
Seaweed-based products from Ecklonia maxima and Ascophyllum
nodosum as control agents for the root-knot nematodes
Meloidogyne chitwoodi and Meloidogyne hapla on tomato plants

Bruno Massa Ngala1,2,4 & Yirina Valdes2,4,5 & Giovanni dos Santos5 &

Roland N. Perry3,4 & Wim M. L. Wesemael2,4,6

Received: 13 June 2015 /Revised and accepted: 30 July 2015 /Published online: 19 September 2015
# Springer Science+Business Media Dordrecht 2015

Abstract Two commercially available seaweed products, de-
rived from Ascophyllum nodosum (An) and Ecklonia maxima
(Em), were evaluated for their potential as control agents for
the root-knot nematodes, Meloidogyne chitwoodi and
Meloidogyne hapla. The effects of both products on hatching,
host location and penetration by second-stage juveniles (J2)
were examined. Continuous exposure of M. chitwoodi egg
masses to 50 and 100 % An significantly reduced the final
percentage hatch, but this result could not be confirmed. In a
bioassay with pluronic gel, more J2 of M. chitwoodi and
M. hapla were found within the 0.5-cm vicinity of a tomato
root tip after 24- and 6-h pre-exposures to Em, respectively.
On agar plates, J2 of M. chitwoodi pre-exposed to An or Em
showed less attraction to tomato root diffusate compared with
distilled water (DW). Moreover, J2 pre-exposed to An lost the
ability to differentiate repellent and attractant solutions on agar
plates, unlike J2 pre-exposed to Em or DW. A 24-h pre-
exposure to An reduced the infectivity of M. chitwoodi and

M. hapla, whereas pre-exposure to Em enhanced the infectiv-
ity of M. chitwoodi. In a glasshouse pot experiment, treat-
ments with Em reduced M. hapla multiplication on tomato.
For M. chitwoodi, no effect on the number of nematodes per
gram root was seen. The root biomass significantly reduced
for untreated plants infested with M. chitwoodi compared to
Em- and An-treated plants. The results indicate that these sea-
weed products adversely affect hatching and sensory percep-
tion in in vitro assays, but assumptions about in vivo effects
may be unwise as dilutions of the products when applied as
soil drenches may compromise activity.
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Introduction

Plant-parasitic nematodes are responsible for an estimated
US$157 billion in agricultural damage globally on an annual
basis (ScienceDaily 2008). They constitute an exceptionally
complex crop pest to control. The root-knot nematodes
(Meloidogyne spp.) are among the three most economically
damaging genera of plant-parasitic nematodes on horticultural
and field crops (Jones et al. 2013). They are distributed world-
wide and are obligate parasites of the roots of thousands of
plant species, including lower and higher herbaceous and
woody plants (Moens et al. 2009). Meloidogyne incognita,
Meloidogyne javanica , Meloidogyne arenaria and
Meloidogyne hapla are the most important species worldwide,
responsible for 95 % of the root-knot nematode infestations of
cultivated land (Sasser and Carter 1982). Meloidogyne
chitwoodi and Mycobacterium fallax as well as Meloidogyne
enterolobii have recently gained importance as quarantine or-
ganisms or newly emerging and extremely pathogenic

* Bruno Massa Ngala
bngala@harper-adams.ac.uk

1 Harper Adams University, Newport, Shropshire TF108NB, UK
2 Institute for Agricultural and Fisheries Research (ILVO), Burg. Van

Gansberghelaan 96, 9820 Merelbeke, Belgium
3 School of Life and Medical Sciences, University of Hertfordshire,

Hatfield, Hertfordshire AL10 9AB, UK
4 Laboratory of Nematology, Ghent University, K. L. Ledeganckstraat

35, 9000 Ghent, Belgium
5 Departmento de Zoologia, CCB, LACIMME, Universidade Federal

de Pernambuco, Av. Prof. Moraes Rego, 1235,
50670-901 Recife, Pernambuco, Brazil

6 Laboratory for Agrozoology, Ghent University, Coupure links 653,
9000 Ghent, Belgium

J Appl Phycol (2016) 28:2073–2082
DOI 10.1007/s10811-015-0684-4

http://orcid.org/0000-0002-3755-6614
http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-015-0684-4&domain=pdf


species. Damage caused by root-knot nematodes results in
poor growth, loss of quality and yield, as well as reduced
resistance to other stresses (e.g. biotic, abiotic and other dis-
eases) and heavy infestations of root-knot nematodes can lead
to total crop loss (Wesemael et al. 2011).

