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Summary

� The control of plant parasitic nematodes is an increasing problem. A key process during the

infection is the induction of specialized nourishing cells, called giant cells (GCs), in roots.

Understanding the function of genes required for GC development is crucial to identify targets

for new control strategies. We propose a standardized method for GC phenotyping in differ-

ent plant genotypes, like those with modified genes essential for GC development.
� The method combines images obtained by bright-field microscopy from the complete serial

sectioning of galls with TRAKEM2, specialized three-dimensional (3D) reconstruction software

for biological structures.
� The volumes and shapes from 162 3D models of individual GCs induced by Meloidogyne

javanica in Arabidopsis were analyzed for the first time along their life cycle. A high correla-

tion between the combined volume of all GCs within a gall and the total area occupied by all

the GCs in the section/s where they show maximum expansion, and a proof of concept from

two Arabidopsis transgenic lines (J0121≫DTA and J0121≫GFP) demonstrate the reliability

of the method.
� We phenotyped GCs and developed a reliable simplified method based on a two-dimen-

sional (2D) parameter for comparison of GCs from different Arabidopsis genotypes, which is

also applicable to galls from different plant species and in different growing conditions, as

thickness/transparency is not a restriction.

Introduction

The agricultural impact of plant parasitic root-knot nematodes
(RKN), particularly of Meloidogyne spp., is increasing with the
progressive banning of many effective chemicals used for their
control. RKN are widespread around the world and can infect
thousands of plant species. As the durability of natural resistance
genes is in question (Abad et al., 2003), there is an urgent need to
search for alternative strategies for their control, such as those
based on biotechnology (Fuller et al., 2008; Lilley et al., 2011;
Atkinson et al., 2012). Hence, assessing the function of genes
putatively involved in crucial processes for the plant–nematode
interaction is essential. One of these processes is the formation of
specialized nourishing cells, named giant cells (GCs; Jones &
Goto, 2011), within the vasculature of the host roots which
become hyperplasic and swell, forming a gall or root-knot that

encloses them. In order to precisely determine the role of specific
genes during GC differentiation and/or maintenance, it is crucial
to phenotype these feeding cells and to compare those formed in
wild-type plants with those formed in plants with modified gene
functions.

GC phenotyping has been based on observations of histological
sections from nematode-induced galls embedded in resins, mostly
Araldite® (Sigma-Aldrich) or Technovit� (Heraeus Kulzer
GmbH, Wehrheim, Germany), using bright-field optics and
images collected with digital cameras (de Almeida Engler et al.,
2012; Kyndt et al., 2013). To date, data regarding three-dimen-
sional (3D) shape, volume, and changes in these parameters dur-
ing nematode infection are scarce. This is mainly because of the
complex structure in which GCs are embedded within the galls
that are surrounded by other tissues, and it is also due to the
presence of expanding sedentary nematodes within the galls,
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which limits accessibility of the GCs for optical imaging. Another
complex, inaccessible structure is the shoot apical meristem
(SAM), for which clear 3D reconstructions have been obtained by
confocal laser scanning microscopy with different methods (Kayes
& Clark, 1998; Grandjean et al., 2004; Chakraborty et al.,
2013), but for which cell volume data have only been calculated
using serial histological sections (Vanhaeren et al., 2010). By con-
trast, high-quality volumetric data have been obtained by confocal
laser scanning microscopy for other plant structures, for example
the root tip meristem (Vanhaeren et al., 2010). Similar to the
SAM, GCs present difficulties in terms of accessibility as they are
situated in the center of the gall, where the root cortical cells
appear to be hypertrophied and the vascular tissues that surround
the GCs present abundant tiny asymmetrically dividing cells
resulting from continuous cell division as the infection progresses
(Bird, 1961; Bleve-Zacheo & Melillo, 1997). Quantitative data
on GC shape and size are limited and rely on methods based on
two-dimensional (2D) parameters. Thus, no volumetric data are
yet available. The physiological status of GCs is closely related to
their morphological features, for instance the presence of cell wall
ingrowths and wall thickenings. However, currently no standard-
ized methods have been adapted to accurately phenotype GCs.
The methods that have been used are based on the measurement
of GC diameters over 2D sections (Gal et al., 2006; Das et al.,
2008; de Almeida Engler et al., 2012), the areas of individual
GCs (Banora et al., 2011; Vieira et al., 2012, 2013; Antonino de
Souza et al., 2013; Iberkleid et al., 2013) or the GC pool area as a
whole (Vovlas et al., 2005; Wasson et al., 2009; Portillo et al.,
2013; Cabrera et al., 2014b), deduced from semi-thin sections.
Using these methodologies, differences in GC shape and size were
found between wild type and loss-of-function or overexpressing
lines. However, these methods are based exclusively on 2D imag-
ing techniques (Kyndt et al., 2013), which have limitations in
accurately determining the final GC shapes and volumes.

