecutive removal of unwanted
areas) in the case of very complex images (e.g. irregular ex-
posure, complex objects).

Validation of HyLength

Using the newly developed HyLength tool, we determined the
lengths of all acquired images and the time needed for each
measuring process (from image loading to length recording).
The validation of the HyLength was performed by comparing
the entire root and mycelium measures made with the
HyLength to manual length measures. For roots and low-
density mycelium (in vivo system with R. irregularis
SW101 and in vitro system with A. oryzae ATTC 12891),
the manual measures were obtained by direct tracing using
the freeware software ImageJ/Fiji v.2.0.0 (http://imagej.nih.
gov/ij/; Schindelin et al. 2012; Schneider et al. 2012). For
high-density mycelium (in vitro system with R. irregularis
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<« Fig. 2 User interface of HyLength and examples of images processed by
the tool. a User interface with commands for digital image processing to
determine the total length of filamentous structures. b Stained root system
of Medicago sativa L. on nitrocellulose membrane. ¢ Roots of b
following cropping, grey scale and threshold steps. d The same roots
following skeletonisation. e Extraradical mycelium of the arbuscular
mycorrhizal (AM) fungus Rhizophagus irregularis in a growth medium.
f The AM fungus mycelium following grey scale and threshold steps. g
The AM fungus mycelium following skeletonisation

MUCL 41883), the manual measures were obtained by
counting intersections with a virtual grid-line, superimposed
on the images using the ImageJ/Fiji v.2.0.0, and entering the
counts into the Newman equation (Newman 1966). We con-
sider high-density mycelia to be those having a hyphal density
greater than 2 mm mm 2 (Avio et al. 2006; Giovannetti et al.
2006) and greater than 1 m cm > (St-Arnaud et al. 1996;
Warnock et al. 2010). The time needed for measuring lengths
by the HyLength and by the manual method, from image
loading to length recording, was assessed for three indepen-
dent users with low/medium experience in using the tools. For
the HyLength, the time required to set the parameters Global
Threshold or 4-sub Threshold and clear area with less than
(from 1 to 10 px) is included. The parameters of the
HyLength were optimised for each image with five tests per
user.

Benchmarking of HyLength

The AnaMorf plugin for the ImageJ/Fiji is a currently avail-
able digital image analysis tool, which allows measuring total
fungal hyphal lengths in a fully automated manner starting
from a directory of image files or a single file. It allows the
user to set default parameters (minimal branch length, maxi-
mum circularity, curvature window, noise-reduction filter

radius, auto-thresholding method, etc.) for all the images in
the directory before image acquisition. We adopted the
AnaMorf v.2.017 (https://biii.eu/anamorf; Barry et al. 2009,
2015; Barry and Williams 2011) as our benchmarking tool
for the HyLength. The lengths of all the images measured
with the HyLength were compared with corresponding
AnaMorf measurements.

In addition, the lengths determined with the AnaMorfwere
compared with the manual measurements used for validation
to get information about the precision and accuracy of this
tool. The time needed for measuring the lengths with the
AnaMorf, from image loading to length recording, was
assessed by three independent users with low/medium expe-
rience in using the tool. The time required to set the following
parameters is included: minimum branch length, maximum
circularity, noise-reduction filter radius, selection of threshold
method. Default values were maintained for the other param-
eters. The parameters of the AnaMorf were optimised for each
set of images with five tests per user.

Statistical analyses

The validation of the HyLength was performed comparing the
computerised measurements with manual measurements con-
sidered the traditional gold standard assay. Regressions of the
pair of measurements were performed applying a general lin-
ear model (GLM). Moreover, the agreement of values obtain-
ed by the HyLength versus manual measurements was deter-
mined by the concordance correlation coefficient (p.)
(Lawrence and Lin 1989) that measures the variation from
the 45° line (line of equality) through the origin. Similar anal-
yses were used for the HyLength benchmarking against the
AnaMorf and for AnaMorf comparison with the manual mea-
surements. Concordance correlation coefficient values were
classified according to Altman (1991). Analysis of variance

codel: set the ruler
1 imline{gca);

(.., [P, pog, tif, tiff, bmp,
B, er2)

coded: Remove external region

Mo Step 9 Step 10

More?

reaopen (I, N coded

Fig. 3 Flowchart of the developed image analysis tool for measuring root and hypha lengths. The consecutive steps together with concise code lines
reporting key functions adopted from the Image Processing Toolbox of MATLAB R2019b (The MathWorks Inc., 2019) are reported
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(ANOVA) was performed, after appropriate transformations
to fulfil the assumptions of the ANOVA, on the time required
for measuring all images with the HyLength, manual counting
(tracing and grid-line intersection) and AnaMorf. The differ-
ences between means were determined by the Tukey-B test
(Rovai et al. 2014). All the analyses were performed with
SPSS, v.21.0 (SPSS Inc., Chicago, IL, USA).