The management and control of root-knot nematodes have
historically been achieved with the use of crop rotation, plant
resistance and nematicides. However, due to the wide host
range of root-knot nematodes and highly specialized produc-
tion processes in vegetable production, rotational options are
limited. The use of chemical nematicides has reduced due to
increasing concern about pesticide residues and adverse im-
pacts on the environment (Nyczepir and Thomas 2009), and
alternative control methods are needed. Biological control of
plant-parasitic nematodes is promising, but commercial use is
still limited. Control of Meloidogyne spp. has been achieved
with nematophagous fungi and bacteria (Stirling 2014). Also,
arbuscular mycorrhizal fungi, endophytic fungi that grow
within plant tissues without causing disease, can play a pro-
tective role against plant-parasitic nematodes (Hol and Cook
2005).

The discovery of inhibitory substances biosynthesized by
seaweeds dates back to early 1917 (Harder and Oppermann
1953). Pratt et al. (1944) were the first to report antibiotic
activities of algae. Evidence that seaweeds contain cytotoxic
(Rocha et al. 2007), antibacterial (Tuney et al. 2006), antifun-
gal (Aliya and Shamaeel 1999; Tang et al. 2002), antiviral
(Garg et al. 1992; Serkedjieva 2004) and larvicidal compo-
nents (Manilal et al. 2009) has been reported. The secondary
metabolites synthesized by seaweeds demonstrate a broad
spectrum of bioactivity varying from neurologically active in
humans to algicidal, nematicidal, insecticidal and
ichthyotoxicity in lower forms of animals (Smith 2004). Sea-
weed products have also been shown to increase seed germi-
nation, plant nutrients uptake, frost resistance and resistance to
pathogenic fungi (Boot 1964). Tarjan (1977) demonstrated
that extracts of Ascophyllum nodosum can cause a significant
reduction in the number of nematodes and an increase in plant
weight when applied to citrus seedlings infected with
Radopholus similis, compared with water-treated control
seedlings. Commercial extracts of A. nodosum when applied
to the soil effectively controlled Belonolaimus longicaudatus
on centipede grass after 1-month application (Morgan and
Tarjan 1980). A reduction in root galling by M. incognita of
82 to 87 % was observed on tomato after application of a
commercial bio-product containing A. nodosum (Radwan
et al. 2011, 2012). Featonby-Smith and van Staden (1983)
reported a significant reduction of M. incognita infection of
tomato plants with the use of commercially available seaweed
concentrate prepared from Ecklonia maxima. Suppression of
reproduction of Pratylenchus zeae in vitro on an excised root
of Zea mays has also been reported by De Waele et al. (1988)
using the same commercial product.

The present study focused on experiments to compare the
effects of commercially available products of A. nodosum and
E. maxima on hatching, infectivity and host attraction of
M. chitwoodi and M. hapla, and on the growth of tomato
plants in glasshouse conditions.

Materials and methods

Nematode culture

Pure cultures of M. hapla and M. chitwoodi were maintained
on tomato, Solanum lycopersicum cv. Moneymaker grown in
small transparent plastic tubes (120×20×15 mm) in sterilized
(100 °C, 18 h) sandy peat soil under controlled (14-h daylight,
22±6 °C) glasshouse conditions. Freshly hatched (<24 h)
second-stage juveniles (J2) ofM. hapla andM. chitwoodi used
throughout the experiments were extracted 8 weeks after in-
oculation from infected roots by the Baermann funnel tech-
nique (Baermann 1917). When required, egg masses were
carefully hand-picked from the tomato root system under a
binocular stereomicroscope with the aid of a pair of forceps
following a gentle cleaning of the roots under slow-running
tap water.

Glasshouse experiments

The effects of the seaweed products fromE. maxima (Em) and
A. nodosum (An) on the infectivity of theMeloidogyne species
on tomato plants were examined under controlled glasshouse
conditions (14-h light, 22±6 °C). Seeds of S. lycopersicum cv.
Moneymaker were germinated on seedling trays. Seedlings
were transplanted at the four-leaf stage into 1.7-L pots con-
taining organic soil (Peat, 20 % OM, pH 5.0–6.5, NPK 12-14-
24, Saniflor, Belgium). The experimental setup consisted of
six treatments: M. chitwoodi , M. chitwoodi +An,
M. chitwoodi+Em, M. hapla, M. hapla+An and M. hapla+
Em. Each treatment consisted of five replicates, and pots were
arranged in a fully randomized design.

