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Abstract Phytonematode infections are a major con-
straint to agriculture and can cause pre-harvest losses
of up to one-third of the crop in affected fields. With
increasing restrictions on the use of chemical pesti-
cides due to environmental and human hazards, and
increasing nematode pressure due to climate change,
soil degradation and agricultural intensification,
more sustainable ways to manage such plant pests are
needed to meet the growing demand for food. There-
fore, the reproduction of thermophilic Meloidogyne
spp. was evaluated in comparison with that of the
northern root-knot nematode Meloidogyne hapla on
the wild strawberry Fragaria vesca vs. semperflorens
cv. Alexandria, a potential source of resistance to nem-
atode infection. M. hapla showed a high reproductive
rate in F. vesca, while the thermophilic Meloidogyne
species tested showed significant lower reproductive
rates. This suggests that F. vesca vs. semperflorens
cv. Alexandria, although not resistant to the nematode
species tested, could be used in a management system
to down-regulate nematode pressure. In addition, this
study helps to reinforce the importance of crop wild
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relatives in the search for resistance traits to support a
more sustainable agriculture.
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Nematode problems in strawberry (Fragaria X anana-
ssa) have been reported worldwide, and as strawberry
yields decline over time, nematode infestations can
significantly accelerate this process (Abd-Elgawad,
2019; LaMondia, 1999). Several species of plant par-
asitic nematodes such as lesion nematodes (Pratylen-
chus penetrans), needle nematodes (Longidorus sp.),
dagger nematodes (Xiphinema spp.), foliar and stem
nematodes (Aphelenchoides sp. and Ditylenchus dip-
saci), and root-knot nematodes (Meloidogyne spp.),
can damage strawberry plants (Brown et al., 1993;
Bélair & Khanizadeh, 1994; Samaliev & Mohamed-
ova 2011; Nyoike et al., 2012; Talavera et al., 2019).
For root-knot nematodes (RKN), Meloidogyne
hapla is commonly reported on strawberry plants
(Nyoike et al., 2012; Talavera et al., 2019). The life
cycle of M. hapla can be completed in 5 to 6 weeks
under ideal climatic conditions (Perry & Moens,
2013; Vestergard, 2019). Each female can lay hun-
dreds of eggs in a gelatinous substance, mostly
outside of the root. In the second larval stage, the
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nematodes penetrate the host plant. The larvae
migrate intercellularly to the central cylinder using
the mouth spear (stylet) common to plant-parasitic
nematodes. There they induce the formation of a
nutritive tissue by inducing multinucleate giant cells,
supplying the nematodes with food for their life cycle.
The now sedentary larvae molt three times before
becoming adults. The female lays her eggs in a gelati-
nous substance, mostly outside of the root. Due to the
development of the giant cells, root galls of different
sizes can be seen on the roots, varying according to
the host plant. Depending on climatic conditions, two
to three generations may develop per year in temper-
ate latitudes.

Little is known about tropical root knot nematodes
infecting strawberry. For example, in Spain, 71% of
strawberry RKN infections are caused by M. hapla,
and other Meloidogyne spp. found in strawberry pro-
duction fields include M. incognita, M. javanica, and
M. arenaria (Park et al., 2005; Talavera et al., 2019;).
Other locations where thermophilic Meloidogyne spp.
have been detected on strawberries include Brazil,
with M. incognita and M. javanica (Krezanoski et al.,
2020), Korea, with M. arenaria and M. incognita
(Park et al., 2005), and the USA (Nyoike et al., 2012),
Egypt (Abd-Elgawad, 2019) and Taiwan (Chen &
Tsay, 2006), with M. incognita.

Fragaria vesca, a diploid herbaceous peren-
nial commonly referred to as the “wild strawberry”,
or “European strawberry”, has been reported to be
“resistant” to M. incognita, which is unable to pro-
duce eggs and juveniles on these plants (Duggal et al.,
2018). Fragaria vesca, a member of the rose family,
grows wild in much of the northern hemisphere and
is of great interest for introgression of aromas into
the main cultivated octoploid strawberry, F. anana-
ssa, because it contains methyl anthranilate, a potent
aromatic compound with highly distinctive sensory
effects (Porter et al., 2023). In addition, F. vesca is
often used as a genetic model plant for the Rosaceae
family (Edger et al., 2018) and its genome was first
sequenced in 2010 (Shulaev et al., 2011), and later in
2017, for an improved and more detailed sequencing
(Edger et al., 2018).