Results
Validation of HyLength against manual methods

The HyLength was validated by comparing measurements
of digital images of roots and fungal hyphae with manual
methods (Fig. 4). As regards the in vivo two-dimensional
system, measurements of M. sativa roots and R. irregularis
hyphal lengths obtained with the HyLength were very
strongly correlated with the manual tracing measurements
(r=0.946, P<0.001, n=13 and »=0.987, P<0.001, n=

a)
800
—~ 700
1
L 600
£
S 500
o
~ 400
T
= 300
e}
= 200 .
5 L y=0.878x-1.188
g 1071 - r=0.946 P < 0.001
| 0 A
0 100 200 300 400 500 600 700 800
Length by manual measurement (cm)
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Fig. 4 Linear regressions of root and fungus hyphal lengths measured by
HyLength and manual methods. a Medicago sativa roots grown on
nitrocellulose membranes (n=13). b Low-density, trypan blue—stained
mycelia of Rhizophagus irregularis growing on nitrocellulose mem-
branes (n=20). ¢ Germination hyphae of Aspergillus oryzae growing
on cellophane (n = 12). d High-density mycelia of R. irregularis growing
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20, respectively; Fig. 4a, b). The A. oryzae hyphal
lengths obtained with the HyLength in the in vitro sys-
tem were also very strongly correlated with the mea-
surements obtained by manual tracing (r=0.997,
P<0.001, n=12) (Fig. 4c). Along with this, the hyphal
lengths of R. irregularis, obtained with the HyLength in
the in vitro system, were very strongly correlated with
the measurements obtained by counting the intersections
with a virtual grid-line (»=0.963, P<0.001, n=25). All
the concordance correlation coefficient (p.) values were
higher than 0.81 (from 0.86 to 0.90 for hyphae of
R. irregularis in the in vivo system and hyphae of
A. oryzae in the in vitro system, respectively), indicat-
ing an almost perfect agreement between the HyLength
and manual measures for roots as well as for low- and
high-density hyphae (Fig. 4). The slopes of the linear
regressions reported in Fig. 4 indicated a slight underestima-
tion by the HyLength for the roots of M. sativa in the in vivo
system (12 cm of underestimation per metre) and for the hy-
phae of A. oryzae and R. irregularis in the in vitro systems (8.3
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on transparent modified Strullu and Romand medium (n =25). The man-
ual length measurements for a—¢ were done by manually tracing the roots
and hyphae in fmageJ, while for d by manual intersect counting. The
equation of the linear regression, » correlation coefficients and P-values
are shown in the right bottom corner of each panel. The concordance
correlation coefficient (p.) is shown in the top right corners
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and 11.9 cm of underestimation per metre, respectively).
Conversely, the HyLength overestimated the hyphal measures
for hyphae of R. iregularis in the in vivo system (20.7 cm of
overestimation per metre).

Benchmarking of HyLength against AnaMorf

Measurements of M. sativa roots and R. irregularis hyphal
lengths, obtained in the in vivo two-dimensional system with
the HyLength, were medium correlated to AnaMorf measure-
ments (r=0.872, P<0.001, n=13 and »=0.757, P<0.001,
n =20, respectively; Fig. 5a, b). By contrast, the A. oryzae
hyphal lengths obtained with the HyLength in the in vitro
system were very strongly correlated with the measurements
obtained with the AnaMorf(r=0.994, P<0.001, n = 12) (Fig.
5c¢). Finally, the hyphal lengths of R. irregularis, obtained with
the HyLength in the in vitro system, were medium correlated
to the measurements obtained by the AnaMorf (r=10.829,
P<0.001, n=25) (Fig. 5d). The agreement of the measures
taken with the HyLength and AnaMorf differed according to
the experimental system and the measured object. The
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Fig. 5 Linear regressions of root and fungal hyphal lengths measured by
HyLength and AnaMorf tools. a Medicago sativa roots grown on
nitrocellulose membranes (7 =13). b Low-density, trypan blue—stained
mycelia of Rhizophagus irregularis growing on nitrocellulose mem-
branes (n=20). ¢ Germination hyphae of Aspergillus oryzae growing

concordance correlation coefficient (p.) of the HyLength mea-
sures against the AnaMorf measures indicated an almost per-
fect agreement for the hyphae of A. oryzae in the in vitro
system, while it showed a moderate and substantial agreement
for the in vivo grown M. sativa roots and R. irregularis hy-
phae, respectively (Fig. 5). By contrast, the value of p, showed
a fair agreement between the HyLength against AnaMorf mea-
sures for the hyphae of R. irregularis in the in vitro system
(Fig. 5d). The measures of the roots of M. sativa in the in vivo
system and hyphae of R. irregularis in the in vitro system
obtained with the AnaMorf were less than the HyLength mea-
sures (Fig. Sa, d).