The two seaweed concentrates used were Kelpak (Kelp
Products (Pty) Ltd, Simon’s Town, South Africa) and
OSMO® (OSMO® International NV, Diksmuide, Belgium).
Kelpak (Em) is prepared by a cell-burst process from the
brown alga E. maxima. OSMO® liquid fertilizer (An) is an
aqueous alkaline extract produced from the brownmarine alga
A. nodosum. Dilutions for the solutions used were 10 mL and
5 mL L−1 for Em and An, respectively. These concentrations
are recommended by the manufacturers for application to
plants as a soil drench for growth enhancement. One hundred
milliliters of the solutions were applied to the seedlings at
transplanting and thereafter every 5 days for the first 20 days.
This was followed by 200 mL at the same time interval with
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in-between application of tap water following the increased
moisture requirement by the plants as they grew.

Nematode inoculations were done 2 weeks after
transplanting of the seedlings by boring small holes around
the active growing root region into which nematodes were
inoculated with the aid of a micro pipette; approximately
4000 J2 per pot were used for each treatment.

Plants were harvested 2 months after inoculation. The bio-
mass of the shoot and root was determined as well as the
length of the above-ground plant parts. Nematodes were ex-
tracted from the roots of inoculated plants with the Hendrickx
zonal centrifuge (Hendrickx 1995). Roots were carefully
washed and macerated for 1 min before centrifugation. The
number of juveniles, eggs, females and males were counted
with the use of a binocular stereomicroscope. Data was log10
transformed to normalize residuals and statistically analysed
using analysis of variance (one-way ANOVA). Significant
differences were reported using least significant difference
(LSD) test (P<0.05).

Hatching assays

To examine the effect of An or Em on hatching of J2, egg
masses ofM. chitwoodi and M. hapla were immersed in 100,
50, 25 or 10 % concentrations of each seaweed product.
Young egg masses of both species were carefully removed
from heavily infected tomato roots. Five egg masses were
placed on a 48-μm sieve that retained the egg masses while
hatched J2 could easily move through the sieves. The sieves
containing the egg masses were inserted into small plastic
tubes each containing 4 mL of the test solutions while distilled
water (DW) was used as control. The tubes were capped while
tiny holes were perforated on the caps to allow for ventilation
and incubated at 20±1 °C. The solutions were refreshed at a 4-
day interval, and the number of hatched J2 were counted and
recorded. The hatching of J2 was monitored until the number
of hatched J2 at each count was fewer than five for individual
replicates. To check for reversible effects after treatment, all
the sieves with the egg masses were transferred into distilled
water and monitored for 8 days and the number of J2 that
hatched were counted. The remaining un-embryonated eggs
or unhatched juveniles were counted at the end of the exper-
iment after the egg masses had been carefully transferred into
counting dishes, covered with 3 mL of 10 % sodium hypo-
chlorite and homogenized to dissolve the gelatinous matrix
and liberate the eggs. Each treatment for the hatching assay
was replicated four times. The experiment was repeated for
M. chitwoodi following the same concentrations of An and
Em but with ten replicates of a single egg mass.

Hatching data obtained for bothM. chitwoodi andM. hapla
were fitted to the logistic model y=c/(1+exp(−b×(time−m))),
where y is the cumulative percentage hatch. The model is
described by three parameters: the time at which 50 % hatch

is reached (m), the hatching rate (b) and the final hatching
percentage (c) (Oude Voshaar 1994). These parameters were
calculated for all the replicates of the treatments separately and
subjected to one-way ANOVA. Observations were reported as
significant or non-significant using the LSD test (P<0.05). As
hatching parameters data did not fulfil the assumptions for
ANOVA, data was subjected to analysis of variance using
the non-parametric Kruskal-Wallis andMann-WhitneyU tests
for significant differences among the treatments (P<0.05).