Three-dimensional representations of the surface of GCs have
been obtained based on scanning electron microscopy (Jones &
Dropkin, 1976; Orion & Wergin, 1982), which does not allow
volume measurements, as only images of the surface are recorded.
Three-dimensional representations can be produced from optical
sectioning of live or fixed tissue samples by confocal laser scan-
ning microscopy. However, the image quality rapidly decreases
when analyzing very thick specimens. In order to improve confo-
cal imaging of GCs, clarifying methods have been applied to
enhance undisturbed light penetration, thereby permitting visual-
ization and 3D reconstruction of entire galls, GCs and their
nuclei, based on propidium iodide staining (Vieira et al., 2012).
However, accurate 3D reconstructions of galls were only
obtained down to a depth of 200 lm using Arabidopsis as a host
(Vieira et al., 2012). Larger galls, which are typical of late devel-
opmental stages, as well as galls induced in different host plants
did not allow efficient confocal imaging even after extensive clear-
ing, as a consequence of excessive light absorption and scattering.
Two-photon excitation microscopy can generate images deeper
inside complex specimens than standard confocal microscopy as
a result of long wavelength excitation and more efficient emission
light detection. However, this equipment is still not available to

many researchers. Moreover, the cell walls of epidermal and corti-
cal cell layers in mature galls are exceptionally light absorbing,
greatly limiting the performance of a two-photon microscope. A
more recently developed type of microscopy called selective plane
illumination microscopy (SPIM) enables the generation of 3D
representations of large but relatively transparent biological sam-
ples. Use of SPIM allows a significant improvement in live tissue
preservation during extensive time-lapse imaging, although there
are still limitations in visualizing large specimens such as mature
galls. Therefore, the limits set by the ‘transport mean free path’
of a photon in the gall tissues, as a consequence of absorption
and scattering of light, prevent deep 3D imaging with confocal,
two-photon or SPIM microscopy.

In this work, we describe a novel approach based on standard
microscopy to obtain 3D reconstructions of GCs induced by
Meloidogyne javanica in Arabidopsis roots at early to late develop-
ment stages (3, 5, 7, 9, 11, 21 and 40 d post infection (dpi)). The
method combines images obtained by conventional light micros-
copy from the complete serial sectioning of galls with software
specialized in the 3D reconstruction of biological structures,
TRAKEM2 (Cardona et al., 2012). We provide for the first time
complete 3D models for all individual GCs within galls and addi-
tional important morphological features related to their volume
and shape. These results established a reference for the develop-
ment of a simplified method for GC size comparison, based on
2D images taken from gall sections. This was possible because we
detected a high correlation between the combined volume of all
GCs within a gall and the total area occupied by all the GCs in
the section(s) where they showed their maximum expansion. We
demonstrate that this standardized method can be used for com-
parison of GCs from different Arabidopsis lines and propose that
it can also be applied to galls from different plant species and in
different growing conditions.

Materials and Methods

Nematode populations

Meloidogyne javanica Treub, 1885 (Portillo et al., 2009) was main-
tained in vitro on cucumber (Cucumis sativus L.) plants grown at
28°C in the dark in 0.3% Gamborg medium (Gamborg et al.,
1968) supplemented with 3% sucrose. Egg hatching was stimu-
lated in sterile water for 3–4 d.

Plant material, growth conditions and nematode
inoculation

Arabidopsis thaliana (L.) Heynh Columbia-0 (Col-0) plants were
used throughout this study. Seeds were surface-sterilized with
30% commercial bleach, washed, and sown in 0.3% Gamborg
medium (Gamborg et al., 1968) supplemented with 1.5%
sucrose. For stratification, plates were kept at 4°C for 2 d and
thereafter the plates were kept vertically in a growth chamber at
25°C, 60% relative humidity and in a long-day photoperiod.
The plates were inoculated 5 d later just behind each root tip with
7–10 M. javanica juveniles per main root. All plants showed only
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a primary root when inoculated, therefore having a high growth
homogeneity to avoid individual differences. Plants were care-
fully examined every 12 h under a Leica Mz125 stereomicroscope
to establish a penetration and infection timeline, resulting in a
maximum error of 12 h when assessing gall age (Barcala et al.,
2010). Galls were hand-dissected at 3, 5, 7, 9, 11, 21 and 40 dpi
only from the primary root for maximum homogeneity.

Gall fixation and embedding

Galls were rinsed twice for 10 min in sodium phosphate buffer
(10 mM; pH 7) and fixed overnight in 3% glutaraldehyde. Dehy-
dration of the galls was carried out in three steps of 15 min in
increasing concentrations of ethanol (30, 50 and 70%), two steps
of 1 h in 90% ethanol, three steps of 1 h in 100% ethanol and,
finally, two steps of 15 min in 100% acetone. Subsequently, galls
were embedded in Araldite (Sigma-Aldrich) following several

steps of incubation in an Araldite : acetone solution: 2 h in a 1 : 3
solution, overnight incubation in a 1 : 1 solution and three steps
of 1 h in a 3 : 1 solution. Finally, the galls were oriented longitu-
dinally in silicone molds filled with 100% Araldite and main-
tained at 60°C for 48 h for the polymerization of the Araldite.
All steps were performed at 4°C.

