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ABSTRACT
Worldwide, both root-knot (Meloidogyne species) and sugarcane aphid (Melanaphis
sacchari Zehntner), are economic pests on sugarcane and sorghum crops. In most
cases, each of the two pests is managed using host plant resistance due to the
economic benefits derived from this management strategy. The highly nematode
resistant sweet stem sorghum (Sorghum bicolor L.) cv. 'Ndendane-X1' used in ethanol
production, is highly sensitive to sugarcane aphid, with some indication that the latter
could interfere with nematode resistance in the sorghum cultivar. This study had four
objectives which collectively intended to investigate the interactive effects of infection
by three Meloidogyne species and infestation by aphid under different conditions on
resistance to nematode in a nematode-resistant sorghum cultivar. The research
objectives were achieved through four trials. In each trial a 2 x 2 factorial experiment,
each with and without nematode and aphid as first and second factors, respectively,
were conducted. Treatments were arranged in a randomised complete block design,
with six replications, and each experiment validated in time. At 150 days, after
emergence, the nematode x aphid interaction significantly reduced sucrose by 17, 74
and 42% in Meloidogyne enterolobii, Meloidogyne incognita and Meloidogyne javanica
trials, respectively. Aphid infestation of sorghum significantly increased the
reproductive potentials of the three respective Meloidogyne species by 196, 320 and
152%, but significantly, reduced plant growth variables from 20-44 and 48-51% in two
respective trials. The mineral nutrients S and Zn were reduced in leaf tissues of the
test cultivar in Trial 1, whereas Ca and Zn were respectively reduced by 24 and 51%
in Trial 2 and by 52 and 51% in Trial 3. Since the reproductive potential values for
Meloidogynge species on the test sorghum cultivar were greater than unity and

nematode infection reduced the plant variables, cv. 'Ndendane-X1' lost resistance to
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the test Meloidogyne species. In achieving Objective 2, procedures were similar to
those in Objective 1 except that the study was conducted under field conditions under
mixed nematode populations of M. enterolobii, M. incognita and M. javanica. Sorghum
seedlings were raised at 0.3 m x 0.3 m inter and intra row spacings. Soon after
emergence, plants were thinned to one per station, randomly selected for nematode
and nematode-aphid treatments. Mixed populations of Meloidogyne species (M.
enterolobii, M. incognita and M. javanica) at approximately 1:1:1 (v/v) ratio were
applied at 300 eggs + J2 per plants after thinning at the five plants which were used
as nematode alone treatments. The latter were also infested with 20 sugarcane aphids
to constitute a nematode + aphid treatments. Buffer zone plants separating the
treatments were monitored for aphids and stock borer, which were sprayed when
necessary. At 150 days after infestation, relative to nematode alone, nematode-aphid
significantly reduced degrees Brix from 13% to 61%, but significantly increased the
reproductive potential of mixed Meloidogyne species and root galls by 279 and 199%,
respectively. Also, the combined effect significantly reduced plant growth variables
from 35 to 55% and the mineral nutrient elements in leaf tissues of the cultivar from
33 to 73%. At 150 days after the treatment, the second and first order interaction
(Nemarioc-AL x Nemafric-BL x Mordica and Nemafric-BL x Mordica) had significantly
increased sucrose content from 48 to 66%, increased plant growth variables from 49
to 163%, increased accumulation of certain nutrient elements from 164 to 206%. The
terpenoid-containing phytonematicides could have potential future application in the
husbandry of ethanol-producing sweet stem sorghum cultivars in relation to increasing
sucrose above the 16% minimum for premium delivery fees and increased plant
growth. Under field conditions, in pest-free condition (Objective 3), drenched

terpenoid-containing phytonematicides significantly increased sucrose content at

XX



middle and bottom part of SSS cv. 'Ndendane-X1' by 66 and 48%. However, these
products did not significantly increase plant variables, except tiller number, which was
increased by 163 under first order interaction from Nemafric-BL and Mordica
phytonematicides. Similarly, nutrient elements variables had generally not been
increased by the interaction of these products, except Ca and K, which were increased
by 206 and 164%. In achieving Objective 4, a 2 x 2 x 2, with the first, second and third
factor being Nemarioc-AL (with and without), Nemafric-BL (with and without) and
Mordica (with and without) phytonematicides, respectively. on sorghum cultivar
infected with a mixture of Meloidogyne species and infested with aphids, under
microplot conditions, untreated control sucrose content remained below the standard
of 16 degrees Brix, whereas the second order interaction increased the variable far
above the standard, along with various plant growth variables also increased.
However, both nematode and aphid population densities were significantly reduced by
the interactions. Findings in this thesis constituted the first report where aphid
infestation broke resistance to Meloidogyne species in sweet stem sorghum cv.
'‘Ndendane-X1'. Therefore, the successful use of nematode resistance in the cultivar
in areas with high nematode population densities would depend upon the effective
management of the sugarcane aphid population densities. Also, the three terpenoid-
containing phytonematicides would when combined or used alone have the potential
future in the husbandry of sweet stem sorghum cultivars intended for ethanol

production and suppression of nematode population densities.
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CHAPTER 1
GENERAL INTRODUCTION TO RESEARCH PROBLEM

1.1 Introduction

Plant defence systems such as host resistance are dependent upon physiological
activities that produce either primary or secondary metabolites, which manifest
through the availability of energy and organic carbon (Narayani and Srivastava, 2017).
Primary metabolites such as carbohydrates, vitamins, proteins (or amino acids) and/or
mineral elements, have their accumulation being reliant on solar energy captured
through photosynthesis (Bisen et al., 2012). Roots as sources for most primary
metabolites are dependent upon leaves for photosynthates, whereas leaves are
dependent upon roots for water and minerals, all of which constitute mutual
interdependencies (Wardlaw, 1990). Such interdependencies are important in pest-
plant interactions, particularly when pests simultaneously infest leaves and roots, with
aphids and nematodes being examples. Aphids (Hemiptera: Aphidoidae), mites
(Arthropoda: Tetranychidae), mealybugs (Hemiptera: Pseudococcidae), greenhouse
whiteflies (Scientific name: Trialeurodes vaporariorum Westwood) and scale insects
(Hemiptera: Coccoidea), are phloem-feeders, with mouth parts transformed into
stylets with lumens, which are inserted into phloem vessels to suck sucrose, thus, the
name, sucking insects. In plants, sucrose as a product of photosynthesis is
translocated from photosynthesising organs to sinks (Salisbury and Ross, 1992).
During feeding, due to high turgor pressure inside the phloem vessels (Salisbury and
Ross, 1992), sucrose is lost as honeydew, which is eventually covered by sooty mould
on plant surfaces (Singh et al., 2004). The mould further reduces the photosynthetic
area and capacity of the affected plant surfaces. Sucrose losses could affect plant

defence systems, which are dependent upon primary metabolites (Mashela et al.,



2016). Subsequently, factors such as climate, pests, poor cultural practices, soil type

and water quality, could affect plant defence systems.

Climate change predictions suggested that most plant pests would experience
significantly reduced ontogenies due to high temperatures by the year 2030 (Both et
al., 2009). Therefore, most plant pests, including nematodes, would have high
population densities and probably with increased aggressiveness due to inter- and
intra-specific competition for space and food (Walther et al., 2002). In crop husbandry,
plants with resistance to pests would be much preferred as management strategy
since most of the previously preferred pesticides had been withdrawn from the
agrochemical markets due to their being environment-unfriendly (Mashela et al.,
2015). However, increasing temperatures would not only affect the ontogenies of plant
pests, but would also affect plant resistance as shown in resistance to the root-knot
(Meloidogyne species) nematodes in the late 1960s. During that time, Dropkin (1969)
observed that when 3-day-old tomato seedlings with Mi-1 resistance were exposed to
temperature above 33°C for four days after inoculation with Meloidogyne species and
retained at 27°C for 1 month, nematode resistance was completely lost. That
constituted the first record which showed that highly nematode resistance in plants
could be compromised by environmental factors, with numerous confirmations
(Mashela et al.,, 1992). Various predictions suggest that with global warming,

temperatures, by 2030, would be as high as 38°C inland South Africa.

Twenty-three years later, Mashela et al. (1992) demonstrated that exposure of

nematode resistant citrus seedlings to cyclic salinity broke resistance to the citrus



nematode (Tylenchulus semipenetrans Cobb 1913). Incidentally, global-warming with
high incidents of flooding and high evapotranspiration, would be characterised by
repeated incidents of cyclic salinity. Actually, citrus-producing regions with cyclic
salinity such as south-eastern Florida, USA, have high population densities of T.
semipenetrans (Duncan et al.,, 1995). After demonstrating that wild watermelon
(Cucumis africanus L.F.) and wild cucumber (Cucumis myriocarpus Naude.) were
highly resistant to thermophilic Meloidogyne species such as M. incognita and M.
javanica (Pofu et al., 2010). Later, Liu et al. (2015) confirmed that C. africanus was
higly resistance to Meloidogyne species, whereas C. myriocarpus was moderately
resistant to the test nematode. Interestingly, Pofu et al. (2011) observed that T.
vaporariorum broke resistance to M. javanica in C. africanus under greenhouse
conditions. In an overview on plant genes involved in nematode resistance in
transgenic plants (Mashela et al., 2017a), emphasis was on illustrating that all
chemical compounds involved in plant genes that confer nematode resistance in
plants have their origin from photosynthates. Consequently, any factor that could
disturb the abundance and/or availability of the photosynthates, might result in the loss

of resistance to nematodes.

Highly nematode-resistant sorghum cv. 'Ndendane-X1' genotype, was observed to be
highly susceptible to sugarcane aphids (Mashela and Pofu, 2016). Sweet stem
sorghum (Sorghum bicolor L.) belongs to Poaceae family and has dual uses for food
(grain) and biofuel (stalk) production as a substitute for fossil energy (Mashela and
Pofu, 2016). The plant attained international attention since future use over fossil-fuel
energy was deemed to be one of the major contributors to the formation of greenhouse
layer (Kamrun, 2011; Reddy et al., 1995). Sweet sorghum has high sugar content (Lee

3



and Bressan, 2006), with degrees Brix (°Bx) ranging from 14 to 23% (Vinutha et al.,
2014). The recommended minimum °Bx for biofuel production in sorghum cultivars is

16% and above (Tran et al., 2017).

1.2 Problem statement

A highly nematode-resistant sweet stem sorghum (SSS) cv. 'Ndendani-X1' was
identified in South Africa as being suitable for the production of ethanol for biofuel due
to its high sucrose content (Mashela and Pofu, 2016). However, preliminary
observations under field conditions suggested that the cultivar was highly susceptible
to damage by sugarcane aphid (Melanaphis sacchari Zehntner), which is also widely
spread in sugarcane fields in South Africa. Since cv. 'Ndendani-X1' was highly
resistant to various Meloidogyne species (Mabuka, 2013), the observation that it was
sensitive to aphids was in agreement with the principle that the plant genes that confer
nematode resistance in pest-plant relations do not necessarily confer insect resistance
or vice versa (Mashela et al., 2016). Due to energy-demanding nature of nematode
resistance, whether pre-infectional or post-infectional nematode resistance (Kaplan
and Davis, 1987), the efficacy of resistance is exclusively dependent upon the
photosynthates. Observations that resistance can be lost under conditions such as
high temperature (Dropkin, 1969), cyclic salinity (Mashela et al., 1992) and certain
sucking insects (Pofu et al., 2011), all could be characterised by having the ability to
deplete carbohydrates. Although Meloidogyne species and T. semipenetrans are
consistently suppressed by cucurbitacin-containing phytonematicides (Mashela et al.,
2017Db), the efficacy of these products on insect pests had been inconsistent. Aphid-
nematode interaction on nematode resistant SSS cv. ‘Ndendane-X1' had not been

investigated, which would also generate knowledge on the compatibility of nematode



resistance with other management strategies when a plant is challenged by competing

pests.