Infectivity of J2 after pre-exposure to the seaweed
products

Freshly hatched J2 of M. chitwoodi and M. hapla were pre-
exposed to either 10 mL L−1 An, 5 mL L−1 Em or DW
(control) for 6 or 24 h prior to inoculation on tomato cv. Mon-
eymaker seedlings (four-leaf stage) grown in small transparent
plastic tubes (120×20×15 mm) in sterilized (100 °C, 18 h)
sandy soil. Each treatment had approximately 200 J2, and the
plants were kept in a growth chamber under controlled tem-
perature (20±1 °C), humidity (70 %) and light (14 h), with
daily application of water using a jet spray to maintain the
moisture content of the soil. The concentrations used in this
experiment were the recommended rate by the product sup-
pliers (10 and 5 mL L−1 for An and Em, respectively), and
each treatment was replicated five times. The number of nem-
atodes that penetrated the roots was determined 10 days after
inoculation. The tubes were soaked in water, and the soil was
carefully washed from the roots. Nematodes inside the roots
were stained with fuchsin acid as described by Byrd et al.
(1983) and counted under a binocular stereomicroscope. Data
were analysed by one-way ANOVA and results reported as
significant or non-significant using the LSD test (P<0.05).

Orientation of J2 after pre-exposure to the seaweed
products

The effect of the seaweed products on the orientation of
M. chitwoodi and M. hapla juveniles towards tomato roots
was examined in vitro. Pluronic F-127 gel (NF Prill
Poloxamer 407, BASF) was prepared according to Wang
et al. (2009). Seeds of tomato were germinated by placing
them on moist filter paper in the dark for 1 week. Petri dishes
(5.5 cm diameter) were half-filled with the pluronic gel, one
seedling of tomato was placed on the centre of each plate, and
the gel was allowed to solidify at room temperature. Six hours
after the seedlings were placed in the gel, approximately 200
freshly hatched J2 of each Meloidogyne species, which had
been pre-exposed to the test products (DW, An or Em) for 6 or
24 h as previously described, were inoculated onto the gel at
the edge of the Petri dish. The setup (Fig. 1a) was incubated
for a further 20 h in the dark at room temperature before the
number of nematodes within the 0.5 cm area of the root was
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determined. Each treatment was replicated five times. Data
were analysed statistically by one-way ANOVA and results
reported as significant or non-significant using the LSD test
(P<0.05).

In a second experiment, the orientation of J2 of
M. chitwoodi towards a known attractant (tomato root
diffusate (TRD)) and repellent (acetic acid) was examined
after pre-exposure to Em and An for 24 h. Petri dishes (5.5-
cm diameter) filled with 4 mL water-agar (1 %) were divided
in four quadrants. Two opposite quadrants were considered
neutral quadrants as no test solution was added. For the other
two opposite quadrants, the attractant, repellent or DW
(control) were added with a disc (0.5 cm diameter) of filter
paper saturated with the solutions. After 2 h, to allow the
solutions to be absorbed by the water-agar and a gradient to
be formed, 15 J2 pre-exposed to Em, An or DW were placed
in the centre of the Petri dish (Fig. 1b). After incubation for 2 h
in darkness at 21±1 °C, the movement of the J2 in the water-
agar was observed by counting their numbers in the different
quadrants. Each treatment was replicated five times, and data
were analysed with the G test for goodness of fit (Sokal and
Rohlf 1995).

Results

Glasshouse experiments

The treatment ofMeloidogyne-infected tomato plants with An
or Em reduced root damage by the nematodes when compared
with untreated plants that were infected with M. chitwoodi
only (F=6.59, P=0.005) (Fig. 2). However, the shoot biomass
was similar between treatments (F=0.07, P=0.93) as was
shoot length (F=0.12, P=0.89). The different treatments had
an effect on the number of nematodes per gram root (F=6.45,
P<0.05). Generally, the population of M. hapla per gram of
root was higher when compared with M. chitwoodi (Fig. 3).
Root galls caused byM. chitwoodiwere not easily visible with
the naked eye, unlike those caused by M. hapla which were

large and distinct. ForM. chitwoodi, application of Em or An
gave a lower number of nematodes per gram root than the
control but this was non-significant. In contrast, forM. hapla,
a significant lower number of nematodes per gram root were
found after application of Em compared to the control and the
An treatment.