Gall sectioning and image capture

Galls at 3, 5, 7, 9, 11, 21 and 40 dpi were fully sectioned at 2 lm
with a diamond knife in an ultramicrotome (Microm HM360;
Thermo Scientific, Waltham, MA, USA). Correlative longitudi-
nal sections were carefully recovered and placed one by one on
glass slides. Sections were stained for 5 min with 1% toluidine
blue in 1% borax solution (TAAB) at 40°C. High-quality micro-
graphs (0.2 lm pixel�1) of the 2-lm sections containing GCs
were obtained at 910 magnification under a light microscope
(Nikon Eclipse 90i) equipped with a digital camera (Nikon Dxm
1200c). TRAKEM2 software provided together with the Fiji image
processing toolbox was downloaded from http://fiji.sc/Fiji and
used for sample alignment and 3D gall reconstruction. Most of
the pre-established parameters of the software were maintained
for all the samples reconstructed, with the exception of: pixel
width (0.2 lm), pixel height (0.2 lm) (thus, resolution is
0.2 lm pixel�1 on the x/y-axis), voxel depth (2 lm), steps per
scale (5), feature descriptor size (8), maximum alignment error
(50) and iterations for mesh smoothing (15). Measurements of
volume, area, maximum diameter or surface area of the GCs were
calculated by TRAKEM2 depending on the number of pixels
occupied by each GC.

Table 1 The average number of giant cells (GCs) scored in each
developmental stage, and the average number of sections obtained for a
complete sectioning of every GC within a gall induced byMeloidogyne

javanica in Arabidopsis thaliana roots

Days post
infection (dpi) No. of GCs

Average no.
of sections

3 20 20
5 19 25
7 19 51
9 33 43
11 26 59
21 23 74
40 22 99

(a) (b) (c)

Fig. 1 Three basic steps of section processing
prior to the three-dimensional (3D)
reconstruction of a gall induced by
Meloidogyne javanica in Arabidopsis. Five
representative sections of the whole 2-lm
section series (indicated by numbers) from a
gall stained with toluidine are shown. (a)
Consecutive nonaligned images. (b)
Consecutive aligned images. (c) Consecutive
aligned images with giant cells (GCs) labeled.
The color code for each GC was maintained
in all the consecutive sections as indicated.
See Supporting Information Video S1 for a
detailed view of the process.
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Fig. 2 Serial sectioning of an Arabidopsis gall
induced byMeloidogyne javanica with
aligned images and colored giant cells (GCs)
(numbers indicated at the top left of the
images). Two-micrometer sections are
stained with toluidine. This method enables
detailed characterization of cell morphology
across the series (left panels, only toluidine
staining; right panels, colored cells). It avoids
misinterpretation arising from the
observation of single isolated sections or a
small group of sections. The blue cell in
section 49 could be misinterpreted in section
57 as three independent GCs. The pink cell
that in section 49 is distant from the
nematode appears to be in direct contact in
section 57. See Supporting Information
Video S2 for a detailed view.

Table 2 Volume data for the giant cells (GCs) induced byMeloidogyne javanica in Arabidopsis thaliana roots analyzed in each developmental stage

Giant cell volume (lm39 1000)

Giant cells scored 3 dpi 5 dpi 7 dpi 9 dpi 11 dpi 21 dpi 40 dpi

1 51.08 429.04 264.24 1706.60 1222.61 1266.25 898.34
2 78.10 103.77 477.94 434.32 777.58 706.38 862.16
3 64.98 208.38 280.76 675.00 372.13 32.39 1578.19
4 34.52 297.64 491.99 414.31 239.64 1002.97 1475.63
5 33.10 181.72 802.90 711.56 1524.61 755.42 653.03
6 44.03 79.24 157.66 450.44 169.88 239.34 5515.04
7 119.83 153.66 422.48 208.10 7.08 461.10 432.55
8 56.92 35.45 705.58 159.68 42.41 4284.63 2470.65
9 44.00 81.19 946.48 759.53 66.31 7178.51 5025.32
10 197.45 47.31 118.08 881.92 690.28 1467.47 4290.73
11 35.04 174.20 223.68 550.18 825.08 2438.88 5380.71
12 23.44 14.27 556.00 1035.09 103.00 1811.96 7484.93
13 19.99 22.52 364.17 119.77 194.19 4417.29 6426.85
14 22.36 13.59 188.85 259.01 113.74 1942.30 14 537.59
15 16.87 17.44 392.07 427.42 261.62 822.25 980.73
16 63.01 15.25 186.02 547.25 142.68 679.39 1273.03
17 48.43 16.57 238.31 197.75 169.92 534.44 1886.69
18 46.60 11.90 564.68 100.13 907.22 985.97 984.86
19 83.69 29.14 301.89 163.82 1609.97 2646.93 1354.74
20 12.19 133.19 2887.99 543.58 1177.22
21 69.74 2213.99 523.17 3200.48
22 91.36 1138.09 2600.88 464.22
23 396.02 3875.18 1362.92
24 196.98 1924.14
25 126.28 1847.33
26 633.60 1252.40
27 210.35
28 238.47
29 73.83
30 83.45
31 325.51
32 154.63
33 590.57
Average volumes 54.78 101.70 404.41 397.75 945.35 1682.80 3106.99

dpi, days post infection.
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Results and Discussion