1.3 Rationale

Sweet stem sorghum cv. 'Ndendane-X1', with high economic potential in context of
climate change, has been identified as having distinctive attributes required for the
potential production of biofuel, with °Bx being as high as 20% (Mashela and Pofu,
2016). The cultivar was shown to have pre-infectional resistance to Meloidogyne
species, but with high susceptibility to sugarcane aphids. Worldwide, both aphids and
Meloidogyne species are of great economic importance and separately cause huge
crop losses (McDonald and Nicol, 2005). Thermophilic Meloidogyne species such as
M. incognita race 2, M. incognita race 4, M. javanica and M. entorolobii are the most
common and predominant in tropical and subtropical regions (Collett, 2020; Onkendi
et al., 2014), where the production of SSS is common (Singh et al., 2004). Prior to the
withdrawal of methyl bromide from the agrochemical markets in 2005, crop yield
losses due to nematodes were at US$126 billion (Chitwood, 2003), whereas three and
eight years after the withdrawal the losses were recorded at US$157 (Abad et al.,
2008) and US$173 billion (Elling, 2013), respectively, accounting for relative increases
in yield loss of 25 and 37%, respectively (Mashela et al., 2016). Similarly, sugarcane
aphid is endemic in sorghum- and sugarcane-producing regions (Singh et al., 2004).
Like the SSS, the sugarcane aphid is indigenous to Africa, but the pest is currently
also widely distributed in Asia, North America, South America and Australia, actually
wherever sorghum is cultivated (Singh et al., 2004). Sugarcane aphid infestation is

characterised by large quantities of honeydew, with resultant global grain yield losses



ranging from 20 to 40% (Chapin et al., 2000), whereas aphid-virus transmitted

diseases account for 34-67% losses (Riedell et al., 2003).

Following the withdrawal of synthetic chemical pesticides from the agrochemical
markets, the use of resistant cultivars has received much attention as an alternative
management strategy of pests, particularly the plant nematodes (Mashela et al.,
2015). The use of nematode resistance is preferred since it is compatible with many
other nematode management strategies such as the use of biocontrol agents like
Steinernema species and Trichoderma species (Madaure et al., 2018), along with
phytonematicides such as the cucurbitacin-containing phytonematicides (Mashela et
al., 2017b). Cucurbitacin-containing phytonematicides have been produced from fruits
of C. africanus and C. myriocarpus as Nemarioc-AL and Nemafric-BL
phytonematicides, respectively (Mashela et al., 2017b). The active ingredients of the
respective phytonematicides are cucurbitacin A (Cs2H460s8) and cucurbitacin B
(C32H460s8) (Mashela et al., 2015), which are triterpenoids (Van Wyk and Wink, 2004).
The two phytonematicides have been widely tested against thermophilic Meloidogyne
species and T. semipenetrans, with consistent results on nematode suppression,
whereas their counterpart, Mordica phytonematicide, produced from bitter gourd
(Momordica balsamina L.) that contains mormodin (Ca2HesO13) active ingredient
(Thakur et al., 2009). All three plant species are in the family Cucurbitaceae. However,
Mordica phytonematicide had not been widely tested against suppression of plant
nematodes, except under in vitro conditions (Thakur et al., 2009). The cucurbitacin-
containing phytonematicides were shown to be highly compatible with nematode

resistance in SSS for the purpose of managing population densities of Meloidogyne



species (Mabuka, 2013). However, the interactive effects of the three products have

not been tested as phytonematicides or as phytoinsecticides.

Mechanisms of nematode resistance include pre-infectional and post-infectional
nematode resistance (Kaplan and Davis, 1987). In pre-infectional nematode
resistance, the pre-formed chemical compounds with origin from metabolites are
released into the rhizosphere primarily as secondary metabolites, thereby repelling the
second-stage juveniles (J2) from the rhizosphere. Penetration of roots further releases
chemicals which promote J2 hatch and in the absence of the activity, developing eggs
still in J1 enter the dauer stage (Cassada and Russell, 1975), whereas other J2 fail to
hatch, resulting in chemiobiosis, which is one form of cryptobiosis (Gallaher et al.,
1991). In contrast, in post-infectional nematode resistance, J2 penetrate the root
systems (Kaplan and Davis, 1987), with various plant genes triggered, resulting in J2
being trapped inside the root system (Mashela et al., 2017a). Incidentally, the plant
genes in this form of resistance are also products of chemical compounds with their
origin from photosynthates, which are activate when a foreign entity is detected.
Consequently, exposure of nematode resistant plants to sucking insect pests in areas
with nematode population densities, could predispose plants to damage by nematodes
due to loss of nematode resistance. Such a hypothesis has not been tested on SSS
cv. 'Ndendane-X1', which has high pre-infectional nematode resistant capabilities to

Meloidogyne species.

1.4 Aim



To investigate aphid-nematode interaction in sweet stem sorghum and to develope

management protocols of aphids using cucurbitacin-containing products.

1.4.1 Objectives

1. To investigate whether the sugarcane aphid would interact with Meloidogyne
species to reduce sucrose content and then nematode resistance in SSS cv.
'‘Ndendani-X1'.

2. To investigate whether the combined effects of mixed population of
Meloidogyne species and sugarcane aphid would break pre-infectional
nematode resistance in SSS cv. 'Ndendani-X1' under field conditions.

3. To investigate whether the interactive effects of Nemarioc-AL, Nemafric-BL
and Mordica phytonematicides would stimulate sugar content and plant growth
variables of cv. 'Ndendane-X1' under pest-free conditions.

4. To determine whether the interactive effects of Nemarioc-AL, Nemafric-BL and
Mordica phytonematicides would stimulate sucrose content and plant growth
variables of SSS cv. ‘Ndendane-X1’ but inhibited Meloidogyne species through
direct contact and sugarcane aphid through induced systemic plant substances

under microplot conditions.

1.4.2 Null hypotheses
1. Sugarcane aphid would not interact with Meloidogyne species to reduce
sucrose content and then nematode resistance in SSS cv. 'Ndendani-X1".
2. Combined effects of mixed population of Meloidogyne species and sugarcane
aphid would not break pre-infectional nematode resistance in SSS cv.

'Ndendani-X1' under field conditions.



3. The interactive effects of Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides would not stimulate sugar content and plant growth variables
of cv. 'Ndendane-X1' under pest-free conditions.

4. The interactive effects of Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides would not stimulate sucrose content and plant growth
variables of SSS cv. ‘Ndendane-X1’ nor inhibited Meloidogyne species through
direct contact and sugarcane aphid through induced systemic plant substances

under microplot conditions.

1.5 Reliability, validity and objectivity

Reliability was ensured by using statistical levels of significance (P < 0.05). Validity
was achieved through repeating the experiments in time, whereas the objectivity was
ensured that findings were discussed on the basis of empirical evidence, as shown in

the statistical analyses, in order to eliminate all forms of subjectivity.

1.6 Bias

Bias was reduced to the smallest possible level by ensuring that the experimental error
in each experiment was minimised through (a) using a high number of replications in
each experiment, and (b) by assigning treatments to experimental plots at random

within the selected research designs.

1.7 Significance of the study
Aphids and nematodes are serious pests of sucrose-producing crops. Due to the
withdrawal of environment-unfriendly pesticides from the agrochemical markets, host

resistance to pests is preferred as being the most environment-friendly and user-



friendly pest management strategy. However, plant genes responsible for insect
suppression are not responsible for nematode suppression, vice versa. The
significance of this study therefore, would be that, should aphid infestation break
resistance to Meloidogyne species, aphid population densities should then be
managed where nematode resistance is being used to manage nematode population

densities.

1.8 Format of the thesis

Chapter 1 provided a detailed outline of the research problem, whereas Chapter 2
contains literature review on the research problem. Each research chapter comprised
a single objective as outlined under subsection 1.41. In the Introduction of each
research chapter, the null hypothesis was spelt out soon after the objective. Also, each
research chapter ended with the synthesis regarding new findings and conclusion,
along with a statement on whether the null hypothesis was accepted or rejected on
the basis of the overall findings. Additionally, to improve the flow of the content in the
thesis, a sentence was included in the subsection to link up the current and the next
chapter by paraphrasing what would be done in the subsequent chapter. The final
chapter of the thesis provided a summary of the findings, the significance of the
findings, recommendations with respect to closing the perceived gaps and then
conclusions. Literature citation and referencing styles followed the Harvard format of

the author-alphabet.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Sweet stem sorghum cv. 'Ndendane-X1' is highly resistant to thermophilic root-knot
(Meloidogyne species) nematodes (Mabuka, 2013; Mashela and Pofu, 2016). The
cultivar, like other sorghum cultivars, has pre-infectional nematode resistance (Kaplan
and Keen, 1980), where sorgolene (Ca2HesO13) chemical compound is released into
the rhizosphere (Czarnota et al., 2003; Dayan et al., 2010). Since this mechanism of
resistance is reliant on carbohydrates, any factor that could temper with the sucrose
source, might directly affect the resistance to nematodes (Mashela and Nthangeni,
2002). The objective of this study was to review literature on the aphid-nematode
interaction on nematode resistance and productivity of nematode-resistant sweet stem
sorghum cultivars and the sustainable management strategies against both pests, in

order to have a view on the work done and not yet done on the research problem.

2.2 Work done in the research problem

2.2.1 Plant nematodes

Plant nematodes live in the soil or in plant tissue, and typically do not move great
distances. Anthropogenic movement of the nematodes over great distances might
occur through nematode-contaminated materials such as planting material, soll,
machinery, organic fertilizers and flooded water. The majority of plant nematodes
affect crops through feeding on belowground plant parts (modified stems and roots),
whereas fewer nematodes feed on aboveground parts (stems, leaves, seeds). Thus,
plant nematodes can have direct impact on economically important crop produce, with

others having the ability to serve as virus vectors which cause complex diseases in
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plants (Lamberti and Roco, 1987). One genus, Bursaphelenchus xylophilus (Steiner
and Buhrer) feeds on barks of pine forest trees; where it causes wide economic losses
through tree wilting (Fukuda et al., 1997). Plant nematodes damage plants through
physical and chemical means (Mashela et al., 2016) and by facilitating infestation by
secondary pathogens such as fungi, bacteria and viruses (Powel, 1971). Nematodes
can cause significant damage to most cultivated crops, but due to their microscopic
size, they remain invisible to the unaided eye (Ngangbam and Devi, 2012). Plant
nematodes in the phylum Nematoda are classified into two orders: Dorylaimida and
Tylenchida. All the five genera in the order Dorylaimida (Longidorus, Paralongidorus,
Paratrichodorus Trichodorus and Xiphinema) are migratory ectoparasites, with the
ability to transmit phytopathogenic nepo- and tobra-viruses (Lamberti and Roco,
1987). In contrast, most economically important genera of migratory endoparasites
(Anguina, Aorolaimus, Ditylenchus, Hirschmanniella, Hoplolaimus Pratylenchus and
Radopholus) belong to the order Tylenchida, where their movement and feeding inside
plant organs could induce cell death and tissue necrosis. Other plant nematodes in
the order Tylenchida might feed from the outside of the affected plant organ and
include Aphelenchoides, Criconemella, Helicotylenchus, Hemicriconemoides,
Hemicycliophora, Scutellonema Tylenchorhynchus, Tylenchulus, Rhadinaphelenchus

and Rotylenchulus (Hunt et al., 2005).