Because F. vesca is used in basic and applied
research for disease resistance (Chen et al., 2016;
Wei et al., 2016), and M. incognita may not be able
to propagate on these plants (Duggal et al., 2018),
this study evaluated the propagation of thermophilic
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Meloidogyne species compared to M. hapla in the
search for a potential source of resistance to RKN.

Therefore, in this study we evaluated the reproduc-
tion of the thermophilic RKN M. incognita, M. are-
naria, M. javanica and M. enterolobii and the northern
RKN M. hapla. Nematodes (1000 J2) were inoculated
in each pot (@ 14 cm; n=7) containing one F. vesca
plant grown in steamed soil: silver sand mix (1:3; v:v),
under a day/night thythm of 16 h/08 h, at 20 °C during
the night and 22 °C during the day, in a growth cham-
ber with 60% humidity. Six weeks after nematode inoc-
ulation, roots were washed free of substrate and placed
intact (roots with crown) in a mist chamber (set at
24 °C, in the dark) for J2 extraction over 17 days. The
same conditions were also used to test the effect of an
inoculum of 10,000 J2 (second trial) and for compari-
son with a known host plant, using 4-week-old tomato
plants cultivar Money Maker (third trial). Only M.
hapla (population 1) showed a reproductive increase on
Fragaria vesca vs. semperflorens cv. Alexandria that
was greater than threefold, resulting in 3105.7 +1081.2
J2/root system (Fig. 1 A). While the other RKN,
namely M. incognita population 1 (127.1+168.3 J2/
root system) and population 2 (234.3+251.2 J2/root
system), M. arenaria (232.9+178 J2/root system),
M. enterolobii (290.0+338.2 J2/root system) and M.
Jjavanica (475.0+£98.4 J2/root system) had a lower
reproductive rate remaining below 50% of the initial
inoculation rate (Fig. 1A).

In the second trial (using 10,000 J2/pot), an addi-
tional M. hapla population (population 2) from a
Swiss greenhouse growing mainly lettuce, cucumbers,
tomatoes and peppers, which we could ensure had no
previous contact with strawberry plants, was added to
the experimental setup (Fig. 1B). Interestingly, both
M. hapla populations 1 and 2 propagated significantly
better than the thermophilic RKN tested. M. hapla
population 1 had a reproduction rate of 3.33 and M.
hapla population 2 had reproduction rate of 3.6. All
thermophilic Meloidogyne species had a reproductive
factor lower than one, with M. incognita population 1
having the lower reproductive rate of 0.08.

To ensure, that the inoculation rate during the
experiment was consistent, and that the “low” tem-
perature did not have an impact on the thermophilic
RKN performance we applied the same number of
J2 (1000) to tomato plants cv. Money Maker during
the experiment for each Meloidogyne species and
population (Fig. 1C).
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Reproduction results showed that all Meloido-
gyne species propagated well on the roots of tomato
plants. Interestingly, both M. hapla populations had
the lower reproductive rate on tomato compared to
the other Meloidogyne species. However, with over
80,000 J2/ roots harvested, the reproductive rate of M.
hapla was more than eightfold.

Despite the fact that all RKN were able to repro-
duce on the strawberry Fragaria vesca vs. semperflo-
rens cv. Alexandria, the results are important to study
the differences of the northern RKN M. hapla com-
pared to the tested thermophilic RKN M. incognita,
M. arenaria, M. javanica and M. enterolobii. The rea-
sons for the decline in reproduction of thermophilic
RKN are unclear.

Based on the RKN base temperature (Tb) of
approximately 10 °C for most tropical RKN (M. are-
naria=10.3 °C, M. incognita=9.8 °C, and M. javan-
ica=10.6 °C) (Déavila-Negrén & Dickson, 2013), and
8.25 °C for M. hapla, the average accumulated degree
days (DD) were 487.2 °C for the thermophilic RKN
and 560.7 °C for M. hapla during the growth period
in the growth chamber. An additional 267.75 °C DD
and 238 °C DD, respectively, for the development of
the thermophilic Meloidogyne species and M. hapla
eggs in the mist chamber resulted in a total DD of
725.5 °C DD for thermophilic RKN and 828.45 °C
DD for M. hapla.

Since the natural base temperature is usually
higher for thermophilic RKN, this may have affected
the plant-nematode interaction during the experiment.
Interestingly, Trudgill and Perry estimated a switch-
ing point of 21 °C, below which the temperate M.
hapla with a shorter life cycle had a species advan-
tage over M. javanica, and above which the tropical
RKN had its competitive advantage. The average day
and night temperature in the growth chamber was
21.6 °C.