GC labeling from gall serial sections using TRAKEM2

Herein, we used a simple technique to obtain a 3D overview of
RKN-induced GCs, analyzing their phenotypic characteristics
and the volume that they occupy during nematode life cycle pro-
gression. A total of 2240 longitudinal histological sections (2 lm
thick) from 162 GCs in seven different stages of gall development
(3, 5, 7, 9, 11, 21 and 40 dpi) (Table 1) were processed. The
average number of sections obtained from the complete section-
ing of every GC within a gall increased during development
(from 20 at 3 dpi to 99 at 40 dpi; Table 1). The stack of light
microscope photographs obtained was imported into TRAKEM2
(http://fiji.sc/TrakEM2), software that allows 3D modeling from
histological serial sections (Fig. 1a; Supporting Information
Video S1). TRAKEM2 has been successfully used in other research
fields, as in the reconstruction of neuronal circuits in Drosophila
(Cardona et al., 2012). It is publicly available for download
together with the Fiji image processing toolbox (an open source
image processing package based on IMAGEJ (US National
Institutes of Health, Bethesda, MD, USA), widely used for
microscopy image processing; Schindelin et al., 2012; Schneider
et al., 2012), in contrast to commercial software previously used
in 3D reconstructions in Arabidopsis (Vanhaeren et al., 2010).
For optimal GC recognition, all sections were rotated and trans-
lated to perfectly align them onto each other by making use of
the tools for free affine transforms provided by TRAKEM2. The
high similarity between consecutive sections allowed TRAKEM2
to analyze their pixels for similar features and rigidly transform
(rotate and/or translate) the upper image for an optimal match
over the consecutive image on the bottom (compare Fig. 1a and

b; Video S1). This process was repeated consecutively down
through all the sections to the end of the stack. The alignment of
consecutive sections made it easier to define each GC within a
gall and, by making use of the area list tool, to label it manually
with a color code which was used in all the consecutive sections
in which that particular GC could be distinguished (Fig. 1c;
Video S1). Detailed step-by-step video tutorials on the use of
TRAKEM2 created by the authors in collaboration with the soft-
ware developers are available at http://fiji.sc/TrakEM2_tutorials.

This alignment proved to be particularly useful to avoid misin-
terpretation of GC number and size, as individual GCs could be
traced along the entire gall. In this way, multiple GCs can be
unambiguously identified, allowing one to distinguish between
multiple GCs and those individual cells that in some 2D sections
seemed to be more than one as a consequence of the presence of
interspersed vascular cells. See, for instance, the blue GC in Fig. 2
which turned out to represent a single cell with protrusions
(Fig. 2, blue GC; Video S2). The GC position with respect to the
nematode (Fig. 2, pink GC) could also be clearly determined; for
example, a GC that in a given section seemed to be far away from
the nematode was found to be adjacent to the parasite when seen
in some of the subsequent sections in which this cell appeared
(Fig. 2, pink GC). Usually, GCs contained a zone with an
elongated tube-like structure in the area adjacent to the nema-
tode, in contrast with the more rounded and expanded shapes
that they presented in the area more distant from the nematode
(Figs 2, 4i–l). This strongly suggests that all GCs have been in
contact with the nematode at some stage of the gall development.
Thus, we determined the exact number of GCs in each gall, again
avoiding misinterpretations arising from those sections where
GCs were interspersed with other cells. We found that the num-
ber of GCs was not correlated with the stage of development

(a) (b)

(c) (d)

Fig. 3 Volume evolution, sphericity and
surface area to volume ratio (SA : V) of giant
cells (GCs) formed byMeloidogyne javanica
in Arabidopsis along infection time. (a)
Volume of each of the individual 162 GCs
reconstructed. (b) The average volume
occupied by all the GCs corresponding to the
same developmental stage. (a, b) The x-axes
in the two graphs indicate galls at different
infection stages: at 3 (n = 20), 5 (n = 19), 7
(n = 19), 9 (n = 33), 11 (n = 26), 21 (n = 23)
and 40 d post infection (dpi; n = 22); in (b)
bars indicate� SE. (c) The ratio of the total
surface area (SA) to the final volume (V)
occupied by single GCs (SA : V ratio). The
ratio becomes smaller as the volume
increases. (d) Sphericity (Ψ) measurement of
the GCs at the different stages of
development. Note that sphericity is different
in each GC at all developmental stages
indicated. Vp, volume of the GC; Ap, surface
area of the GC.

� 2015 The Authors

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2015)

www.newphytologist.com

New
Phytologist Research 5

http://fiji.sc/TrakEM2
http://fiji.sc/TrakEM2_tutorials


(Table 1). These observations reinforce the idea that, once the
nematode is sedentary within the vascular cylinder, differentia-
tion of those selected cells into GCs is in progress and almost no
new GCs will be induced at later infection stages. This suggests
that the nematode moves its head from one cell to another for
nutrient uptake until it has completed its life cycle (Bleve-Zacheo
& Melillo, 1997; Grundler & B€ockenhoff, 1997).

In summary, using TRAKEM2 we aligned histological sections
from galls induced by RKN in Arabidopsis, facilitating the identifi-
cation and observation of the GCs within the gall and reducing the
multiple sources of misinterpretation regarding their number and
position. This method also allowed the easy collection of accurate
qualitative and quantitative data from histological sections that are
essential for GC phenotyping, as shown in the following sections.