The most important nematode families of the order Tylenchida, either as models of
plant-pathogen interaction or as crop pests, constitute sedentary endo-parasitic
nematodes in the Heteroderidae and Nacobbidae families. The family Heteroderidae
includes the most widespread cyst nematodes in the genera Globodera and
Heterodera and the root-knot (Meloidogyne species) nematodes, where the second-

12



stage juveniles (J2), hatched from eggs, are the 'infective ' stage. The J2 move through

the soil in order to locate new host roots and penetrate the roots at the elongation zone
and migrate to the tip of the root using stylets and chemicals from the ventral gland.
Once at the tip of the root, J2 enter the xylem and move upward to the elongation
zone, where the feeding sites are established using stylets and chemicals from the
dorsal glands (Mashela et al., 2016). The nematode and the root cells release
chemicals which either enhance compatibility or incompatibility. In the event of
compatibility, J2 mould and grow to young adults, which in case of cyst nematodes
form the feeding cells through symplasia, whereas Meloidogyne species form the
feeding cells called giant cells through mitosis without cytogenesis. In Meloidogyne
species, as the young females feed on the established giant cells, they assume obesity
and physically push out the root cells to form root galls, with eggs being laid in the
gelatineous matrix which occurs as a visible brownish and later black structure outside
the rear part of the female body on the root galls. Meloidogyne species differ from
most other sedentary endoparasites by having extensive host ranges, with over 3 000

plant species serving as hosts (Rizvi and Rizvi, 1992).

The life cycle of plant nematodes consists of the egg and four juvenile stages, with the
four stages separated by a mould. Following embryogenesis, the first mould occurs
within the egg, giving rise to (J2), each with a stylet and therefore feeds on root hairs
after hatching. Depending on the availability of the suitable temperature and moisture,
J2 emerges out from an egg and moves freely in soil searching for new roots of the
same plant or some other adjacent plants. A second mould occurs giving rise to J3.
The third mould follows quickly and juveniles develop to J4. In case of Meloidogyne

species, sex differentiation occurs after the third mould. Females acquire a V-shaped
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genital primordium, while in males the tails are I-shaped. The J3 and J4 retain the old
cuticles as a result of superimposed moulding. The pointed tail of J2 is still visible and
hence these are also called the spike-tailed stages. During moulding from J2 to J3,
the stylet is discarded, so that the J3 and J4 are without stylets and therefore are non-
feeding stages (Askary, 2008). At the last mould, the adult female becomes sac-like,
the stylet reappears and the reproductive system becomes fully developed with the
vulval opening marking its appearance. Adult males remain vermiform, coiled inside
the J4 cuticle, emerge out and migrate out of root into the soil, do not feed and are
therefore short-lived. The time required for a complete life cycle varies depending on
the environmental factors, the host and Meloidogyne species. Usually, thermophilic
Meloidogyne species have short life cycles, for instance, for Meloidogyne entorolobii
the life cycle is approximately 15 days (Ashokkumar et al., 2019; Collett, 2020; Costa
et al., 2020), M. incognita (Chitwood) 37 days (Ibrahim and El-Saedy, 1987) and M.
javainca Chitwood) 27 days (Bird, 1959). Yield loss due to nematode damage in crops
without nematode resistance could amount to as high as 50% to total crop failure
(Chitwood, 2003; Trudgill, 1992). The total annual yield loss related to plant
nematodes was in the late 1980s projected at 12.3% (Sasser and Freckman, 1987).
Worldwide, annual crop losses due to plant nematodes had been estimated at US$123
billion (Chitwood, 2003), which was prior to the withdrawal of fumigant nematicides in
2005. Three and eight years after the withdrawal, the crop losses were estimated at
US$157 billions (Abad et al., 2008) and US$173 (Elling, 2013) billions, respectively.
In addition to direct costs, root-knot nematodes cause indirect costs because of the
guarantine status of some Meloidogyne species. For example, M. chitwoodi and M.
enterolobii are increasingly regulated because they are aggressive nematodes for

potato plants and other economically important cash crops (Watkins et al., 2012).
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2.2.2 Loss of nematode resistance in plants

The initial report on interference of nematode resistance was related to the breakdown
of gene Mi in tomato seedlings post-exposure to temperature above 28°C (Dropkin,
1969). The gene Mi, which confers resistance to several species of root-
knot nematode, is present in many modern tomato cultivars (Milligan et al., 1998). The
gene Mi is a member of the leucine zipper, nucleotide binding, leucine-rich repeat Family of
plant genes (Williamson et al., 1994). However, the breaking of nematode resistance
by temperature was not unique to gene Mi. Nematode resistance was also broken in
alfalfa (Medicago sativa L.) plant (Griffin and Waite, 1971), common bean (Phaseolus
vulgaris L.) and grape (Vitis vinifera L.) rootstocks when exposed to 32, 26 and above
27°C, respectively (Ferris et al.,, 1993). Generally, under high temperature, the
breakdown of carbohydrates is high, which could translate to depletion of plant genes
(Mashela et al., 2016), resulting in the elimination of nematode resistance. Increased
temperature due to climate change could increase challenges in the breakdown of
nematode resistance. At the same time, such increases could shorten the ontogenies
of most plant nematodes (Chakraborty and Newton, 2011). Growth stages and
development of plants are sensitive to temperature and could be drastically affected
by nematode damage post nematode resistance losses (Chakraborty and Datta,
2003). New nematode races, with increased fecundity could also evolve rapidly after
loss of nematode resistance (Chakraborty et al., 2013), leading to reduced crop
productivity, high food insecurity and/or limited availability and accessibility. Various
races have been identified using differential host plants and molecular approaches
among Meloidogyne species (Pofu, 2012). By definition, nematode races are

morphological identical.
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Nematode damage in certain plants had been associated with abiotic factors such as
salinity. Densities of the citrus nematode (Tylenchulus semipenetrans Cobb 1913) and
its associated slow decline symptoms were observed to be dominant in citrus-
producing areas with high salinity (Duncan et al., 1995). Climate change had been
shown to cause recurrent floods, followed by high evapotranspiration, which are
associated with increased salinity challenges (Wheeler, 2011). In addition to breaking
resistance to T. semipenetrans in resistant citrus rootstocks exposed to cyclic salinity
(Mashela, 1992), T. semipenetrans was shown to break salt tolerance in highly salt
tolerant citrus rootstocks (Mashela and Nthangeni, 2002). In short, salinity breaks
nematode resistance, whereas nematode infection breaks salt tolerance. Generally,
there are no citrus rootstocks that contain both nematode resistance and salt tolerance

(Mashela and Nthangeni, 2002).

Most biological races in plant nematodes were ascribed to loss of nematode resistance
in plants, although such reports were not supported by empirical studies. Nematode
resistance in highly nematode resistant wild watermelon (Cucumis africanus L.F.) was
lost when the plants were heavily infested by the greenhouse whiteflies (Trialeurodes
vaporariorum Westwood) under greenhouse conditions, whereas in the control
greenhouse, nematode resistance was not lost (Pofu et al., 2011). In plants with lost
nematode resistance, shoots were covered with sooty mould, which suggested that
the whiteflies were sucking honeydew from underneath the leaves. The latter was
linked to loss of carbohydrate sources required to synthesis of gene products, which

are responsible for conferring resistance.

16



2.2.3 Cultural practices and loss of nematode resistance

Generally, a balance between the root and the shoot, as conceptualised as root/shoot
ratio, plays an indispensable role in nematode resistance. Using a split-root
experiment, Mashela and Nthangeni (2002) demonstrated that root pruning, that is,
reduced root/shoot ratio, resulted in effects similar to those of high infection with
population densities of T. semipenetrans, where females after maturity and death,
have root-pruning effects (O’Bannon and Esser, 1985). Generally, the symptoms of
slow decline of citrus, induced by T. semipenetrans, were described as having similar
symptoms as those of nutrient deficiencies (Mashela, 1992). In the early 1980s,
mechanical weed control was the most common in citriculture. As in citrus orchards
with high nematode population densities, after mechanical weed control, trees
expressed K deficiency symptoms, with such trees failing to respond to fertiliser
application during attempts to correct K deficiency (Fouche et al.,, 1977). In his
classical work in salinity-nematode-citrus interactions, Mashela (1992) demonstrated
the link between nematode infection and nutrient deficiencies, resulting in
recommendations that were intended to scale down the practice of mechanical weed
control in citrus orchards. Earlier, Duncan and McSorley (1987) had shown that the
root systems of two parallel adjacent citrus trees were spreading outside of the
canopy, with much damage being incurred during weed control using weeding discs.
Consequently, Mashela (1992) in view of the overall observations in relation to root-
pruning and accumulation of Na and Cl ions in leaf tissues of citrus trees, suggested

that it would be prudent if weeds between the rows were mowed instead of using discs.

In plant nematodes, the chemical compounds that are able to trigger nematode

resistance have been code-named plant genes (Gheysen and Fenoll, 2002), whereas
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their counterparts in nematodes, which either downgrade or upgrade the reactions of
plant genes, are gene products (Seah et al., 1998). The plant genes are primarily
produced during biosynthesis of secondary metabolites (Favery et al., 1998; Fenoll et
al., 1997 and Gheysen, 1998; Kaloshian et al., 1996; Vercauteren et al., 2002; Veremis
and Roberts, 1996). Any factor that would interfere with either photosynthesis or
respiration, resulted in Mashela et al. (2016) formulating the hypothesis which
suggested that such factors would directly affect nematode resistance. All secondary
metabolites have three things in common, namely, carbon, hydrogen and oxygen, with
the carbon numbers being the determining factor of the structural size of the chemical
compound. Triterpenoids, for example, have over 30-C skeletons, resulting in large

molecules such as those of the cucurbitacins (Van Wyk and Wink, 2004).

Factors that affect the amount of photosynthetic products could be those that reduce
water absorption and then increasing the closure of stomata and the stomatal
conductance (Kozlowski and Pallardy, 1997; Lou, 2002 and Yashiroda, 1960), which
could include root pruning through soil-borne pests and diseases. Alternatively,
sucking pests such as aphids (Aphididae), mealybugs (Pseudococcidae), scales
(Coccoidea) and greenhouse whiteflies, could tap directly into the phloem vessels,
which translocate sucrose from the shoots to other organs, including roots. Such
sucking insects are wasteful since most result in honeydew, which contains large
guantities of sucrose, being released as waste. Further, the contamination of
honeydew with sooty mould, reduces the available photosynthetic area, all of which
could contribute to reduced photosynthates for biosynthesis of secondary metabolites,
which could translate to reduced plant genes and therefore, loss of nematode

resistance.
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2.2.4 Need for alternatives in managing nematode population densities

After the withdrawal of methyl bromide from the agrochemical markets due to its
contribution to the thinning of ozone layer by its bromide as a halogen, along with its
biocidal nature on soil microbes, various alternatives were investigated for managing
nematode population densities (McSorley, 2011). Bello (1998) reviewed a wide range
of alternatives to fumigant nematicides, with organic amendments being in the
forefront. However, due to a wide range of disadvantages that were inherently
associated with organic amendments (Mashela, 2002), various other nematode
management alternatives, including phytonematicides (Mashela et al., 2017b) and
nematode resistance (Mashela et al., 2015), were investigated. The phytonematicides
were investigated and developed with the main purpose being that of ameliorating the
previously identified drawbacks of conventional organic amendments (Mashela,
2002). In contrast, nematode resistance was investigated for its user-friendliness and
its compatibility with many other nematode management strategies (Roberts, 1992;
Silva et al., 2013; Sone, 2010; Starr et al., 2002; Zhang et al., 2016). Although in the
current review both strategies were reviewed, the review was limited to the test crop,

as well as phytonematicides, which were used in the current study.