Hatching assays

Exposure of the egg masses of M. hapla and M. chitwoodi to
the seaweed products had no significant effect (P<0.05) on
the hatching process (Fig. 4). For both species, there was no
difference between treatments in the final hatching percent-
age, rate of hatching as well as the time at which 50 % hatch
was attained (Table 1). On average, the final hatching percent-
age ofM. chitwoodi was higher than that ofM. hapla. Subse-
quent transfer of the egg masses from the respective treat-
ments with An or Em into DW after eight successive counts
at 4-day intervals did not induce additional hatch for both
Meloidogyne species (Tables 2 and 3).
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Fig. 1 Illustrations of attraction assay with a pluronic gel and b water-
agar to assess the orientation of Meloidogyne chitwoodi and M. hapla
second-stage juveniles (J2) after exposure to distilled water,

Ascophyllum nodosum or Ecklonia maxima. Quadrants in b delimit the
positions of the nematodes on the neutral zone or in the zones with test
solutions (water, repellent or attractant)
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Fig. 2 Means±SE of root (■) or shoot (□) biomass of tomato plants for
the glasshouse pot experiment following infestation with either
Meloidogyne chitwoodi (Mc) or M. hapla (Mh) and treatments with
different seaweed extracts from Ascophyllum nodosum (An) or Ecklonia
maxima (Em). Significant differences (P<0.05) are marked with different
letters according to LSD test
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In the repeated experiment with M. chitwoodi, there was a
significant reduction in the percentage of hatched J2 when egg
masses were exposed to 100 and 50 % An (Fig. 5). Hatching of
M. chitwoodi in 100 % An (10 mL L−1) was delayed for 8 days
and commenced slowly afterwards, with a significantly lower
percentage hatch as compared to DW control. There was no
significant effect on hatching in 10 and 25 % concentrations of
An and in all treatments with Em.

Infectivity of J2 after pre-exposure to the seaweed
products

When pre-exposed to the two seaweed products and DW for 6 h,
there were no significant differences in the number of J2 of
M. chitwoodi that infected the plants (Fig. 6a). After a 24-h
pre-exposure to the two seaweed solutions, there was a signifi-
cant reduction (P<0.05) in the number of J2 ofM. chitwoodi that
infected the plant compared with infectivity in the distilled water
control treatment (Fig. 6a). However, the reduction achievedwith
pre-treatment with An was much greater than with Em.

A 6-h pre-exposure of the J2 ofM. hapla did not show any
significant difference between the treatment with An and DW,
but the treatment with Em demonstrated an unexpected in-
crease in the number of J2 that infected the plants (Fig. 6b).
After a 24-h pre-exposure to An, there was a significant re-
duction (P<0.05) of the number of M. hapla J2 that infected
the tomato plant roots in relation to Em treatment (Fig. 6b).

Orientation of J2 after pre-exposure to the seaweed
products

In vitro bioassay with pluronic gel The number of J2 found
within the 0.5 cm area of the root after a 6 h pre-exposure of the

J2 ofM. chitwoodi did not differ significantly between the treat-
ments (Fig. 7a).When exposed to the test solutions for 24 h prior
to inoculation, there was a significant increase (P<0.05) in the
number of J2 ofM. chitwoodi that could be seen within the 0.5-
cm area of the root for the treatments with Em (Fig. 7a). A similar
situation was observed for M. hapla, but unlike M. chitwoodi,
there was an increase in the number of J2 ofM. haplawithin the
0.5-cm area after a 6 h pre-exposure time (Fig. 7b). Treatments
with DW control and An both resulted in low numbers of J2 that
could reach the 0.5 cm area around the root for M. hapla. The
number was much lower for J2 pre-exposed for 24 h to An than
those pre-exposed to DW, although the difference was non-
significant (Fig. 7b).

In vitro bioassay on water-agar plates For all the treatments,
the number of J2 moving around the Petri dish was significantly
higher than the number of nematodes that remained located at the
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chitwoodi (Mc) or M. hapla (Mh) and treatments with different seaweed
extracts from Ascophyllum nodosum (An) or Ecklonia maxima (Em).
Significant differences (P<0.05) are marked with different letters
according to LSD test
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Fig. 4 Cumulative hatching curves for Meloidogyne chitwoodi (a) and
M. hapla (b) in different concentrations of Ascophyllum nodosum (An) or
Ecklonia maxima (Em) with distilled water (DW) as control based on the
means±SE of the test parameters: the time at which 50 % hatch was
attained (m), the hatching rate (b) and the final hatching percentage (c)
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inoculation point in the Petri dish (GT>11.1, P<0.05). The ori-
entation towards water, attractant or repellent solutions was de-
termined based on the J2 thatmoved out of the centre of the plate.
For the control plates, there was no significant difference in the
number of juveniles that moved to the water quadrants or to the
neutral quadrants (GT<11.1, P>0.05) (Fig. 8a). However, in
plates with the attractant, only the nematodes that were pre-
exposed to DW represented a significantly higher migration to-
wards the root diffusate gradient (GT>11.1, P<0.05). A similar
number of nematodes pre-exposed to An moved to the attractant
and neutral quadrants while for those J2 pre-exposed to Em, the
migration was significantly higher towards the neutral quadrants
(GT>11.1, P<0.05) (Fig. 8b). The orientation in agar plates with
a repellent solution revealed that a significantly higher number of
J2 pre-exposed to DWand Emmoved towards the neutral quad-
rants, whereas nematodes pre-exposed to Anmoved either to the
acetic acid or the neutral quadrant of the plates (GT<11.1,
P>0.05) (Fig. 8c).