Three-dimensional reconstruction and volume estimation
of GCs

After aligning and assigning a color code to each GC, 3D models
of GCs were generated using the IMAGEJ 3D Viewer (Schmid
et al., 2010), integrated in TRAKEM2 (Fig. S1). All the 3D mod-
els obtained in this work can be visualized and handled online at
https://sketchfab.com/jcabrerachaves/models. In addition to the
visualization of the morphological characteristics of the cells, one
of the most valuable applications of the 3D reconstruction is the
extraction of volumetric data (Table 2). We measured the vol-
umes of 162 GCs obtained from 2240 independent sections at
seven different stages (3, 5, 7, 9, 11, 21 and 40 dpi). They ranged
from 7081 lm3 (11 dpi) to 14 537 585 lm3 (40 dpi; Table 2).
Interestingly, the volume of individual GCs did not always corre-
late well with the stage of gall development (Table 2; Fig. 3a).
However, the average volume occupied by all the GCs as a pool
within a gall at each infection time showed a clear tendency to
increase as the infection progressed, with a positive correlation
between the two variables (see exponential line tendency in
Fig. 3b). This suggests that individual GCs grow asynchronously
during gall development, perhaps as a result of mechanical restric-
tions or of differential stimulation by the nematode. GC volumes
at the early stages of development were more homogenous than
the volumes of older GCs (Fig. 3a,b). Individual variability may
buffer differences between some developmental stages; for exam-
ple, there was a large increment in size from 9 to 11 dpi, but the
size of the GCs did not vary much from 3 to 5 dpi or from 7 to
9 dpi. All these findings emphasize the importance of the GC
pool within a gall, as a whole functional ‘pseudo-organ’.

The surface area and the surface area to volume ratio (SA : V)
for each GC were obtained after the reconstruction (Fig. 3c). The
diffusion rate of solutes is proportional to the surface area, and
larger cells of similar shape will have slower diffusion rates than
smaller cells. Thus, the higher the cell SA : V ratio, the more effec-
tive solute exchange should be, and therefore a higher metabolic
activity could be maintained. The SA : V ratio of GCs decreased
as size increased, from values above 0.4 in the smallest cells to val-
ues under 0.1 in the largest ones (Fig. 3a). Studies of their protein
content indicated that the maximum metabolic activity within
the GC coincides with the egg-laying stage (Bird, 1961), when

the feeding cells are fully expanded. Accordingly, Class I small
heat-shock proteins (sHSPs) are highly abundant in developed
GCs as compared with the rest of the gall, correlating with the
activation of several sHSP promoters in the medium–late develop-
mental stages. These chaperones may be related to the mainte-
nance of proper protein folding, preventing the aggregation of
abundantly synthesized proteins in highly active cells (Escobar
et al., 2003; Barcala et al., 2008). Thus, the coincidence in time of
low SA : V ratios and high metabolic activities is apparently a con-
tradiction, but the extensive formation of wall ingrowths at
medium–late developmental stages could be a response to a clear
functional requirement to compensate for the decrease in the
SA : V ratio as the cells expands. Thus, an increase in the effective
solute exchange area is achieved through the differentiation of the
GCs into transfer cells (Jones & Northcote, 1972; Jones & Gun-
ning, 1976; Cabrera et al., 2014a). Yet, the increase in their
plasma membrane surface area may be up to 20-fold (Jones &

(a) (b) (c) (d)

(e) (f) (g)

(i) (j)

(k) (l)

(h)

Fig. 4 Representative samples of reconstructed giant cell (GC) shapes.
(a–h) Three-dimensional (3D) reconstruction showing the highly diverse
morphology of the GCs at (a) 21, (b–f) 7 or (g–h) 5 d post infection (dpi).
Note the remarkably irregular shapes in (a–h). (i–l) Three-dimensional
reconstruction of GCs together with the nematode. A protruding GC end
next to the nematode head is always observed. The shape of the
nematode corresponds to the cavity left in each section by the nematode
body, as it is normally retracted during the embedding process.
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Goto, 2011). In this respect, for the functional characterization of
particular genes during gall formation, it might be worth examin-
ing the cell wall ingrowths even if the GC size is not altered in
loss-of-function lines as compared with controls, as suggested by
Cabrera et al. (2014a).

To further investigate GC morphology, we also calculated the
sphericity of GCs at the different developmental stages studied.
Sphericity, a measure of the roundness of an object, is defined as
the ratio of the surface area of a sphere (having the same volume
as the object of interest) to the surface area of the object; hence
the sphericity of a sphere should be 1 (Girshovitz & Shaked,
2012). Our results showed that the shape of GCs, measured in
terms of their sphericity, seemed to be the same throughout gall
development (Fig. 3d). No spherical cells were found in our
study, as values of sphericity ranged between 0.4 and 0.7 for all
the GCs characterized (Fig. 3d). In fact, the shape of some GCs
was clearly more elongated than spherical (Figs 4, S1). As, for the
same volume, spherical cells will have slower diffusion rates than
elongated cells (Young, 2006), the shape of GCs could be another
way to compensate for the low SA : V ratio of GCs at late devel-
opmental stages. The low sphericity values were also consistent
with the presence of abundant protuberances and crevices which
produced an irregular shape and prevented GCs from becoming
spherical, as clearly illustrated in the 2D sections and 3D models
(Figs 2, 4a–h, S1). This might be attributable to mechanical con-
straints imposed by the presence and feeding activity of the nema-
tode and other vascular cells which push and pull the GCs as galls
develop. However, some common features were identified among
the GCs, such as an elongated protuberance from the main body
of the GC adjacent to the nematode head (Fig. 2), which is more
easily appreciated in the 3D reconstruction (Fig. 4i–l). These pro-
tuberances might be associated with the accumulation of micro-
tubules and organelles close to the nematode head observed

during in vivo monitoring of galls harboring GFP fusions (de Al-
meida Engler et al., 2004).