2.2.5 The sweet stem sorghum

Fossil fuel, due to the greenhouse gases that it releases into the atmosphere, is greatly
contributing to global warming. Currently, the demand for fossil fuel withdrawal is no
longer exclusively from the environmentalists, but from all humanity, due to its
contribution towards global warming. Sweet stem sorghum is energy-rich
carbohydrate source and due to its being classified as a non-food, it qualifies for the

production of biofuel for mitigation against climate change (Rooney et al., 2007). Use
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of biofuel could drastically reduce the gaseous emissions that are responsible for the
formation of greenhouse layers (Rolando et al., 2015), which promote the advance of
climate change. Plants are deemed suitable for biofuel production when their degrees
Brix (°Bx) range from 14 to 19% (Almodares and Sharif, 2007). Sweet stem sorghum
(SSS) cv. 'Ndendane-X1', was shown to contain °Bx as high as 20% under optimal
conditions (Mashela and Pofu, 2016), with another study reporting that its °Bx on
various parts of a single plant ranged from 14 to 20% (Mabuka, 2013). Consequently,

the cultivar has high potential for biofuel production.

Another important attribute observed in this cultivars was its high resistance to certain
thermophilic Meloidogyne species and biological races (Mashela and Pofu, 2016),
especially M. incognita race 2, M. incognita race 4 and M. javanica. In South Africa,
M. incognita race 2 and M. javanica occur as pure or mixed populations (Clark, 2007;
Khan and Khan, 1991), making it difficult to introduce nematode resistance crops,
without detailed identification trials. In contrast, M. incognita race 4 occurs in cotton-
producing regions (Kleynhans et al., 1996), where it is a major nematode species of
cotton. A recent study (Pretorius, 2018) suggested that M. enterolobii was actually
widely distributed in South Africa, but did not occur as pure cultures. Also, due to its
short lifespan, in most cases it is viewed as the most aggressive. Severity of damage
induced by plant nematodes can be attributed to mechanical damages to the roots,
subsequent infection by opportunists (Spaull and Cadet, 1990) and soil type (Trudgill,
1992). Root deformation leads to limited water and nutrient uptake, with severe

dysfunction affecting photosynthesis.

20



Although SSS cv. 'Ndendane-X1' was identified as being resistant to most thermophilic
Meloidogyne species (Mabuka, 2013; Mashela and Pofu, 2016), it was observed as
being highly susceptible to sugarcane aphid (Melanaphis sacchari Zehntner), which
occurs mostly in the genera Saccharum and Sorghum (Singh et al., 2004). Melanaphis
sacchari is widely distributed in sugarcane and sorghum-producing countries (CIE,
1981; Eastop, 1955, Mead, 1978). Such countries are predominantly in most
continents of the world, with the pest reported in Africa (Angola, Botswana, Egypt,
Ethiopia, Kenya, Nigeria, South Africa, Sudan, Tanzania, Uganda and Zimbabwe),
Asia (Bhutan, China, India, Indonesia, Japan, Pakistan, Philippines, Taiwan and
Thailand), North America (Haiti, Jamaica, Mexico and United States of America),
South America (Argentina, Brazil, Colombia, Ecuador, Peru, Trinidad, Tobago and
Venezuela) and Australia (Singh et al., 2004). The range of economic damage due to
aphid infestation on sorghum had been reported as being from minor to severe in
Botswana and Zimbabwe (Flattery, 1982; Page et al., 1985). In South Africa, where
sugarcane and sorghum production had been intensive, aphid damage had been
recorded as being from as high as 60% to complete crop failure (Van Rensburg, 1973).
In India, early sowing of sorghum resulted in 13-15% aphid-yield losses, whereas late
sowing resulted in 30-35% yield losses (Balikai, 2007). Heavy aphid infestation occurs
during all plant growth stages, with serious economic damage might occur during the
final growth stages (Teetes et al., 1995; Van Rensburg and Van Hamburg 1975),
especially when plants are moisture-stressed (Raetano and Nakano, 1994). Such
damage is due to its reproductive capacity and the increased release of phloem sap,
technically referred to as honey-dew. As alluded to earlier, the honeydew supports the
growth of sooty mould, which is a collective term for different Ascomycete fungi, that

include genera such as Alternaria and Cladosporium , both with high reproductive
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capacities and great dispersion capabilities (Agrios, 2005; Villanueva et al., 2014).
Technically, sooty mould does not have registered fungicides and therefore, aphids

should be managed to ameliorate the challenge.

2.2.6 Interactive effects of nematodes and sugarcane aphid

In general, the aphid genus Melanaphis has over 20 identified species, with the host
range restricted to four plant genera, namely, Sorghum, Oryza, Panicum and
Pennisetum, all in the family Graminaeae (Commonwealth Institute of Entomology,
1981; Singh et al., 2004) and in the genus Saccharum of the family Poaceae.
Sugarcane is (Saccharum officinarum L.) is widely cultivated, providing around 70%
of the global sugar (Singh et al., 2004). Sugarcane Yyields the highest number of
calories per unit area of cultivation for any of the sucrose-producing plants. Although
host plants are typically infested soon after emergence, significant infestations might
occur during late growth stages, especially when it is dry due to concentrated sucrose
in the phloem vessels (Van Rensburg, 1973). Due to increasing temperatures at a
global scale, ontogenies for most pests, including those of aphids and nematodes,
have been increasingly shortened (Mashela and Pofu, 2016). The two pests are
regularly managed, because among other economic losses, they are both vectors of
different plant viruses. The sugarcane aphid transmits three virus diseases, namely,
millet red leaf virus (Luteovirus species), sugarcane yellow leaf virus (Polerovirus
species), Mosaic of abaca (Potyvirus species) (Singh et al., 2004). In contrast, a total
of over 70 viruses are vectored within four nematode genera, namely, Xiphinema,
Longidorus, Paralongidorus and Paratrichodorus (Lamberti and Roca, 1987).

However, the genus Meloidogyne is not a virus vector.
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Meloidogyne species interacted with (Schizaphis rufula Walker), on Marram grass
(Ammophila arenaria L.) with the aphid having reduced preference for nematode-
infected plants (Vandegehuchte et al., 2010). In contrast, when Meloidogyne species
interacted with green peach aphid (Myzus persicae Sulzer) on tobacco (Nicotiana
tabacum L.), the aphid growth rate and fecundity were reduced, without any reciprocal
effects on nematode performance (Kaplan et al., 2011). The interactive effects of M.
incognita or soybean cyst (Heterodera glycine Ichinohe) with leaf chewing insects on
soybean (Glycine max L.), increased nematode fecundity as measured through the
reproductive potential (Alston et al., 1993). The interaction of M. incognita and a stalk-
borer (Ostrinia nubilalis Hilbner) on maize reduced nematode root penetration (Tiwari
et al., 2009). In all cases, the resistance level of the plants to pests was not declared,
suggesting that interference with nematode resistance in the test plants was a

peripheral issue.

2.2.7 Potential use of botanicals in management of aphids

Synthetic chemical insecticides are commonly used to manage aphid population
densities in various farming systems (Nzanza and Mashela, 2012). However, the
efficacy of these insecticides is compromised due to the reproduction form in aphids,
namely, parthenogenesis, which enhances the development of aphid resistance to the
products (James, 2003; Yang et al., 2010). Additionally, most insecticides are
inaccessible due to high costs and are also environment-unfriendly (Mashela et al.,
2015). Therefore, development of botanicals has received much attention to serve as
alternative to the synthetic chemical products (Nzanza and Mashela, 2012; Pelinganga
and Mashela, 2012). To date, the use of phytonematicides from neem (Azadirachta
indica A. Juss) leaf and wild garlic (Allium sativum L.) (Nzanza and Mashela, 2012),
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along with oils of cumin (Cuminum cyminum L.), anise (Pimpinella anisium L.),
oregano (Origanum syriacum L.) and eucalyptus (Eucalyptus camaldulensis Dehn.)
(Basedow et al., 2002), have been the most preferred due to their effectiveness in
reducing aphid population densities without adverse environmental effects. For
instance, in various crops, the use of such products had been associated with stronger
and superior quality seedlings (Giannuzzi et al., 2001), higher crop uniformity (Waterer
and Coltman, 1988), better mineral nutrient uptake (Bethlenfalvay et al., 1988;
Chandanie et al., 2009; Marschner and Dell, 1994), improved tolerance to soil-borne
diseases (Pozo and Azcén-Aguilar, 2007) and reduction of general plant stress,
thereby increasing yields (Chandanie et al., 2009; Lovato et al., 1996). However, most

of the mechanisms involved in the listed ameliorative effects are undocumented.

Due to the increasing need to develop mitigation and adaptive strategies against
climate change, it had been imperative that synthetic chemical pesticides be
substituted by sustainable and degradable plant-based products. Use of
phytonematicides would meet some of the demands articulated in favour of reducing
CO2 emissions from fossil oil (Mashela et al., 2017b). The advantages of using
phytonematicides include their being environment-friendly, high degree of
biodegradability and high potential for local production from indigenous plants, thereby
increasing the local economies (Mashela, 2002). Sweet stem sorghum cv. 'Ndendane-
X1', with its high Brix content, could also be a suitable alternative for ethanol
production which could be an alternative to fossil oil. The cucurbitacin-containing
phytonematicides, Nemarioc-AL and Nemafric-BL phytonematicides, have been
successful in management of population densities of plant nematodes (Mashela et al.,
2017b).
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2.3 Work not yet done in the research problem

The interactive effects of either M. sacchari or thermophilic Meloidogyne species on
resistant sorghum cultivars, had not been documented. Should the M. sacchari and
thermophilic Meloidogyne species interact to break nematode resistance in SSS cv.
'Ndandane-X1', it would imply the need to manage aphid population densities in order
to retain high Brix content and nematode resistance in the cultivar, along with in
sugarcane cultivars. Also, should all the cucurbitacin-containing phytonematicides
suppress aphid population densities, this would suggest the existence of broad
spectrum bioactivities in the active ingredients of the three products. In the following
chapter the interactive effects of aphids and three thermophilic Meloidogyne species
on nematode resistance in sweet stem sorghum (SSS) cv. 'Ndendani-X1' would be

investigated.
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CHAPTER 3
MELANAPHIS SACCHARI AFFECTS SUCROSE CONTENT IN SWEET STEM
SORGHUM AND ITS RESISTANCE TO MELOIDOGYNE SPECIES

3.1 Introduction

Sweet stem sorghum (Sorghum bicolor L.) cv. 'Ndendane-X1' is highly resistant to
root-knot (Meloidogyne species) nematodes (Mashela and Pofu, 2016), but highly
susceptible to sugarcane aphids (Melanaphis sacchari Zehntner) (Mashela and Pofu,
2016). Nematode resistance is an active process, where products of photosynthesis
origin are essential in biosynthesis of active ingredients (Ahn and Lee, 2003; Mashela
et al., 2016). In plant nematodes there are two forms of nematode resistance
mechanisms, namely, pre- and post-infectional nematode resistance (Kaplan and
Davis, 1987). Roots of Sorghum species, which include sweet stem sorghum (SSS),
exude sorgolene (Ca2Hs6013) as an active ingredient against nematodes (Dayan et al.,
2010). Sorgolene repels second-stage juveniles (J2) from penetrating the root system
and, thereby, confers nematode resistance in certain Sorghum cultivars. Since aphids
feed on sucrose in the phloem sap (Hewer et al., 2010), it is probable that aphid-
infection in nematode resistant sorghum cultivars could result in the loss of nematode
resistance. Previously, the focus in nematode-aphid interactions was mainly on the
effects of nematodes on aphid performance (Bezemer et al., 2005; Hol et al., 2010;
Kaplan et al., 2011; Wurst and Van der Putten, 2007), except for Heterodera schachtii
Schmidt interacted with Brevicoryne brassicae L. in Arabidopsis thaliana L, with
nematode infection being reduced (Kutyniok and Muller, 2012). In such interactions,

aphid performance was primarily measured using aphid growth rate and/or fecundity.
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The interaction of M. incognita with another phloem-feeding insect, the greenhouse
whiteflies (Trialeurodes vaporariorum Westwood), broke nematode resistance in a
highly nematode resistant wild watermelon (Cucumis africanus L.F.) (Pofu et al.,
2013). However, no information existed on whether Meloidogyne species could
interact with aphids on nematode resistance in sweet stem plants such as Sorghum
and Saccharum species. The objective of this study was to determine the effect of
sugarcane aphid on sucrose content and nematode resistance present in a sweet
stem sorghum cv.'Ndendani-X1'. The null hypothesis suggested that the sugarcane
aphid would not have effect on sucrose content and nematode resistance present in

a sweet stem sorghum cv.'Ndendani-X1'.