Discussion

Awide range of beneficial effects of seaweed extract applica-
tions on plants, such as improved crop performance and yield,
early seed germination and establishment, enhanced post-

harvest shelf-life of perishable products, and elevated resis-
tance to biotic and abiotic stress have been well documented
(Beckett and van Staden 1989; Hankins and Hockey 1990;
Blunden 1991; Norrie and Keathley 2006). Genard et al.
(1991) attributed yield enhancement effects due to improved
chlorophyll content in leaves of various crop plants treated
with seaweed to the betaines present in the extract. Observa-
tions from the glasshouse pot test in the present study are a
confirmation of previous findings by Featonby-Smith and van
Staden (1983) that seaweed concentrates improve the growth
of nematode-infected tomato plants. In the present study, there
were no statistical differences in the length and fresh weight of
the above-ground plant parts but visible differences between
treatments in the aerial plant parts were observed.

Although there have been a number of reports demonstrat-
ing significant reductions of the level of root-knot nematodes
attack on plants treated with seaweed extract from An and Em
(Featonby-Smith and van Staden 1983; Crouch and van
Staden 1993; Whapham et al. 1994; Wu et al. 1997; Radwan
et al. 2011, 2012), the experiments have mostly been done on
tropical root-knot nematode species. In the present study, to-
mato roots were challenged with the temperate root-knot nem-
atodes M. chitwoodi and M. hapla. No significant difference
between treatments in the level of attack on the root of the
tomato plants by M. chitwoodi upon application as a soil
drench of the two seaweed products used was seen. However,
treatments with Em and An gave a lower number of
M. chitwoodi per gram of root compared to the control. This
difference can be allocated to the higher root biomass after

Table 1 Coefficients of the logistic model describing the cumulative
hatching curve of J2 ofMeloidogyne chitwoodi andM. hapla in distilled
water (DW), Ecklonia maxima (Em) and Ascophyllum nodosum (An) at
10, 25, 50, and 100 % concentrations. Function: y= c/(1 +

exp(−b×(t−m))). Mean±the standard deviation of the time (t) at which
50 % hatch is reached (m), the hatching rate at the time (t) at which 50 %
hatch is reached (b) and the final hatching percentage (c)

M. chitwoodi M. hapla

Treatments c b m R2 c b m R2

DW 97.38±1.19 0.20±0.03 19.00±0.71 0.99 85.74±5.05 0.22±0.03 24.50±3.23 0.98

Em 10 % 97.84±0.65 0.21±0.02 18.70±0.84 0.99 88.59±3.07 0.24±0.02 22.25±3.28 0.99

Em 25 % 94.70±1.52 0.19±0.03 20.50±1.19 0.99 74.03±6.19 0.16±0.01 21.25±4.46 0.99

Em 50 % 95.17±1.22 0.21±0.07 18.58±2.04 0.99 78.59±8.15 0.18±0.01 19.75±2.59 0.99

Em 100 % 92.12±5.10 0.15±0.01 19.25±0.75 0.99 74.80±10.98 0.22±0.04 20.75±3.77 0.98

An 10 % 93.38±4.38 0.22±0.03 21.13±1.01 0.99 80.81±7.11 0.19±0.01 19.38±3.56 0.99

An 25 % 89.31±6.91 0.16±0.04 19.67±0.88 0.98 83.86±4.91 0.17±0.02 22.75±3.22 0.98

An 50 % 88.27±4.62 0.21±0.03 21.00±1.91 0.99 72.74±8.63 0.17±0.02 23.75±4.91 0.98