Additionally, to support our benchmarking, the four sets of
measurements (i.e. roots and hyphae in the in vivo system,
A. oryzae and R. irregularis in the two in vitro systems) taken
with the AnaMorf were validated against manual measure-
ments (Fig. S1). As regards the in vivo two-dimensional sys-
tem, measurements of M. sativa roots and R. irregularis hy-
phal lengths obtained with the AnaMorf were medium corre-
lated with the manual tracing measurements (7= 0.866,
P<0.001, n=13 and r=0.787, P<0.001, n=20,
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on transparent modified Strullu and Romand medium (n = 25). The equa-
tion of the linear regression, » correlation coefficients and P-values are
shown in the right bottom corner of each panel. The concordance corre-
lation coefficient (p.) is shown in the top right corners
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respectively, Fig. Sla,b). In contrast, the A. oryzae hyphal
lengths obtained with the AnaMorfin the in vitro system were
very strongly correlated with the measurements obtained by
manual tracing (r=0.991, P<0.001, n=12), whereas
R. irregularis hyphal lengths obtained with the AnaMorf in
the in vitro systems were medium correlated with the mea-
surements obtained by manual tracing (»=0.909, P<0.001,
n=25) (Fig. Slc, d). The values of p. obtained for the valida-
tion of the AnaMorf against manual measures indicated a sub-
stantial agreement for the hyphae of R. irregularis measured
in the in vivo system and an almost perfect agreement for the
hyphae of A. oryzae in the in vitro system (Fig. S1b, c). In
contrast, p, indicated a moderate and fair agreement for roots
of M. sativa in the in vivo system and for hyphae of
R. irregularis in the in vitro system, respectively (Fig. Sla,
d). Accordingly, the slopes of the linear regressions reported in
Fig. S1 indicated a strong underestimation by the AnaMorf for
roots of M. sativa in the in vivo system (53.2 cm of underes-
timation per meter), a slight underestimation for hyphae of
R. irregularis in the in vivo system (11 cm of underestimation
per meter), and a strong underestimation for hyphae of
R. irregularis grown in the in vitro system (56.7 cm of under-
estimation per meter) (Fig. Sla, b, d). For the hyphae of
A. oryzae in the in vitro system, the underestimation was
18.5 cm per m (Fig. Slc).

Time required for length measurements

Compared with manual methods, the HyLength tool reduces
the time for length measurement of the four sets of images: by
25-fold for M. sativa roots in the in vivo system, 34% for
R. irregularis in the in vivo system, 170% for A. oryzae hy-
phae in the in vitro system and 37% for the R. irregularis
hyphae in the in vitro system (Fig. 6). The time needed to
measure M. sativa roots in the in vivo system using the
HyLength was similar to that using the AnaMorf (+ 11%),
whereas for R. irregularis hyphae in the in vivo system and
A. oryzae in the in vitro system, the time using the HyLength
was 3-fold and 35% higher than using the AnaMorf, respec-
tively. In contrast, the time needed to measure R. irregularis
hyphae in the in vitro system using the HyLength was reduced
by 65% with respect to the AnaMorf.

Discussion

Given current interest to infer mechanistic relationships and
evolutionary adaptation from phenotypic characteristics of
AMF, and that hyphal lengths are still determined manually
(Koch et al. 2004; Kokkoris et al. 2019), we identified a need
for an image analysis tool able to provide reliable measures
and to decrease measuring time. Thus, an image analysis tool
named HyLength was developed and successfully validated
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by comparison with manual measurements of four sets of
images of roots and hyphae of fungi grown in different exper-
imental systems. The HyLength strongly reduced the time
needed for image measuring versus manual methods.
However, all the validations were performed on experimental
set-ups without soil, involving a single AMF species belong-
ing to Glomeromycota (R. irregularis) and one species be-
longing to Ascomycota (A. oryzae), in very clean conditions.