3.2 Materials and methods

3.2.1 Location of the study

Three separate trials, each for M. enterolobii (Trial 1), M. incognita (Trial 2) and M.
javanica (Trial 3), were initiated under microplot conditions at the Green
Biotechnologies Research Centre of Excellence, University of Limpopo, South Africa
(23°53'10"S, 29°44'15"E). The location had mean annual rainfall of less than 450 mm,
with the annual distribution skewed to summer, whereas minimum/maximum
temperatures average 18/38°C. Experiments in each trial were separately initiated in
summer (October-January) 2018 and validated in summer 2019. The site consisted of
Hutton form with loam soil, comprising 65% sand, 30% clay, 5% silt, 1.6% organic C,

EC 0.148 dS/m and pH (H20) of 6.5.

3.2.2 Treatments, experimental design and procedures

In each trial, 2 x 2 factorial experiment, with the first factor being nematode (with and
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without) and second factor the aphid (with and without), was conducted. The
treatments, untreated control (AoNo), nematode alone (AoN1), aphid alone (A1No) and
nematode + aphid (AiN1), were arranged in a randomised complete block design

(RCBD), with six replications (Figure 3.1).

Figure 3.1 Sweet stem sorghum cv. 'Ndendane-X1' established under micro-plot

conditions at GBRCE for the study.

Blocking was done against shading from windbreak trees in the morning or in the
afternoon. Thirty-cm-diameter plastic pots were filled with 10 000 ml steam-
pasteurised (300°C for 1 h) Hutton soil derived from the site and mixed with river sand
at 3:1 (v/v) ratio. Pots were inserted into 20-cm-deep holes at 0.3 m x 0.3 m spacing.
Three SSS cv. 'Ndendane-X1' seeds were sown per pot and at two true-leaf-stage,
seedlings were thinned to one per pot. In each trial, eggs + second-stage juveniles

(J2) for an appropriate nematode species or race were extracted from roots of
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greenhouse-grown nematode-susceptible tomato cv. 'Floradade' in 1% NaOCI
solution (Hussey and Barker, 1973). Each seedling was inoculated by dispensing 5
000 eggs + J2 using 20 ml plastic syringe into 5-cm-deep holes around the stems of
appropriate treatments. Twenty sugarcane aphids, reared on aphid-susceptible SSS
raised on a field 2 km from the trial site, were picked up into vials with leaf pieces from
the ventral sides of leaves using a soft brush at three weeks after inoculation with

nematodes and placed in whorls of appropriate treatments.

Seven days after inoculation with nematodes, each seedling was fertilised with 5 g
2:1:2 (43) Multifeed fertiliser (Nulandies, Johannesburg) to provide a total of 0.70 mg
N, 0.64 mg K and 0.64 mg P, 1.8 mg, 1.5 mg Fe, 0.15 mg Cu, 0.7 mg Zn, 2 mg B, 6
mg Mn and 0.14 mg Mo per ml water. Each seedling was also fertilised with 2 g NPK
2:3:2 (22) + 0.5% S + 5% Zn + 5% Ca, primarily to supply Ca. Each seedling was
originally irrigated with 2 litres chlorine-free tapwater every third day using drip
irrigation system that had an output of one litre per hour during vegetative growth. At
initiation of the reproductive stage, each plant was irrigated with 4 litres water per
week. Plants were sprayed once for stalk borer (Papaipema nebris Guenée) using at
5 ml Bulldock Beta 125 SC/10 litre chlorine-free water a week before infestation with
aphids. The AoNo and AoNi treatments were monitored for aphid infestation, which
were managed using malasol when necessary, during which time the AiNo and AiN1
were temporarily covered with transparent plastic bags to protect them from the spray

drifts.

3.2.3 Data collection
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Plant variables: At 150 days after inoculation with nematodes, plant height measured
from the solil surface to the tip of the head using measuring tape. Stem diameter was
measured at 5 cm above the severed ends using a digital Vernier calliper. Tiller
number, along with internode number in both primary and tiller stalk, were recorded.
The panicle was cut from mother plant shoots and tiller, to measure with fresh biomass
measured. The remaining roots were dried in air-forced ovens (AD 200 AGRI-DRYER,
White River, South Africa) at 52°C for 72 h, for determination of dry biomass and

recorded

Sugar content was measured and expressed in Degrees Brix. Stems were marked
into three classes, namely, top (internode just below the peduncle), bottom (internode
just above the severed-end of the stem) and middle (middle distance between the top
and bottom internodes). The middle part of each class was cut using a knife that was
soaked in distilled water and wiped using laboratory towel prior to re-use, with the juice
from the top-end of the cut portion squeezed using a pair of pliers onto the eye of a

hand-held digital refractometer for determining the degrees Brix (°Bx).

Nutrient element variables: Healthy and mature leaves were sampled per plant and
wiped with disposable laboratory towel moistened with distilled water, dried at 70°C
for 72 h and ground in a Wiley mill to pass through a 0.75 mm sieve. Approximately
0.4 g leaves tissue samples were digested in 75 ml vessel with 5 ml 70% nitric acid
(HNOs) and 30% hydrogen peroxide (H202) at 3 ml using microwave digester (Perlain
Elmer, Titan MPS). The vessels were placed in the microwave digester to whirl for 46
minutes at approximately 260°C. and then placed in the laminar flow hood to cool

down for 5 minutes. Samples from the vessels were transferred into 50 ml centrifuge
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tubes, sealed and stored in the cold room at 5°C prior to analysis. Aliquots were
guantified for Zn, Fe, K, P, Mg, Mn, Ca, Cu, S and Na nutrient elements using the

Inductively Coupled Plasma Optical Emission Spectrometry (Shimandzu, ICPE-9000).

Nematode variables: Roots were emptied from pots and separately immersed in
tapwater to remove soil particles, blotted dry, chopped into small pieces and mixed. A
sample of approximately 10 g fresh roots was measured, with eggs + J2 extracted
using the maceration and blending method in 1% NaOCI (Hussey and Barker, 1973).
The material was passed through top-down nested 150- and 25-um pore sieves, with
contents of the 25-uym opening sieve subjected to sugar and centrifugation method,
with kaolin added in each centrifuge (Marais et al., 2017). Contents were passed
through top-down nested 150- and 25-um pore sieves, with the contents of the latter
poured into 100-ml-plastic containers, brought to 100-ml mark, tightly closed and
counted from 5 ml aliquot under a 60 x magnification stereomicroscope. Nematode
eggs and J2 from roots were converted to nematodes per 10 g roots or expressed as

reproductive potential (RP = eggs + J2/ g roots).

3.2.4 Data analysis

The Shapiro-Wilk test was performed on the standardised residuals of data to test for
deviations from normality (Shapiro and Wilk, 1965) and also tested for homogeneity
of treatment combination variances using the Levene test (Levene, 1960). The
standardised residuals were acceptably normal with homogeneous treatment
variances. Plant and nematode RP variables were subjected to analysis of variance
(ANOVA) using Statistix 10 software. In cases where treatment interaction effects

were significant, the results were further expressed using matrix tables to allow for the
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determination of the magnitude and direction of interactive effects relative to untreated
control (Steyn et al., 2003). Significant treatment means were separated using
appropriate tests at the probability level of 5%. Unless otherwise stated, treatment

means were discussed at the probability level of 5%.

3.3 Results

In each trial, seasonal effects for variable were not significant and therefore, data were
pooled (n = 48) and reanalysed. In all three Meloidogyne species, the interactive
effects of nematode and sugarcane aphid population density had significant effects on
degree Brix (°Bx) in parts of sweet stem sorghum (Appendix 3.1). Relative to
nematode alone, the interactive effects of sugarcane aphid with M. enterolobii, M.
incognita and M. javanica significantly reduced °Bx by 17, 74 and 42%, respectively

(Table 3.1).
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Table 3.1 Interactive effects of Meloidogyne species with aphids on degree Brix in
middle sweet stem sorghum at 150 days after inoculation with nematodes on

microplots (n = 48).

Aphid
Ao* R.I. (%)Y A1 R.1. (%)

Meloidogyne enterolobii

No 18.422+ 1.2 - 18.332+ 2.2 -1
N1 18.252+ 0.6 -1 15.71°+ 1.3 =17
Meloidogyne incognita

No 18.732+ 0.3 - 18.212+ 0.4 -1
N1 12.00° + 0.7 =34 4.71°+1.7 —74
Meloidogyne javanica

No 17962+ 1.3 - 14.83 £ 0.7 —20
N1 10.129+ 0.4 —42 12.96°+ 0.3 —42

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Different test.
YR.I = Relative impact (%) = [(interaction value/control value) — 1] x 100.

Ao = without aphid, A1 = with aphid, No = without nematode, N1 = with nematode.

In three Meloidogyne species, the interactive effects of nematode and aphid
population density had significant effects on reproductive potential of Meloidogyne
species (Appendix 3.2). Relative to nematode alone, the interactive effects of M.
enterolobii, M. incognita and M. javanica with sugarcane aphid increased reproductive

potential by 196, 320 and 152%, respectively (Table 3.2).
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Table 3.2 Reproductive potential of Meloidogyne enterolobii, M. incognita and M.
javanica as affected by nematode and aphid interaction on sweet stem sorghum at

150 days after inoculation with nematodes on microplots (n = 48).

Interaction factor M. enterolobii M. incognita M. javanica
Nematode (N) Aphid (A) RPX RP RP
N1 Ao 11.78*+ 0.4 7.21°+1.2 9.97°+ 1.3
N1 A1 34952+ 0.3 30.282+ 0.4 25.092+ 0.5
Relative impact (%)Y 196 320 152

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Student t-test.
YR.I = Relative impact (%) = [(interaction value/control value) — 1] x 100.

Ao = without aphid, A1 = with aphid, No = without nematode, N1 = with nematode.

The interactive effects of Meloidogyne species and sugarcane aphid population
density had significant effects on plant variables (Appendix 3.3). Relative to untreated
control, the interactive effects of M. enterolobii with aphid significantly reduced dry root
mass, plant height and stem diameter by 44, 33 and 20%, respectively. In contrast,
the interactive effects of M. incognita with sugarcane aphid had significant effects on
dry root mass and peduncle length (Appendix 3.4), Relative to untreated control, the
interactive effects of M. incognita with sugarcane aphid reduced the variables by 48

and 48%, respectively (Table 3.3).
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Table 3.3 Interactive effects of Meloidogyne species with aphid on selected plant
growth variables of sweet stem sorghum at 150 days after inoculation with
nematodes on microplots (n = 48).