The diameter of GCs within Arabidopsis galls may range from
100 to 500 lm at late developmental stages (40 dpi). They can
be even larger in galls within other plant hosts such as cowpea
(Vigna unguiculata (L.) Walp.) or tomato (Solanum lycopersicum
L.) (Gal et al., 2006; Das et al., 2008), hampering the generation
of high-quality 3D projections of a complete GC for accurate
volume quantification using 3D confocal projections of serial
optical sections. Thus, 3D reconstructions of GCs with the
method presented here proved to be very useful for accurate mea-
surement of GC volumes and identification of their morphologi-
cal characteristics. This also represents a step forward in the
phenotyping of feeding cells, providing valuable and standardized
information on the number, shape, position and volume of GCs
and minimizing misinterpretations arising from the use of 2D
images. The method could easily be applied to galls of different
plant species having different thicknesses, providing that the tis-
sues are well fixed to maintain gall morphology in the sections.

Correlation between pooled GC area in single sections and
total GC volume within a gall: a simplified standardized
phenotyping method

The abovementioned results demonstrate that GC phenotyping
provides valuable information in addition to the currently per-
formed infection tests. While methods for studying nematode
resistance or susceptibility with infection tests are fairly well
understood and established, no standardized methods exist for the
detailed phenotyping of GCs. In our study, the volumes of the
GCs induced by an RKN within a gall have been accurately mea-
sured for the first time; this method provides an effective means of
analyzing in depth the phenotypic differences between GCs.

Table 3 Compilation of studies on the interaction between root-knot nematodes and plants

Method Reference Species
Days post
infection (dpi)

Number of
samples

Comparison of the size of the GCs by
visual observation from gall sections.
No measurements made

de Almeida Engler et al. (2004) Arabidopsis (Arabidopsis thaliana) 40 –
Caillaud et al. (2008) 10
Clement et al. (2009) 7, 21
de Almeida Engler et al. (2012) 7, 21
Pegard et al. (2005) Pepper (Capsicum annuum L.) 5
Anwar & McKenry (2007) Cotton (Gossypium hirsutum L.) –
Souza Ddos et al. (2011) Tobacco (Nicotiana tabacum L.) 8

Measurement of GC diameter from sections Gal et al. (2006) Tomato (Solanum lycopersicum L.) 42 10 galls
Das et al. (2008) Cowpea (Vigna unguiculata L.) 5, 9, 14, 19, 21 3 GCs

Measurement of the area occupied by
individual GCs in gall sections

Banora et al. (2011) Arabidopsis (Arabidopsis thaliana) 7, 14, 21 60 GCs
Vieira et al. (2012) 14, 18, 40 25 GCs
Vieira et al. (2013) 7, 14, 21, 40 60 GCs
Iberkleid et al. (2013) Tomato (Solanum lycopersicum L.) 5, 15, 28 50 GCs
Antonino de Souza et al. (2013) Tobacco (Nicotiana tabacum L.) 14 21 GCs

Measurement of the total area occupied
by the pool of GCs within gall sections

Vovlas et al. (2005) Chickpea (Cicer arietinum L.) 30 24 sections
Portillo et al. (2013) Tomato (Solanum lycopersicum L.) 15 20 sections
Cabrera et al. (2014a) Arabidopsis (Arabidopsis thaliana) 14 20 sections

Differences in the giant cells (GC) size between wild type and loss-of-function or overexpressing lines inferred from two-dimensional sections were
investigated with different methods. The methods used to phenotype the GCs are explained in the first column. The plant species, dpi and number of GCs
or galls scored are indicated in the other columns.
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Recent studies (summarized in Table 3) investigated differ-
ences in GC size between wild type and loss-of-function or over-
expressing lines by inference from 2D gall sections. Our results
presented here demonstrate that there are multiple sources of
misinterpretation of data from 2D gall sections, such as those
related to the number, position and shape of GCs (Fig. 2). Sev-
eral of these studies did not provide quantitative measurement of
the GCs, but compared their sizes by direct, qualitative observa-
tions of 2D sections (Table 3). Other studies collected various
quantitative data from gall sections. Three different parameters
were used: the maximum diameter of the GCs, the maximum
area occupied by individual GCs and the maximum area of all
GCs as a pool in selected gall sections (Table 3). The present
study has shown that GC morphology is extremely irregular
(Figs 4, S1). Thus, inferring differences in GC size from 1D or
2D parameters such as the diameter and area seems not to pro-
vide sufficient accuracy. By contrast, the volume data obtained in
this study allowed us to determine with high accuracy the size

and 3D structure of GCs. However, 3D reconstruction of GCs
within a gall is a tedious, demanding and time-consuming task
because of the need to process many sections per gall (Table 1;
Figs 1, 2; Videos S1, S2). Therefore, a simpler method is still
needed.