HyLength provides object length measures
comparable with manual assessment

Validation of the HyLength was performed against man-
ual methods using four sets of images, and the accuracy
of the measures was high, given correlation coefficients
higher than 0.9 and concordance correlation coefficients
(pe) greater than 0.8 for all sets of images. For
M. sativa roots and for R. irregularis hyphae in the
in vitro system, the HyLength underestimated by about
12 cm per m compared with manual methods. The es-
timation was more precise for A. oryzae hyphae (8.3 cm
per m of underestimation). The underestimation can oc-
cur because of a complex arrangement of the objects,
e.g. roots and hyphae with many crossing filaments.
Possible causes of underestimation of high-density ob-
jects (M. sativa roots and hyphae of R. irregularis
in vitro) are due to the alignment and touching of fila-
ments that are not accurately separated and to object
overlap. A strong threshold application might induce
loss of details and a consequent underestimation of
length, while a weak threshold might lead to artefacts
and to overestimation of length. Moreover, underestima-
tion can be even greater in the case of low-contrast
images, where objects are not clearly discernible from
the background.

The measurements obtained for the hyphae of
R. irregularis in the in vivo system were overestimated
by 20.7 cm per m compared with manual measures.
Overestimation can be induced by low resolution of
the images, e.g. when not well in focus so the edges
of the filaments are not clear and some artefacts can be
added to the skeletonised picture. Indeed, overestimation
also might be due to non-target objects (i.e. dirt,
shadows and reflection). Overall, under- and overestima-
tions can be induced by several factors (e.g. user expe-
rience: ability in cleaning artefacts from the images;
image contrast and resolution; cloudy not well focused
images; complexity of elements: objects crossing each
other or presence of spores). Consequently, when di-
verse and heterogeneous images, varying in object type,
resolution and contrast, are to be processed, a flexible
tool like the HyLength, which allows manual adjustment
of operational parameters, is preferred. The utility of
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semi-automated tools is confirmed by recent published
software for root analysis (Lobet et al. 2011; Betegon-
Putze et al. 2019). For optimal HyLength performance,
images should be acquired at moderate-to-high resolu-
tion, which is >72 dpi for roots and >300 dpi, i.e.
118 px ecm ', for fungal hyphae.

We believe that our tool could be successfully used
for hyphae on membrane filters after extraction from
soil samples (Jakobsen et al. 1992; Shen et al. 2016).
Under such conditions in which dirty images are pro-
duced with many non-target objects (debris, soil parti-
cles, spores, hyphae of other fungi, etc.), the HyLength
can be used to selectively identify and remove noisy
regions and to separate the target objects from the back-
ground. In addition, in heterogeneous images, the
HyLength allows applying spatially different thresholds
for different quadrants and the user can find the optimal
solution for each image. The HyLength also can be suc-
cessfully used for AMF species other than
R. irregularis, such as Rhizophagus prolifer which
forms profuse branches of very fine hyphae that are
hard to assess with the grid-line intersect method.
Obviously, high-quality images (high magnification and
resolution) should be utilised.

HyLength performs better than AnaMorf for complex
filamentous objects

Comparing the HyLength with AnaMorfpointed at a very strong
agreement when measurements are taken on the hyphae of
A. oryzae, as provided by Barry et al. (2009) and originally used
to validate the AnaMorf. Conversely, the agreement was poor
when roots and low- and high-density hyphae of R. irregularis
were processed. The HyLength compared with AnaMorf
overestimated the roots and the high-density hyphae and
underestimated the low-density hyphae. From the comparison of
the AnaMorfwith manual measures of hyphae of R. irregularis in
the in vitro system, we found that the AnaMorf strongly
underestimated the length. Thus, we believe that the poor agree-
ment of the HyLength with AnaMorfis because the AnaMorfloses
small diameter and poor-contrast structures. In the AnaMorf, the
complete automatization of the process with multiple image anal-
ysis does not allow users to selectively identify and remove noisy
regions and to separate the object from the background. Thus, the
user cannot find the optimal solution for each image and this causes
astrong underestimation. Moreover, in complex images heteroge-
neous for resolution and contrast, underestimation could even be
greater because the AnaMorf does not allow applying different
thresholds to regions of the image.