An 100 % 91.29±5.85 0.19±0.03 21.50±2.33 0.99 84.83±8.18 0.24±0.03 19.75±9.01 0.98

Table 2 F and P values for the parameters of the cumulative hatching
curve (see Table 1) for Meloidogyne chitwoodi and M. hapla

M. chitwoodi M. hapla

Parameters F value P value F value P value

c 0.71 0.68 0.61 0.76

b 0.66 0.72 1.59 0.17

m 0.61 0.76 0.16 0.99

Table 3 F and P values
for infectivity and gel
bioassay

Experiment F value P value

Gel bioassay 12.829 0.0

Infectivity 7.387 0.0
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application of Em and An. For M. hapla, a significant lower
number of nematodes per gram root were found in the treat-
ment with Em. There was no difference in root biomass be-
tween treatments for M. hapla, so other factors must have
been influencing this result. The number of M. hapla that
infected the tomato plants was consistently higher than
M. chitwoodi for all treatments with the two seaweed products
and the DW control. The reason for this is unclear, although
differences in biology, for example temperature preferences
for activity, may have been influential.

In many species of plant-parasitic nematodes, the hatching
behaviour is considered an essential component of the life
cycle for optimizing the chances of successful infection by
synchronization with host availability (Perry 2002).
Meloidogyne chitwoodi and M. hapla have a remarkable dif-
ference in this aspect of their biology. It has been shown (San-
to and O’Bannon 1981) thatM. chitwoodi is able to reproduce
at lower soil temperatures than M. hapla. However, Inserra

et al. (1983) had demonstrated that temperatures of approxi-
mately 15, 20 and 25 °C give similar effects on the hatch of
both species. Themaximum-percentage hatch obtained during
the present study was higher forM. chitwoodi (98 %) than for
M. hapla (85 %). The high-percentage hatch obtained in DW
confirms that Meloidogyne hatch spontaneously in water un-
der favourable environmental conditions (Perry 1997). Inserra
et al. (1983) showed that root diffusates of tomato, potato and
wheat did not increase hatch of M. chitwoodi and M. hapla.
However, recent findings by Perry and Wesemael (2008)
show exceptions, suggesting that responses to root exudates
may be more important than previously realized. This is sup-
ported by a more recent study by Oka and Mizukubo (2009)
who demonstrated an increased number of J2 ofM. incognita
that hatched in hydroponic culture media in which tomato and
okra had been grown as compared with those in water or fresh
culture medium. In our study, reduction in hatching has been
clearly demonstrated by the 100 and 50 % concentrations of
An compared with the DW control treatment in the repeated
experiment withM. chitwoodi. This, together with the amount
of reduction in the number of J2 that infected the tomato plant
root after a 24-h pre-exposure to An, confirms previous re-
ports (Whapham et al. 1994; Wu et al. 1997, 1998; Radwan
et al. 2011, 2012) that extracts from this seaweed product
reduce infection of tomato plants by J2 of Meloidogyne spp.
However, in the first experiment, no differences in hatching
were seen between treatments. As experiments were separated
in time, the condition of the egg masses might have been
different. Wesemael et al. (2006) showed that for
M. chitwoodi, hatching behaviour is influenced by the condi-
tion of the host plant. Preliminary experiment had shown that
the seaweed extract has no toxic effect on the J2 upon expo-
sure to the product for a longer period of time and this con-
firms an earlier report by Wu (1996). In addition, the fact that
hatched J2 after being in the product for 4 days were still
actively moving is an additional support. Whapham et al.
(1994) showed that J2 of M. javanica hatched directly into
seaweed extract from An had a greatly reduced level of attack
on tomato plant roots. The role of extract of the seaweed

M. chitwoodi
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products on hatching and infectivity therefore can be consid-
ered as an indirect effect. A variety of enzymes, including
lipase, proteinase and chitinase, are involved in the hatching
process of nematodes (Perry 1997). The extract of An consists
of a variety of compounds, and some of these compounds
could possibly have interacted with and interrupted activities
of the enzymes that are correlated with the hatching percent-
age; these enzymes are capable of increasing the flexibility of
the egg shell (Perry et al. 1992), which is a characteristic for
hatching of these Meloidogyne spp.