Aphid

Ao R.I. (%) A1 R.I. (%)

Meloidogyne enterolobii

Dry root mass (g/plant)

No 656.452 + 0.3 - 492.85° + 1.2 =25

N1 418.05° + 1.4 -36 370.08° + 0.2 -44

Plant height (cm)

No 32502+ 2.2 - 30.082+1.2 -7

N1 31.752+ 0.5 -2 21.62°+ 0.5 -33

Stem diameter (mm)

No 22.712+ 0.6 - 20.28°+ 1.3 -10

N1 21.49%° + 0.7 -5 18.03%> + 2.2 =20

Meloidogyne incognita

Dry root mass (g)

No 631.212+ 0.6 - 307.31+1.3 -51

N1 367.18° + 0.7 —42 325.26° + 0.8 -48

Head/panicle length (cm)

No 63.042+ 0.2 - 34.76° £ 0.7 —45

N1 26.12°+1.7 -59 32.97°+1.5 —48

*Column means = standard error followed by the same letter were not different (P <
0. 05) according to Fisher’'s Least Significant Different test.
YR.l = Relative impact (%) = [(interaction value/control value) — 1] x 100.

Ao = without aphid, A1 = with aphid, No = without nematode, N1 = with nematode.
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Although other nutrient elements (Cu, K, P, Mg, Mn, and Na) in leaf tissues of SSS cv.
'‘Ndendane-X1' were not significantly affected by the interactions, the interaction had
significant effects on S, Zn, Ca and Fe (Appendix 3.5). Relative to untreated control,
M. enterolobii and sugarcane aphid population density interacted to significantly
reduce S and Zn by 40 and 47%, respectively. Meloidogyne incognita interacted with
sugarcane aphid to reduce Ca and Zn by 24 and 51%, respectively, whereas M.

javanica and aphid reduced Fe and Zn by 52% (Table 3.4).

Table 3.4 Interactive effects of Meloidogyne species with aphids on selected nutrient
elements in sweet stem sorghum leaf tissues at 150 days after inoculation with

nematodes on microplots (n = 48).

Aphid
Ao® R.I. (%)Y A1 R.l. (%)

Meloidogyne enterolobii

S (mg/kg)
No 501.462 + 3.2 - 455102+ 1.2 -9
N1 465.102 £ 0.7 -7 300.31°+ 0.8 -40

Zn (mg/kg)
No 78.1352+ 0.4 — 42.271°+ 2.2 -46
N1 61.219° + 0.6 =21 41.677°£0.2 —47
Meloidogyne incognita

Ca (mg/kg)
No 995.842+ 1.2 — 567.50%° + 1.5 -43
N1 786.76%° +1.3 =20 754.83 £ 0.5 -24

Zn (mg/kg)
No 185.982+ 0.5 - 80.01¢+ 0.8 -56
N1 107.93°+ 15 -41 91.03°+0.2 -51
Meloidogyne javanica

Fe (mg/kg)
No 216.562 + 0.9 — 141.49°+ 1.9 -34
N1 215592+ 1.3 -0.4 104.75°+£ 0.5 -52

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Different test.

YR.l = Relative impact (%) = [(interaction value/control value) — 1] x 100.

Ao = without aphid, A1 = with aphid, No = without nematode, N1 = with nematode
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3.4 Discussion

Two mechanisms of nematode resistance exist, hamely, pre-infectional and post-
infectional nematode resistance (Kaplan and Davis, 1987). In both mechanisms,
chemical compounds with the origin from photosynthesis are involved. Such chemicals
are first translocated through the phloem vessels to sinks as sucrose (Salisbury and
Ross, 1992.), which is a reducing sugar with the ability to change osmotic potential
and therefore, turgor pressure in plant cells. In pre-infectional nematode resistance,
which occurs in SSS, the mechanism involves the release of copious concentration of
sorgolene (Ca2HesO13) into the rhizosphere (McSorley et al., 1994), which has
nematicidal properties with attributes for the repellent of J2 from the rhizosphere
(Hewezi and Baum, 2015). Sorgolene, as a secondary metabolite, originates from
photosynthesis and is technically the tetraterpene, which is derived from the
precursors with 40-C atoms (Van Wyk and Wink, 2004). The tetraterpenes as
terpenoids are chemically reactive, with their functional groups have capabilities to
form covalent bonds with free amino groups of proteins as well as the SH groups of
proteins (Van Wyk and Wink, 2004). There is evidence that sorgolene, although it is
released as a repellent chemical product, it actuals kills J2 in the soil (Huang et al.
1986), thereby preventing J2 from penetrating the root system. In the current study,
the reduction of sucrose by the sugarcane aphid as shown by the reduced degrees
Brix and honeydew on SSS leaf surfaces, along with sooty mould which reduced the
photosynthesis area of leaves, could have had a bearing on the sorgolene quantity
available to prevent J2 from penetrating the root system. Most unfortunately, in pre-
infectional nematode resistance, once the exuded chemicals are by-passed, there is

not another means of resistance to J2 inside the root system (Mashela et al., 2016).
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Wondafrash et al. (2013) demonstrated that there were mediated interactions, where
the induced systemic effects from belowground pests could affect the aboveground
pests, vice versa. Naturally, phloem feeders like aphids, insert their stylets directly into
the phloem sap for feeding, with large content of the sap being released onto the plant
surfaces, which was later covered by sooty mould (Singh et al., 2004). Constituents of
sucrose are required for the biosynthesis of both primary and secondary metabolites.
Most importantly, the loss of sucrose as observed in the current study would eventually
have direct effects on the concentration of exudates such as sorgolene, thereby
affecting its nematicidal properties to J2. The reduction in sorgolene in the current
study was characterised through measurements of °Bx in various parts of SSS, which
was significantly reduced in aphid-infested plants. In another nematode-aphid
interactive study (Kutyniok and Muller, 2012), it was shown that aphids changed the
glucosinolate content in the phloem sap. Glucosinolates constitute a natural class of
organic compounds that contain sulphur and nitrogen and occur as derivatives of
glucose and an amino acid (Agerbirk and Olsen, 2012). The M. incognita x aphid
interaction in the current study reduced S in leaf tissues of SSS, which could translate
into affecting the concentration of the glucosinolate in the phloem sap. Glucosinolates
are enzymatically hydrolysed to produce sulphate ions, D-glucose and characteristic
degradation products such as isothiocyanates, which have strong nematicidal

properties (Pastorczyk and Bednarek, 2016).

Meloidogyne species and sugarcane aphid interacted to significantly increase the
reproductive potential (fecundity) values of the test Meloidogyne species on SSS cv.
'Ndendane-X1', at the same time, the interaction significantly reduced plant growth

variables. In nematode resistant plants, the reproductive potential values above unity,
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with nematode infection reducing plant growth variables, both denote the loss of
nematode resistance for the test nematode (Dropkin, 1959; Pofu et al., 2013). In the
current study, the cultivar lost its resistance to all three thermophilic Meloidogyne
species. Following the first observation of loss in nematode resistance in C. africanus
to M. incognita, which was heavily infested with the greenhouse whiteflies under
greenhouse conditions (Pofu et al., 2013), the observation in the current study
constitutes the second report where a nematode interacted with a sucking insect to
break nematode resistance in plants. The significance of this observation is that both
Meloidogyne species (Dana, 2003) and the sugarcane aphid (Singh et al., 2004) are
worldwide key pests of sugarcane and SSS, where nematode resistance (Dana, 2003)
and aphid resistance (Singh et al., 2004) are preferred strategies for managing
population densities of each pest. Findings in the current study could also be
applicable in other plants with resistance to Meloidogyne species, where sucking
insects are key pests. In crop production, sucking insects could include aphids,

mealybugs, scales and whiteflies.

In other nematode-aphid interactions on various crops, the main focus was on aphid
performance as measured through growth rate and fecundity, along with the related
mechanisms involved (Bezemer et al., 2005; Hol et al., 2010; Kaplan et al., 2011;
Wurst and Van der Putten, 2007), but hardly on nematode performance. The
suggested mechanisms in reduced aphid fecundity included changes in nutritional
quality of phloem sap (Wurst and Van der Putten, 2007), where reduced amino acids
(Bezemer et al., 2005; Hol et al., 2010; Kaplan et al., 2011) or changes in glucosinolate
content (Kutyniok and Muller, 2012) were implicated. In some cases, the nematode-

aphid interactions resulted in lower aphid growth rates (Kaplan et al., 2011) or there
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were no significant effects on aphid performance (Kabouw et al., 2011; Kutyniok and
Muller, 2012), without any effects on nematode population densities (Kaplan et al.,
2011), except in Kutyniok and Muller (2012), where nematode infection was reduced.
In the cited nematode-aphid interactions, it was hardly explicit whether the test plants

were resistant to the test nematodes.

Wondafrash et al. (2013) observed that aphids had no significant effects on nematode
performance. In nematode-chewing insect interaction, the interaction had no effects
on caterpillar development (Carter-Wientjes et al., 2004; Kaplan et al., 2008; Olson et
al., 2008), but increased caterpillar performance in terms of foraging (Kaplan et al.,
2008). Although in most nematode-insect interactive studies the focus was primarily
on how such interactions affected the performance of the insect, leaf chewers in such
interactions either increased nematode performance in terms of reproductive potential
(Alston et al., 1993), reduced nematode root penetration due to systemic induced
defence (Tiwari et al., 2009) or had no effects on nematode performance (Fu et al.,
2001). In the study by Kaplan et al. (2011), although the nematode-aphid interaction
reduced aphid growth rate and fecundity, the reciprocal effects on nematodes were
not studied. In the listed interactions the test nematodes included migratory and
sedentary nematodes, with a wide range of aphid genera and species as summarised
in a review by Wondafrash et al. (2013). Overall, Pratylenchus species as migrating
endoparasitic nematodes generally reduced aphid fecundity, whereas Heterodera,
Globodera and Meloidogyne species as sedentary endoparasitic nematodes reduced
aphid performance by decreasing the attractiveness of the plants by inducing systemic

defense systems (Wondafrash et al., 2013).
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The reduced Ca and Fe in some of the nematode-aphid interactions in the current
study could also explain some of the observed results, primarily those associated with
reduced nematode resistance. Generally, nematode resistance could be induced by
both chemicals at a molecular level and physical structures in plants (Mashela et al.,
2016; Wondafrash et al., 2013). During root penetration of J2 from soil solutions at the
elongation zone, the latter is preferred due to limited lignin, which confers much
physical resistance to J2. Similarly, Ca constitutes a high percentage of the middle
lamella between adjacent cell walls (Salisbury and Ross, 1992.), which also confers
some strength to adjacent cells, and therefore resistance to J2 (Mashela et al., 2016).
The reduction of Ca could adversely affect the thickness of the cell walls, thereby
reducing physical resistance to J2 penetration. The Fe ion, in addition to serving
important roles as a catalyst in biosynthesis of primary molecules (Salisbury and Ross,
1992.), it is an integral catalyst in the biosynthesis of various molecules that are
indispensable in plant systemic induced responses that mediate interactions between

belowground and aboveground pests (McMahon et al., 2002).