As reported in the literature for M. enterolobii and
M. incognita, 308.3 °C DD and 248.1 °C DD, respec-
tively, are required for the development of an egg-
laying female, and after 506 °C DD (M. enterolobii)
and 552.3 °C DD (M. incognita) new-vermiform J2
were observed (Velloso et al., 2022). While for M.
hapa (8.25 °C Tb) it is estimated, that 554 °C DD are
required (Trudgill & Perry, 1994). Therefore, the DD
achieved during the experimental setup was sufficient
for the development of all RKN tested. In addition,
based on the RKN propagation on the tomato plants,
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we were confident that there was no limiting effect
on the temperature required for the thermophilic
RKN to successfully develop and propagate. Hence,
we believe that plant genetics are the cause of the
impaired RKN development. It is important to note,
that other studies proposed different Tb, as reported
by Ploeg and Maris (1999), 10.1 °C for M. incog-
nita, 13.1 °C for M. javanica, and Ferris et al. (1978),
10.11 °C for M. arenaria, which would consequently
result in different DD as presented here. However, it
can be suggested that these differences reported in
Tb may be due to differences in the populations of
Meloidogyne spp. tested or it may be due to discrep-
ancies in thermometer calibration.

With the sequencing and new mapping of the
Fragaria vesca genome opening up new opportuni-
ties for further molecular investigation, a source of
RKN resistance may be found in Fragaria vesca.
This is especially true as previous investigations have
shown no reproduction of M. incognita on Fragaria
vesca (Duggal et al., 2018). Furthermore, seven dif-
ferent strawberry (F. ananassa) genotypes that have
been tested against the emerging RKN M. enterolo-
bii were non-hosts (Freitas et al., 2017). To the best
of our knowledge, no previous research has used the
F. vesca cultivar Alexandria. Therefore, we can only
hypothesize that the resistance mechanisms may have
been altered compared to its wild relative, such that
we had RKN progeny for all Meloidogyne species
tested. On the other hand, Cobon and Trott (2004)
reported, that M. arenaria, M. incognita and M.
Jjavanica reproduced at high rates on the strawberry
cultivar Joy, and at lower rates on other strawberry
cultivars tested, Jewel and Sweet Charlie.

In Florida, where tropical RKN are prevalent, M.
hapla is still the main Meloidogyne species found
in strawberry production (Brito et al., 2008; Nyoike
et al., 2012), and one could speculate that they may
have potentially co-evolved over time. However, in
the case of M. incognita infection, no significant dam-
age to strawberries has been reported to date (Nyoike
et al., 2012). This finding is in line with the Best4Soil
Aaltjesschema, which shows the reproduction and
damage on different agricultural crops (Molendijk &
van Asperen, 2022). M. hapla has a high reproduc-
tive and damaging potential on strawberry (Fragaria
ananassa), while M. javanica and M. incognita have
a low reproductive potential, but can damage the
plants.
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Also, as a perennial crop, in tropical regions such
as Florida, strawberries are grown as an annual crop
over the winter season (Chandler et al., 2009), so
Fragaria vesca could potentially be used to down-
regulate existing thermophilic RKN before the next
summer crop is planted. If grown as a perennial crop
in colder climates, further studies should investigate
whether Fragaria vesca is a non-host of Meloidogyne
fallax or Meloidogyne chitwoodi, potentially control-
ling these quarantine nematodes over a longer period
of time.

However, since strawberries are planted as trans-
plants, it is important to ensure, that the transplants
are free of M. hapla and other diseases. In addition
to the spread of M. hapla, as mentioned above for F.
ananassa, Fragaria vesca has also the potential to be
the source of the spread of M. incognita, M. arenaria,
M. javanica and M. enterolobii. It is also impor-
tant to bear in mind that thermophilic RKN can still
affect the crop if the initial population is high. Fur-
thermore, it cannot be excluded that the thermophilic
RKN nematodes tested, M. incognita, M. arenaria,
M. javanica and M. enterolobii, may overcome the
adversity and be able to develop on strawberries in
the future as well as M. hapla.

In conclusion, this study adds to an increasing
number of reports showing that crop wild relatives
in general, such as wild strawberry as presented here
or wild potato for example, contain genetic resources
that could contribute to breeding for phytonematode
resistance in modern crops and to a more sustainable
crop production.