@ Springer



240

Mycorrhiza (2020) 30:229-242

HyLength reduces measuring time compared
with manual methods

The HyLength allows great reduction of the time needed for
length measurement compared with manual methods. Time
saving in the case of M. sativa roots grown in the in vivo
system was about 13’ 39" per m which corresponds to ca.
60" 31" for the experimental unit, i.e. a whole membrane (av-
erage length 4.43 m). Time saving in the case of R. irregularis
hyphae in the in vivo system was 29’ 52" per m. In Avio et al.
(2006), the total hyphal length measured in the same in vivo
system was 11.7 and 41.1 m for Funelliformis mosseae
AZ225C and Rhizophagus intraradices IMAG, respectively.
Assuming those lengths, we could measure the length of the
hyphae over the whole membrane saving 5 h 48" and 20 h 28',
for F. mosseae and R. intraradices, respectively. Time saving
for A. oryzae hyphae in the in vitro system was 13’ 8" per cm
which corresponds to 10’ 30" for a recently germinated spore
(average length 0.8 cm; Barry et al. 2015). Time saving for
hyphae of R. irregularis in the in vitro system was 1' 41" per m
which corresponds to 60’ 43" per experimental unit, i.e. Petri
plate (average length ca. 36 m; Cardini et al., unpublished
data). Therefore, the HyLength can allow measurement of
the length over a whole experimental unit, eliminating the
error due to sub-area selection by the user and allowing pro-
cessing of many samples.

Compared with the AnaMorf, the HyLength performed
similarly with M. sativa roots, whereas it required more time
with the hyphae of R. irregularis in the in vivo system (59’ 20"
per m) and hyphae of A. oryzae in the in vitro system (1’ 48"
per cm). The computational time of the HyLength depends on
the quality of images; thus, in the presence of a noisy back-
ground, the manual cleaning and the adjustment of parameters
can be time-demanding. On the other hand, the time needed
for the AnaMorf plugin is lower than for the HyLength be-
cause it automatically processes an entire folder of images,
while the HyLength requires human intervention for each im-
age. Thus, AnaMorf speed is a significant advantage when
many high-quality images of homogeneous, simple objects
are processed. However, we must consider that the use of
the AnaMorf produced accurate measures for germinating
spores of A. oryzae and R. irregularis in the in vivo system,
but produced a strong underestimation of R. irregularis in the
in vitro system.

The HyLength saved time versus the AnaMorf in mea-
suring R. irregularis hyphae in the in vitro system (8" 41"
per m, corresponding to 5 h 12’ for a whole Petri plate).
Because the processing time in the AnaMorf'is dependent
on the quality of the images and on the complexity of the
objects, the speed of the measures is related to computing
power (Barry et al. 2015). For these reasons, in the case
of the R. irregularis hyphae in the in vitro system in
which the mycelium is extremely complex, the AnaMorf
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required a long time to produce the skeleton and the
length measure. The time needed to set up the AnaMorf
can be very long because several parameters can be mod-
ified before finding the best set of parameters and starting
the measuring procedure. Thus, in the AnaMorf, the time
required per unit length increased proportionally with the
increase of the total length, whereas in the HyLength, the
time is only slightly increased by the total length and not
strictly dependent on the complexity of the object.

Finally, as expected, the AnaMorf was faster than manual
methods for all sets of images, except for images of the hyphae
of R. irregularis in the in vitro system. Indeed, for fungal hyphae
of dense mycelia, such as the complex network of R. irregularis,
the AnaMorflength measures are strongly underestimated, while
the HyLength proved to be a fast and accurate tool in accordance
with the benchmarking of the HyLength versus AnaMorf.

In synthesis, the main pros of the HyLength can be
summarised as follows: (1) the involvement of the users in
the semi-automated, instead of fully automated image pro-
cessing, reduces and prevents possible analytical artefacts;
(2) the users do not need lengthy training to use the tool, and
a standard office laptop is sufficient to measure even many
images; (3) the tool was tested with complex images of fungal
hyphae of a mycorrhizal fungus and roots, but because param-
eters can be optimised by the user, the tool also allows users to
work with different, heterogeneous and modest-quality im-
ages; (4) the tool reduces the measuring time compared with
the manual methodologies, maintaining good accuracy in the
estimation of hyphal length; (5) the tool is freely released
together with the source code and expert users can implement
additional functions and improve the code if necessary.
Indeed, users not holding MATLAB licenses can freely down-
load MATLAB Runtime (HyLength requires MATLAB
Runtime R2019b https://it.mathworks.com/products/
compiler/matlab-runtime.html) to use the HyLength.

Conclusions

We have introduced a purpose-built and hence easy to use
image tool to measure the length of roots and fungal hyphae.
Given there is enough object-to-background contrast, minimal
shadow and sufficient image resolution, the lengths are accu-
rate and reproducible. User intervention at each step of image
processing ensures that reliable data can be obtained from
diverse and even heterogeneous image material. Moreover,
the HyLength is easy to use by any new or infrequent user.
The application of the HyLength on the images captured from
the in vitro system with Z-stack imaging allowed the determi-
nation of the whole length of three-dimensional complex
mycelia. This supports the use of the HyLength for plant-
fungus phenotyping, relieving scientists from tedious repeti-
tive work and cutting the time for data acquisition.
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