To this end, we investigated the correlation between GC vol-
umes obtained in this work and other parameters used to phe-
notype the GCs. The maximum diameter, provided by the
software after reconstruction, showed a poor Pearson correlation
index of 0.61 (P < 0.05) (Fig. 5a), whereas a much higher corre-
lation (0.93; P < 0.05) was obtained between the volume and
the area of the individual GCs measured in the section where
they showed maximum expansion (considering maximum
expansion as the section where a specific GC showed its largest
area from all the sections in which it was colored; Fig. 5b). The
maximum correlation indexes were obtained between the
volume of the total pool (considering the sum of all the GCs)
contained in a gall and the area of the GC pool in the section

(a)

(b)

(c)

(d)

Fig. 5 Giant cell (GC) diameter, area and volume correlations. Correlations are shown between (a) the diameter and the volume of individual GCs, (b) the
volume and the area of maximum expansion of individual GCs, (c) the volume of the total GC pool within a gall and the GC pool area in the section
showing its maximum expansion, and (d) the volume of the GC pool within a gall and the average GC pool area in the 10 sections where GCs showed their
maximum expansion. For all Pearson correlation coefficients shown, P < 0.05. Left panels, sections with those cells measured colored; middle panels, three-
dimensional reconstructions; right panels, graphs representing the correlations described.

New Phytologist (2015) � 2015 The Authors

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist8



showing maximum expansion (0.97; P < 0.05; Fig. 5c). Interest-
ingly, a similarly high correlation value (0.97; P < 0.05) was also
obtained between the volume of the GC pool contained in a
gall and the average area of the pool of GCs from the 10 sec-
tions where the pool of GCs showed their maximum expansion
(Fig. 5d).

Extrapolation of the volumes from the 2D parameters pre-
sented some technical difficulties. For instance, the identification
of sections where GCs show their maximum expansion area is
difficult if a previous labeling and alignment of the correlative
sections obtained from a gall is not performed. In some of the ref-
erences given in Table 3, only two to three GCs per gall were
chosen for area measurement. If individual GCs are selected, the
striking differences in volume among GCs of the same age

demonstrated here (Fig. 3a; Table 2) are not taken into account.
If the whole volume occupied by the GC pool within a gall is not
measured, this may introduce significant errors. Nevertheless, the
choice of the section with maximum area occupied by the GC
pool also would require the measurement of all the sections of a
gall to avoid misinterpretations leading to errors.

For all these reasons, we propose a simplified method that
minimizes these problems and speeds up the processing consider-
ably. The method is based on a 2D parameter that shows a high
correlation with the final volume of the GC pool. We showed
that the average area occupied by all the GCs within a gall from
the 10 sections with the maximum expanded GC pool had a high
correlation with the pooled GC volume (Fig. 5d). By using an
algorithm in which the areas of two of these 10 sections with

(a)

(b)

(c) (d)

Fig. 6 Schematic representation of the simplified method for giant cell (GC) size phenotyping. Serial sections of the two main types of gall (a, b) detected in
this study (one-dome or two-dome shape). The 10 sections with the largest GC expanded area are colored. (c) Correlation between the average GC pool
area of the two sections of 4 lmwith maximum GC expansion (y-axis) and their volume (x-axis) was high. (d) The same as (c) but with sections of 8 lm.
Pearson correlation coefficients: P < 0.05.
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maximum expanded GC pool are randomly selected with 1000
iterations (Wichman & Hill, 1982), we obtained high correla-
tions between the two parameters (pooled GC area and volume):
a minimum correlation index of 0.968 and a maximum of 0.972.
The identification of two random sections among those 10 sec-
tions with the largest area occupied by the GC pool within a
completely sectioned gall can be performed easily, accurately and
with minimum errors. To further facilitate large-scale GC pheno-
typing, the number of sections obtained from a gall should be
minimized, as processing an entire gall into 2-lm-thick sections
is tedious work. Using 4–8-lm-thick sections, the number of sec-
tions for each gall would dramatically decrease (two to four times
less than at 2 lm); for example, from 100 sections to 50 or 25.
Moreover, differences in the area occupied by the GC pool
among thicker sections are easily determined by simple visual
inspection. Fig. 6 shows schematically the reduction in the num-
ber of sections obtained from two different types of gall (a and
b), which were artificially classified depending on their GC area
distribution. In Fig. 6(a), the sections with the maximum GC
area are correlative, whereas in (b), there are two groups of sec-
tions with maximum areas. Those shapes were selected among
the 162 GCs scored, as shown in more detail in Fig. S2. When a
gall is processed in 4-lm-thick sections, and sections with the
maximum GC area are selected, at least two of the sections will
be among those 10 with the maximum GC area from the gall if it

were sectioned at 2 lm (shown with a high area : volume correla-
tion; Figs 5d, 6c). Similar results were obtained for 8-lm sections
(Fig. 6d) and for 5–7-lm sections (data not shown). Thus, by
selecting and measuring the area of the GC pool in the two
sections with the highest GC expansion from either 4- or 8-lm-
thick sections (easily identified at first glance, as the differences
between sections are greater than at 2 lm), the correlation index
with the GC volume was maintained at 0.97 (P < 0.05) in both
cases (Fig. 6c,d). This simplified method that we propose reduces
the number of gall sections necessary for large-scale phenotyping
while maintaining a very high accuracy. The method is based on
a 2D parameter (the area of the GC pool within a gall) that we
demonstrated to be proportional to the size measured as the total
GC volume developed by M. javanica inside the gall. Therefore,
this method will be useful for comparison of GC phenotypes in
terms of their size among different plant genotypes and/or plant
species.