3.5 Conclusion

The effect of sugarcane aphid on SSS cv. 'Ndendane-X1' compromised the
preinfection nematode resistance, which is dependent upon sorgolene for its efficacy.
Sorgolene is a secondary metabolite, with a large number of carbon, hydrogen and
oxygen atoms. The breakdown in nematode resistance could be attributed to the fact
that sorgolene as a secondary metabolite has its origin from the photosynthates and
aphids feed directly from the phloem sap, which contains sucrose. Apparently, the
successful use of nematode resistance in SSS cv. 'Ndendane-X1' in areas with high

population densities of Meloidogyne species would depend upon the effective
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management of aphid population densities. The null hypothesis which suggested that
the sugarcane aphid would not have effect on sucrose content and nematode
resistance present in a sweet stem sorghum cv.'Ndendani-X1' was therefore rejected.
In the next research chapter, the combined effects of the three thermophilic
Meloidogyne species and sugarcane aphid on nematode resistance in SSS cv.

'‘Ndendani-X1' were investigated under field conditions.
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CHAPTER 4
MELANAPHIS SACCHARI BREAKS ROOT KNOT RESISTANCE PRESENT IN
SWEET STEM SORGHUM CV 'NDENDANE-X1" UNDER MIXED INOCULATION

OF MELOIDOGYNE SPECIES

4.1 Introduction

The semi-arid regions, where sweet stem sorghum (Sorghum bicolor L.) cv.
'Ndendane-X1', with high resistance to root-knot (Meloidogyne species) nematodes,
is being cultivated for ethanol production, have high population densities of
thermophilic Meloidogyne species (Mashela and Pofu, 2016). Such regions are also
renowned for the high population density of sugarcane aphid (Melanaphis sacchari
Zehntner), which is a key pest in sorghum and sugarcane (Saccharum officinarum L.)
production (Singh et al., 2014). The highly nematode resistant sweet stem sorghum
(SSS) cv. 'Ndendane-X1', is highly susceptible to sugarcane aphid (Mashela and Pofu,
2016). Generally, nematode resistance is an active process, where products of
photosynthetic origin are essential in producing plant genes (Mashela et al., 2016).
Roots of nematode resistant SSS cultivars exude sorgolene (Ca2Hs6013), which is an
active ingredient with capabilities to repel second-stage juveniles (J2) from the
rhizosphere (Huang et al., 1986). Sorgolene is one of the seven classes of the
terpenoids with 42-C atoms (Van Wyk and Wink, 2004), derived from the precursors
with 40-C atoms, with functional groups that have antimicrobial activities (Van Wyk
and Wink, 2004), which include nematicidal activities (Czarnota et al., 2003; Dayan et
al., 2010). Nematode resistance in Sorghum species had been shown to be highly
variable from season to season in crop rotation systems intended to manage

nematode population densities (McSorley, 211), without any information on the
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explanation of the probable causes. Generally, sorghum cultivars which were shown
to be highly resistant to Meloidogyne species under greenhouse conditions, were
observed to have no nematode resistance under field conditions (McSorley, 2011). In
McSorley (2011) study in northern Florida, USA, with tropical climate, aphid population
densities were neither mentioned nor controlled. Because aphids feed from sucrose
in the phloem sap (Singh et al., 2004), high population densities of sugarcane aphid
could interfere with sorgolene (Chapter 3), which emanates from the photosynthesis
as a secondary metabolite (Dayan et al., 2010). Sorgolene, as alluded to earlier
(Chapter 3), requires an excessively large number of carbon, hydrogen and oxygen
atoms, which have the origin from photosynthesis. Previously, Pofu et al. (2013)
demonstrated that the greenhouse whiteflies (Trialeurodes vaporariorum Westwood)
could break nematode resistance to Meloidogyne species in wild watermelon
(Cucumis africanus L.F.), which has post-infectional nematode resistance (Kaplan and
Davis, 1987). In plants with such resistance mechanism, J2 penetrate the root system,
where plant genes are either downregulated or upregulated by the gene products in
the nematode to resist or allow mutual existence (Mashela et al., 2016). Such plant
genes can be triggered by an aboveground feeder, with the induced chemicals
systematically moved from foliage to roots, vice versa, to have adverse effects, on root

pests (Wondafrash et al., 2013).

In another form of nematode resistance, namely, pre-infectional nematode resistance,
J2 are not allowed to penetrate the root systems (Kaplan and Davis, 1987). Currently,
there is no information on how the interaction of Meloidogyne species and sugarcane
aphid would affect nematode resistance in plants with pre-infectional nematode

resistance, where chemical compounds with nematicidal properties are released into
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the rhizosphere to induce bioactive behaviours on J2 that prevent root penetration.
The objective of this study was to determine if sugarcane aphid breaks root-knot
nematode resistance present in sweet stem sorghum cv. 'Ndendani-X1'under mixed
inoculation of Meloidogyne species. The null hypothesis suggested that sugarcane
aphid would not breaks root-knot nematode resistance present in sweet stem sorghum

cv. 'Ndendani-X1'under mixed inoculation of Meloidogyne species

4.2 Materials and methods

4.2.1 Location of the study

A trial was conducted in a field with mixed Meloidogyne species, at the Green
Biotechnologies Research Centre of Excellence, University of Limpopo, South Africa
(23°53'10"S, 29°44'15"E). The location had mean annual rainfall of less than 500 mm,
with the annual distribution skewed towards summer (November-January), whereas
the minimum/maximum temperature averaged 18/38°C. The experiment was initiated
in late spring (August-October) 2017 and validated in 2018. The site comprised Hutton
form with loam soil (65% sand, 30% clay, 5% silt) that contained 1.6% organic C, EC

0.148 dS/m and pH (H20) of 6.5.

4.2.2 Treatments, experimental design and procedures

Plants were in a 0.3 m x 0.3 m spacing, with 10 plants in a 3 m long row of nematode
alone and a 3 m long row of nematode + aphid constituting a replication. The two
treatments were separated by three border rows of SSS on all cardinal sides to allow
for spraying of aphid and stalk borer (Papaipema nebris) on border plants. Treatments,
within the border rows, were arranged in a randomised complete block design, with

six replications. Blocking was done against shading from the windbreak trees in the
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morning or in the afternoon. Six seeds were sown per station and seedlings thinned
to one per sowing station at two true-leaf-stage. The site was sampled for initial
nematode population density (Pi) of Meloidogyne species at thinning, with J2 extracted

from a 250 ml soil subsample using sugar floatation method (Jenkins, 1964).

Figure 4. 1 Sweet stem sorghum cv. 'Ndendane-X1' in mixed populations of

Meloidogyne species under field trial.

Three days after thinning, each seedling was fertilised with 5 g 2:1:2 (43) Multifeed
fertiliser (Nulandies, Johannesburg) to provide a total of 0.70 mg N, 0.64 mg K and
0.64 mg P, 1.8 mg, 1.5 mg Fe, 0.15 mg Cu, 0.7 mg Zn, 2 mg B, 6 mg Mn and 0.14 mg
Mo per ml water (Mashela, 2002). Each seedling was also fertilised with 2 g NPK 2:3:2
(22) + 0.5% S + 5% Zn + 5% Ca, primarily to supply Ca. During vegetative growth,
from sowing to the initiation of the reproductive stage, seedlings were irrigated every
third day with 2 litres chlorine-free tapwater, and thereafter with 4 litres water per week.

Two weeks after thinning, 20 adult aphids, reared on aphid-susceptible SSS cultivated
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at the University Experimental Farm (13 km away), were picked up from the abaxial
surface of older leaves using a soft brush into sealed 10ml vials with leaf pieces,
placed in a cooler box and transported to the experimental site. Aphids were released
by placing each vial upside down in the whorl of an appropriate treatment. Border rows
were sprayed once prior to aphid infestation for stalk borer (Papaipema nebris) using
5 ml Bulldock Beta 125 SC/10 litre chlorine-free water. Infestation of border rows by
sugarcane aphid was monitored daily, with entities sprayed with 5 ml Malasol/10 litre
water, whenever more than 20 aphids were observed within the border row plants.
During such sprays, temporary barriers were erected to ensure that treatments were

not contaminated by spray drifts.

4.2.3 Data collection

Plant variables: At 150 days after inoculation with nematodes, plant height measured
from the soil surface to the top of the panicle using measuring tape. Stem diameter
was measured at 5 cm above the severed ends using a digital Vernier calliper. tiller
number, along with internode number in both primary and tiller stalk, were recorded.
The panicle was cut from mother plant shoots and tillers, with fresh mass measured.
Peduncle length was measured from the base of the tassel to the apex of the top

internode.

Degrees Brix: Stems were marked into three classes, namely, top (internode just
below the peduncle), bottom (internode just above the severed-end of the stem) and
middle (middle distance between the top and bottom internodes). The middle part of
each class was cut using a knife that was soaked in distilled water and wiped using

laboratory towel prior to re-use, with the juice from the top-end of the cut portion
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squeezed using a pair of pliers onto the eye of a hand-held digital refractometer for
determining the degrees Brix. Shoots of primary stalk and tiller plants, along with the
remaining roots were dried in air-forced ovens (AD 200 AGRI-DRYER, White River,

South Africa) at 52°C for 72 h, for determination of dry shoot and dry root mass.

Nematode variables: Roots of the three sampled plants per plot were dug using a fork,
immersed in tapwater to remove solil particles, blotted dry, chopped into small pieces
and mixed. Eggs + J2 were extracted from a sample of approximately 10 g fresh roots
using the maceration and blending method in 1% NaOCI solution as explained
previously (Chapter 3). Also, one litre soil sample was collected from the three sowing
stations of the sampled plants, mixed and 250 ml subsample used for the extraction
of final J2 population density (Pf-J2) using the centrifugation method (Jenkins, 1964),
In either case, the material was passed through top-down nested 150- and 25-uym pore
sieves, with contents of the 25-uym opening sieve further subjected to sugar and
centrifugation method, with kaolin added in each centrifuge tube (Marais et al., 2017).
Contents were passed through top-down nested 150- and 25-um pore sieves, with
contents of the latter poured into 100-ml-plastic containers, brought to 100-ml mark,
tightly closed and stored at 13°C prior to counting from 5 ml aliquot under a 60 x
magnification stereomicroscope. Nematode eggs and J2 from roots were expressed
as reproductive potential (RP = eggs + J2/g roots), whereas J2 from soil were

expressed as (RP = Pf-J2/Pi-J2).

Nutrient elements: Three healthy and mature leaves from the three plants each were
wiped with disposable laboratory towel moistened with distilled water, dried at 70°C

for 72 h and ground in a Wiley mill to pass through a 0.75 mm sieve. Approximately
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0.4 g leaf tissue samples were subjected to microwave digestion method by immersing
materials in a mixture of nitric acid (5 ml HNOs) and hydrogen peroxide (3 ml H202) in
a Perkin Elmer titan MPS for 45 minutes. Aliquots were then incubated in a warm water
bath for an hour at 95°C, left to cool down at room temperature, filtered and the
container covered with a foil. Samples were then submitted to Limpopo Agro-food
Station (LATS) where they were subjected to Atomic Absorption Spectrometry (AAS)
to quantify for Zn, Fe, K, P, Mg, Mn, Ca, Cu, S and Na nutrient elements through SW-
864 EPA method 3050-B using Inductively Coupled Plasma Optical Emission

Spectrometry (ICPE-9000).

4.2.4 Data analysis

Data for each variable were assessed for seasonal differences using the Levene-test
(Levene, 1960) and since seasonal effects were not significant at the probability of
5%, data were pooled (n = 48) and subjected to Student t-test analysis using Statistix
10.1 software. Unless otherwise stated, treatment means were discussed at the

probability level of 5%.

4.3 Results

Treatments had highly significant effects on top degrees Brix and middle degree Brix,
but significant (P < 0.05) on bottom degree Brix of SSS cv. 'Ndendane-X1' (Appendix
4.1). Relative to nematode alone, nematode + aphid reduced degree Brix in top,
middle and bottom parts of SSS cv. 'Ndendane-X1' by 61, 33 and 13%, respectively
(Table 4.1). Treatment effects on reproductive potential of Meloidogyne species on
SSS cv. 'Ndendane-X1' and on the related root galls were highly (P < 0.01) significant
(Appendix 4.2). Relative to nematode alone, nematode + aphid increased the
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reproductive potential of Meloidogyne species and root galls by 279 and 199%,

respectively (Table 4.2), along with J2 in soil samples.