Funding Open access funding provided by Agroscope
Declarations

Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Abd-Elgawad, M. M. M. (2019). Plant-parasitic nematodes of
strawberry in Egypt: A review. Bulletin of the National
Research  Centre, 43, 1-13. https://doi.org/10.1186/
$42269-019-0049-2

Bélair, G., & Khanizadeh, S. (1994). Distribution of plant-
parasitic nematodes in strawberry and raspberry fields in
Quebec. Phytoprotection, 75, 101-107. https://doi.org/10.
7202/706056ar

Brito, J. A., Kaur, R., Cetintas, R., Stanley, J. D., Mendes,
M. L., McAvoy, E. J., Powers, T. O., & Dickson, D. W.
(2008). Identification and isozyme characterisation of
Meloidogyne spp. infecting horticultural and agronomic
crops, and weed plants in Florida. Nematology, 10(5),
757-766.

Brown, D. J. F., Dalmasso, A., & Trudgill, D. L. (1993). Nem-
atode pests of soft fruits and vines. In K. Evans, D. L.
Trudgill, & J. M. Webster (Eds.), Plant parasitic nema-
todes in temperate agriculture. (p. 427-462). Wallingford,
UK: CABI Publishing.

Chandler, C. K., Peres, N. A., Whitaker, V. M., Smith, H. A.,
& Brown, S. P. (2009). Growing strawberries in the Flor-
ida home garden. University of Florida IFAS Extension.
Publication# HS1154. Retrieved August 20 2023, from
https://edis.ifas.ufl.edu/publication/hs403

Chen, P., & Tsay, T. (2006). Effect of crop rotation on Meloido-
gyne spp. and Pratylenchus spp. populations in strawberry
fields in Taiwan. Journal of Nematology, 38(3), 339-344.

Chen, X.-R., Brurberg, M. B., Elameen, A., Klemsdal, S. S.,
& Martinussen, 1. (2016). Expression of resistance gene
analogs in woodland strawberry (Fragaria vesca) during
infection with Phytophthora cactorum. Molecular Genet-
ics and Genomics, 291, 1967-1978. https://doi.org/10.
1007/s00438-016-1232-x

Cobon, J. A., & Trott, J. (2004). Resistance of selected strawberry
cultivars to root-knot nematode species (Meloidogyne spp.).
In 'V International Strawberry Symposium, 708, 173-178.

Davila-Negron, M., & Dickson, D. W. (2013). Comparative
thermal-time requirements for development of Meloido-
gyne arenaria, M. incognita, and M. javanica, at constant
temperatures [comparacion de requisitos térmicos para el
desarrollo de Meloidogyne arenaria, M. incognita, and M.
javanica temperatu. Nematropica, 43(2), 152-163.

Duggal, P., Goel, S. R., & Thakur, S. (2018). Life cycle and
Pathogenicity of Meloidogyne incognita on Fragaria
vesca under Polyhouse and screen-house conditions in
Haryana. International Journal of Chemical Studies, 6(3),
2387-2391.

Edger, P. P, VanBuren, R., Colle, M., Poorten, T. J., Wai, C.
M., Niederhuth, C. E., Alger, E. L., Ou, S., Acharya, C. B.,
Wang, J., Callow, P., McKain, M. R., Shi, J., Collier, C.,
Xiong, Z., Mower, J. P., Slovin, J. P., Hytonen, T., Jiang,
N., ... Knapp, S. J. (2018). Single-molecule sequenc-
ing and optical mapping yields an improved genome of

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s42269-019-0049-2
https://doi.org/10.1186/s42269-019-0049-2
https://doi.org/10.7202/706056ar
https://doi.org/10.7202/706056ar
https://edis.ifas.ufl.edu/publication/hs403
https://doi.org/10.1007/s00438-016-1232-x
https://doi.org/10.1007/s00438-016-1232-x

762

Eur J Plant Pathol (2024) 168:757-762

woodland strawberry (Fragaria vesca) with chromosome-
scale contiguity. Gigascience, 7(2), gix124. https://doi.
org/10.1093/gigascience/gix124

Ferris, H., Du Vernay, H. S., & Small, R. H. (1978). Devel-
opment of a soil-temperature data base on Meloidogyne
arenaria for a simulation model. Journal of Nematology,
10(1), 39-42.

Freitas, V. M, Silva, J. G., Gomes, C. B., Castro, J. M., Correa,
V. R., & Carneiro, R. M. (2017). Host status of selected
cultivated fruit crops to Meloidogyne enterolobii. Euro-
pean Journal of Plant Pathology, 148, 307-319. https://
doi.org/10.1007/s10658-016-1090-8

Krezanoski, C. E., Hahn, M. H., Maceda, A., Zawadneak, M.
A. C., Calegario, R. F., & Duarte, H. D. S. S. (2020).
Plant-parasitic nematode survey of strawberry in Parana.
Brazil. Crop Protection, 138, 105338. https://doi.org/10.
1016/j.cropro.2020.105338

LaMondia, J. A. (1999). Effects of Pratylenchus penetrans and
Rhizoctonia fragariae on vigor and yield of strawberry.
Journal of Nematology, 31(4), 418—423.