A proof of concept: simplified GC phenotyping method
applied to a specific case in Arabidopsis

In order to confirm the utility of the simplified method, we
compared the size of GCs from galls induced by M. javanica in
the transgenic line J0121≫DTA (where GCs are genetically
ablated by the expression of the diphtheria toxin A in the GCs)

(a)

(b)

(c)

Fig. 7 A proof of concept: simplified giant
cell (GC) phenotyping method applied to a
specific case. (a) Toluidine-stained 4-lm
representative sections of galls from each
Arabidopsis line as indicated: J0121≫GFP
and J0121≫DTA. Bars, 50 lm. Asterisks
indicate GCs (b) Histograms indicate the
average volume occupied by the GC pool
from two representative galls of each line as
indicated (� SE). (c) The average volume and
the average area of the two largest sections
per gall for each genotype are also indicated
in the small table underneath. dpi, days post
inoculation.
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with that in the control line J0121≫GFP (expressing GFP
within the GCs) [Correction added after online publication 22
January 2015: the preceding sentence has been corrected]. In a
previous work, we found that the GC pool in J0121≫DTA was
smaller than that in the control line J0121≫GFP, based on the
GC pooled area measured in 4-lm-thick single sections (Cabrera
et al., 2014b); however, 3D reconstructions were not generated.
In the present work, we reconstructed J0121≫DTA GCs from
14-dpi galls and from the control J0121≫GFP (Fig. 7a) using
4-lm sections. The average volume occupied by the GC pool
was at least 2-fold larger in the control line than in J0121≫DTA
(Fig. 7b). When the GC pool areas from the two sections with the
maximum GC expansion (Fig. 7c) among all sections obtained
from each gall were compared, the same difference between the

two lines (c. 2-fold) was obtained as when using their total GC
volumes (Fig. 7c). This is expected from the high correlation (Pear-
son correlation coefficient R = 0.97; P < 0.05) between the two
parameters that we found (see previous section). Thus, we con-
firmed that a 2D measurement (area of the GC pool from the two
sections with the maximum expansion area of the GCs) selected by
visual inspection is a valid parameter to use to compare GC sizes
between two different plant genotypes. The shapes of the individ-
ual GCs from the J0121≫GFP control line and the
J0121≫DTA line (Fig. 8a,b) were similar, and no differences in
the typically irregular shape were evident.

This example further confirms that the simple, fast and easy
standardized method proposed here is very effective for detection
of phenotypic differences between GCs from different

(a)

(b)

Fig. 8 Three-dimensional reconstruction of
individual giant cells (GCs) from two
Arabidopsis genotypes. Figure shows the
different shapes of the GCs reconstructed
from (a) the J0121≫GFP control line, and
(b) the J0121≫DTA line. Note that all GCs
from both lines show the typically irregular
shape described for the wild-type cells in
Supporting Information Fig. S1.
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Arabidopsis lines, with high confidence that the results obtained
are representative of the differences in the total volume occupied
by the GCs.

In conclusion, there is an increasing need for standardized
methods to accurately phenotype GCs, particularly when evaluat-
ing gene function in mutant or transgenic plants. Here, we
obtained for the first time 3D models and volumes of 162 GCs
from galls induced in Arabidopsis by M. javanica. These data
provided the basis on which to develop a simple method based
on 2D images of thin and thick gall sections that showed a high
correlation to the volume of the reconstructed GCs. The utility
of the simplified method was confirmed in a particular transgenic
line compared with a control line (J0121≫DTA versus
J0121≫GFP). Therefore, we showed that the method proposed
permits data to be extracted with high confidence with respect to
the volume of cells, considering the complexity and highly irregu-
lar shape of GCs. Putative methods for reconstruction and vol-
ume measurements using confocal microscopy, two-photon
microscopy or SPIM would have to be adapted to the gall thick-
ness and optical characteristics of the different tissues in the galls
of each plant species, which represents a serious limitation. By
contrast, the simple method that we developed, using Arabidopsis
as a model, could easily be extended to different plant species and
growing conditions as it is independent of gall thickness or trans-
parency.
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Fig. S1 The full 3D models or reconstructions of the 162 indi-
vidual GCs scored in this study.

Fig. S2 Area distribution of the GC pool from representative
reconstructed galls used in the study.

Video S1 Video file explaining the three basic steps carried out
during 3D reconstruction of GCs.

Video S2 Video file showing the accurate identification of the
GC number during the labeling process, avoiding misinter-
pretations.
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