Migration by root-knot nematodes through the soil can be
limited or stopped by adverse conditions ofmoisture, porosity,
oxygen availability, toxins and temperature (Curtis et al.
2009). Sandy soils are well known as a good medium for
root-knot nematodes, and low compaction of the soil appears
to favour the movement of these nematodes (Eo et al. 2007).
In the bioassaywith pluronic gel on Petri dishes, the behaviour
of both Meloidogyne spp. are in some cases consistent with
their infectivity after prior exposure to the seaweeds products.
Meloidogyne chitwoodi appeared to be more attracted to the
roots on both the gel and in sandy soil after a 24-h pre-
exposure to Em, even twofold more than the DW control in
the attraction test. The same holds for M. hapla, but unlike
M. chitwoodi, M. hapla was more attracted to the root after a
6-h pre-exposure to Em. This could either be due to the fact
that the J2 became adapted to the conditions in the solution
after the said time period or that this seaweed product has
some chemical properties that enhance sensory perceptions
of the roots by the nematodes after these time periods. Perry
(2005) provided a useful generalized framework to visualize
attractants by classifying them as long-distance, short-distance
and local attractants. Root-knot nematodes are said to be
attracted to the root area by long-distance attractants. Short-
distance attractants attract the nematodes to the roots them-
selves while local attractants are responsible for orientation to
the preferred invasion site by endoparasitic nematodes. Early
in vitro experiments demonstrated the attraction of nematodes
to the roots as well as within sand to the zones where the roots
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had been growing (Prot 1980). Wang et al. (2009) using
in vitro assayswith pluronic gel demonstrated thatM. javanica
and M. incognita moved to the roots much more rapidly than
M. hapla. However, it could be that the two tropical root-knot
nematodes were more favoured by the temperature of the gel
than the northern root-knot nematode. Pluronic gel becomes
semi-solid at room temperature while at temperatures below
20 °C, it is in the liquid state when concentrated at 20–30 %.
They also found aggregations of J2 when the nematodes were
in contact with root tips, indicating that a signal from the root
is involved in the attraction. In the present study, a similar
situation was observed in treatment with Em. Wang et al.
(2009) suggested that lower oxygen or a volatile attractant is
involved in this aggregation behaviour. Perhaps, the absence
of these type of signals might be one of the reasons for the
results obtained in agar plates, where M. chitwoodi treated
with Em and An were not clearly attracted by tomato root
diffusate and moved towards the neutral quadrants. Although
the importance of root diffusates on the orientation of endo-
parasitic nematodes to the host roots is well known (Perry
1997), it could be seen through the result of this study that
other factors directly related to the presence of the host by
itself can strengthen the signal for the nematode orientation
and migration to the host. In addition, it was unclear if the
diffusion of the attracting components of TRD in the agar was
somehow restricted by the agar medium itself. It is possible
that changing the attractant from TRD to a tomato seedling or
increasing the time for the agar to absorb the test solutions
would result in a better nematode chemoreception. Juveniles
exposed to An and Em could sense the presence of a repellent
in the agar. The fact that nematodes treated with DWand Em
migrated significantly more to the neutral quadrants confirms
that sensory perception was not disrupted by the exposure to
the seaweed extracts. The responses to this type of
allelochemicals are mediated by organs such as amphids,
which are situated laterally on either sides of the mouth and
are the primary chemosensory organs of nematodes (Riga
et al. 1995).

Seaweed extracts from A. nodosum used as a soil drench in
the glasshouse pot test to improve the growth ofMeloidogyne-
infected tomato as well as reduction in hatch and inhibition of
infectivity of J2 in vitro have been clearly demonstrated. How-
ever, the level of control achieved with these applications
alone may be insufficient under normal agricultural condi-
tions, and thus, such treatments would have to be incorporated
into an integrated control programme. This would include
other nematode control measures, for example, the addition
of organic supplements to the soil (Radwan et al. 2011) and
the sustainable use of nematicides.

Growth enhancers are mostly developed without assess-
ment of possible effects on pests and diseases. Only when
marketed, products will be tested for these aspects to create
an added value. Both companies and science would benefit if

crop protection properties would be included from the begin-
ning. Further research and development of biological control
methods must be given high priority, and people in general
and farmers in particular should be educated about the risk
associated with the handling and use of chemical nematicides.
The general public is advised to demand farm products where
chemical nematicides application is minimal or absent. All
these will lead to a general enlightenment about the benefits
of bio-based products and integrated approaches thereby com-
pelling policy makers to take decisions that would reduce the
use of chemical nematicides and increase the use of a green
substitute.
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