Molendijk, L. P. G., & van Asperen, P. (2022). Best4Soil Aal-
tjesschema voor het ontwerpen van slimme bouwplannen.
Gewasbescherming, 53(3), 66.

Nyoike, T. W., Mekete, T., McSorley, R., Weibelzahl-Karigi,
E., & Liburd, O. E. (2012). Confirmation of Meloidogyne
hapla on strawberry in Florida using molecular and mor-
phological techniques. Nematropica, 42, 253-259.

Park, S. D., Khan, Z., Yeon, I. K., & Kim, Y. H. (2005). A sur-
vey for plant-parasitic nematodes associated with straw-
berry (Fragaria ananassa Duch.) crop in Korea. The
Plant Pathology Journal, 21(4), 387-390. https://doi.org/
10.5423/PPJ.2005.21.4.387

Perry, R. N., & Moens, M. (Eds.). (2013). Plant nematology.
CAB International.

Ploeg, A. T., & Maris, P. C. (1999). Effects of temperature on
the duration of the life cycle of a Meloidogyne incognita
population. Nematology, 1(4), 389-393.

@ Springer

Porter, M., Fan, Z., Lee, S., & Whitaker, V. M. (2023). Straw-
berry breeding for improved flavor. Crop Science, 63(4),
1949-1963. https://doi.org/10.1002/csc2.21012

Samaliev, H. Y., & Mohamedova, M. (2011). Plant-parasitic
nematodes associated with strawberry (Fragaria ananassa
Duch.) in Bulgaria. Bulgarian Journal of Agricultural Sci-
ence, 17, 730-735.

Shulaev, V., Sargent, D. J., Crowhurst, R. N., Mockler, T. C.,
Folkerts, O., Delcher, A. L., & Folta, K. M. (2011). The
genome of woodland strawberry (Fragaria vesca). Nature
Genetics, 43(2), 109-116. https://doi.org/10.1038/ng.740

Talavera, M., Miranda, L., Gobmez-Mora, J. A., Vela, M. D., &
Verdejo-Lucas, S. (2019). Nematode management in the
strawberry fields of southern Spain. Agronomy, 9(5), 252.
https://doi.org/10.3390/agronomy9050252

Trudgill, D. L., & Perry, J. N. (1994). Thermal time and eco-
logical strategies-a unifying hypothesis. Annals of Applied
Biology, 125(3), 521-532.

Velloso, J. A., Maquilan, M. A. D., Campos, V. P., Brito, J. A.,
& Dickson, D. W. (2022). Temperature effects on devel-
opment of Meloidogyne enterolobii and M. floridensis.
Journal of Nematology, 54(1):20220013. https://doi.org/
10.2478/jofnem-2022-0013

Vestergérd, M. (2019). Trap crops for Meloidogyne hapla man-
agement and its integration with supplementary strategies.
Applied Soil Ecology, 134, 105-110. https://doi.org/10.
1016/j.aps0il.2018.10.012

Wei, W, Hu, Y., Han, Y. T., Zhang, K., Zhao, F. L., & Feng, J.
Y. (2016). The WRKY transcription factors in the diploid
woodland strawberry Fragaria vesca: Identification and
expression analysis under biotic and abiotic stresses. Plant
Physiology and Biochemistry, 105, 129-144. https://doi.
org/10.1016/j.plaphy.2016.04.014


https://doi.org/10.1093/gigascience/gix124
https://doi.org/10.1093/gigascience/gix124
https://doi.org/10.1007/s10658-016-1090-8
https://doi.org/10.1007/s10658-016-1090-8
https://doi.org/10.1016/j.cropro.2020.105338
https://doi.org/10.1016/j.cropro.2020.105338
https://doi.org/10.5423/PPJ.2005.21.4.387
https://doi.org/10.5423/PPJ.2005.21.4.387
https://doi.org/10.1002/csc2.21012
https://doi.org/10.1038/ng.740
https://doi.org/10.3390/agronomy9050252
https://doi.org/10.2478/jofnem-2022-0013
https://doi.org/10.2478/jofnem-2022-0013
https://doi.org/10.1016/j.apsoil.2018.10.012
https://doi.org/10.1016/j.apsoil.2018.10.012
https://doi.org/10.1016/j.plaphy.2016.04.014
https://doi.org/10.1016/j.plaphy.2016.04.014

	Wild strawberry Fragaria vesca as potential source for phytonematode resistance
	Abstract 
	Short communication
	References