Table 4.1 Combined effects of Meloidogyne species and aphids relative to those
of Meloidogyne species alone on degree Brix of sweet stem sorghum from three

stem parts at 150 days after seedling emergence under field conditions (n = 48).

Treatment Top Brix (%) Middle Brix (%) Bottom Brix (%)
Nematode 12.002+ 0.9 15.352+ 0.6 11.912+0.8
Nematode + aphid 4.71°+ 1.7 10.32°+ 0.7 10.38°+ 0.8
Relative impact (%)Y -61"™ -33™ -13"

YRelative impact (%) = [(interaction value/control value) — 1] x 100.
x*and *Gignificant at P < 0.01 and P < 0.05, respectively, according to Student t-

test.

Table 4.2 Combined effects of Meloidogyne species and aphids relative to those of
Meloidogyne species alone on nematode reproductive potential and root galls on

sweet stem sorghum at 150 days after seedling emergence under field conditions

(n = 48).

Treatment Reproductive potential Root galls
Nematode 0.68°+ 0.2 1.17°+ 0.2
Nematode + aphid 1.882+0.1 3.502+0.3
Relative impact (%)Y 279™ 199™

YRelative impact (%) = [(interaction value/control value) — 1] x 100.

x** Significant at P < 0.01 according to Student t-test.
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The treatment effects were significant on plant height, internode number, peduncle
length and stem diameter (Appendix 4.3). Relative to nematode alone, nematode +
aphid reduced plant height, internode number, peduncle length and stem diameter by
47%, 41%, 55% and 35%, respectively (Table 4.3). Treatment effects had highly
significant effects on Ca, but significantly affected K and Zn in leaf tissues of SSS cv.
'‘Ndendane-X1' (Appendix 4.4). Relative to nematode alone, nematode + aphid
reduced Ca, K and Zn in leaf tissues of the test cultivar by 73%, 43% and 33%,

respectively (Table 4.4).

Table 4.3 Combined effects of Meloidogyne species and aphids relative to those of
Meloidogyne species on plant growth variables of sweet stem sorghum at 150 days

after seedling emergence under field conditions (n = 48).

Treatment Plant height Internode  Peduncle Stem diameter
(cm) number length (mm)
(cm)
Nematode 101.02+2.7 13.72+0.6 29.12+45 21.32+25
Nematode +Aphid 53.9°+1.9 8.1°+0.5 13.1°+0.5 13.8°+0.4
Relative impact (%) —47" —41" —557" -35"

YRelative impact (%) = [(interaction value/control value) — 1] x 100.

x*rand *Gignificant at P < 0.01 and P < 0.05, respectively, according to Student t-test.
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Table 4.4 Combined effects of Meloidogyne species and aphids relative to those of
Meloidogyne species selected nutrient elements in sweet stem sorghum leaf tissues

at 150 days after seedling emergence under field conditions (n = 48).

Treatment Ca (mg/kg) K (mg/kg Zn (mg/kg)
Nematode 876.6° + 0.7 3397.02+1.7 57.42+2.0
Nematode + Aphid 430.3°+ 0.8 1930.1° + 4.2 38.6°+ 2.8
Relative impact (%) —73™ —43" -33"

YRelative impact (%) = [(interaction value/control value) — 1] x 100.

x*rand*Gjgnificant at P < 0.01 and P < 0.05, respectively, according to Student t-test.

4.4 Discussion

The phloem-sap feeders like aphids have evolved with their mouth parts being
converted into needle-like structures with lumen, biologically referred to as stylets,
which are inserted into the phloem for sap-sucking. Unfortunately, during the process
of feeding, large content of sucrose is released onto the plant surface, which is later
covered by sooty mould (Narayana, 1975). Constituents of sucrose are required for
the biosynthesis of secondary metabolites, which are the primary products used in
plant defense systems. The loss of sucrose as observed in our study confirmed
observations that sugarcane aphid significantly reduced total sugars and polyphenols
(Balikai, 2007), along with crude fibre and carbohydrate content (Van den Berg et al.,
2003). This reduction of sugars would eventually have detrimental effects chemical
compounds that confer nematode resistance such as sorgolene (C42HesO13), which
are released into the rhizosphere to suppress nematode population densities. Under
both treatments, degrees Brix content was below the 16-°Bx permissible for ethanol

production in SSS cultivars (Liang et al., 2010). Practically, both pests should be
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managed if SSS cultivars have to meet the minimum requirement for premium when
the cultivars are produced for ethanol production, either using non-plant based
strategies such as insecticides or using plant-based strategies such as nematode

resistance.

The increase in reproductive potential in roots and increased root galls of Meloidogyne
species when combined with aphids under field conditions, along with the reduction of
various plant growth variables, our proposed hypotheses, which states that the
reduction of photosynthates, would interfere with plant resistance, since the latter is
dependent on the products with origin from the former. In the current study under field
conditions, the highly nematode resistant SSS cv. 'Ndendane-X1' (Mashela and Pofu,
2016), obviously lost its resistance to Meloidogyne species, as shown by high
reproductive potential and root galls. On a number of occasions, when using sorghum
cultivars with high nematode resistance in northern Florida, USA, Gallaher et al. (1991)
observed that certain sorghum cultivars with known resistance to Meloidogyne species
readily lost nematode resistance under field conditions. However, at times, the same
sorghum cultivar retained its nematode resistance during certain seasons.
Incidentally, outbreaks of sugarcane aphid in northern Florida occurred for the first
time on sorghum in 1977 (Zapata et al., 2016). Generally, aphids infest sorghum soon
after emergence, with population density gradually increasing to reach a peak during
the grain filling stages, when most of the damage occurs (Van Rensburg, 1973).
Generally, the sugarcane aphid feeds on both the ventral and dorsal surfaces of older
sorghum leaves, with honeydew dripping onto leaves below, which are eventually,

covered by sooty mould (Narayana, 1975), which further reduces the photosynthetic
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capacity of affected plants and therefore support the proposed hypotheses, where

nematode-aphid interaction breaks nematode resistance.

After the withdrawal of most biocidal fumigant nematicides from the agrochemical
markets, both Meloidogyne species and sugarcane aphid population densities are
globally being managed using nematode resistance (Dana, 2003; Singh et al., 2004).
Although plant genes such as Mi genes in plants with post-infectional nematode
resistance mechanism, were observed to have the capability to suppress aphids
(Rossi et al., 1998; Vos et al., 1998), in plants with pre-infectional mechanisms of
nematode resistance like sorghum and sugarcane, such attributes have not been
reported. For instance, although the test cultivar in the current study is highly resistant
to Meloidogyne species, it is highly susceptible to sugarcane aphid infestation
(Mashela and Pofu, 2016). In other nematode-aphid interaction studies, interactions
either had no significant effects on nematode population densities (Kaplan et al., 2011;

Wondafrash et al., 2013) or reduced nematode infection (Kutyniok and Muller, 2012).

The reduction of Ca, K and Zn in the current study under nematode + aphid treatment
confirmed observations where aphids significantly reduced total minerals (Balikai,
2007). Calcium contributes to the biosynthesis of the middle lamella, which confer
strength to cell walls (Salisbury and Ross, 1992.), which could be providing a
multidimensional aspect on the observed reduction in nematode resistance since
during penetration J2 had to move through the cell walls (Mashela et al., 2016). The
reduced Zn could explain the reduced panicle length in the current study, which is
generally associated with a rosette of leaves in plants with deficient Zn (Salisbury and

Ross, 1992.). Although K is related to grain filling (Salisbury and Ross, 1992), in the
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current study, its effects as measured through panicle mass was not significant under

field conditions.

4.5 Synthesis and conclusion

In various sorghum varieties and sugarcane hybrids were nematode resistance was
relied upon for some time, nematode resistance was lost, for unexplained reasons. In
some cases, without the use of differential plant tests or molecular approaches, it was
concluded that nematode races were induced by unexplained factors. In the current
study, where findings supported those in microplots (Chapter 3), it could be said with
certainty that nematode-aphid interaction was responsible for loss of nematode
resistance in sorghum cv. 'Ndendane-X1'. The reduction in photosynthates as
measured through the decrease in degree Brix, was characterised by the increased
reproductive potential values of Meloidogyne species and reduction of plant growth
variables, which supported the view of broken nematode resistance under nematode
+ aphid population densities. The null hypothesis which suggested that the combined
effects of mixed population of Meloidogyne species and sugarcane aphid would not
break pre-infectional nematode resistance in SSS cv. 'Ndendani-X1' under field
conditions was therefore, rejected. In conclusion, the successful use of nematode
resistance in SSS cv. 'Ndendane-X1' in areas with high population densities of
Meloidogyne species would depend upon the effective management of aphid
population densities. In the ensuing research chapter, the interactive effects of
Nemarioc-AL, Nemafric-BL and Mordica phytonematicides, which are terpenoid-
containing products, with the history of suppressing nematode population densities,
were investigated as to whether they would stimulate sugar content and plant growth

variables in sorghum cv. 'Ndendane-X1' under pest-free conditions.
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CHAPTER 5
TERPENOID-CONTAINING PHYTONEMATICIDES INCREASE SUGAR CONTENT

AND GROWTH IN SWEET STEM SORGHUM

5.1 Introduction

Sweet stem sorghum (SSS) cv. 'Ndendane-X1' was selected for ethanol production
due to its high degrees Brix (°Bx), which was greater than 19°Bx at the time of selection
(Mashela and Pofu, 2016). SSS cultivars for ethanol production should have at least
15°Bx (Vasilakoglou et al., 2011), with growers receiving premium for cultivars with at
least 16°Bx. Due to various unknown reasons, sugar content is unstable, with the cv.
'Ndendane-X1' at times having °Bx less than the 15°Bx minimum required for ethanol
production. Mabuka (2013) previously observed that cultivation of cv. 'Ndendane-X1'
on sowing stations where nematode population densities were previously managed
using terpenoid-containing phytonematicides had significantly higher °Bx than from

those sown on untreated control plots.

The terpenoids (or terpenes) comprise seven classes of chemical compounds, most
with antimicrobial activities (Van Wyk and Wink, 2004). The cucurbitacin-containing
terpenoids, technically the triterpenes are derived from the precursors with 30-C
atoms, whereas the momordin-containing terpenoids are the tetraterpene, from
precursors with 40-C atoms. The cucurbitacin-group have two phytonematicides,
Nemarioc-AL and Nemafric-BL phytonematicides, containing the active ingredients
cucurbitacin A (C32H4609) and cucurbitacin B (C32H460s), respectively. In contrast, the
momordin-group has Mordica phytonematicide, containing momordin (Ca2HesO13)

active ingredient. Generally, the terpenoids have two primary functional groups,
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namely, (i) the aldehyde function that form covalent bonds with free amino groups of
proteins and (ii) the terminal or exocyclic methylene groups, which couple to SH
groups of proteins (Van Wyk and Wink, 2004). Additionally, the peroxides (inner

oxides) of terpenoids are chemically reactive and can bind to proteins.

The terpenoids were also shown to have the potential to improve soil health when
exuded from roots of Cucumis africanus L.F. (Mashela and Dube, 2014), with limited
information on how the chemical compounds achieve this important attribute.
Following the observation that the residual effects of Nemarioc-AL phytonematicide
increased sugar content in cv. 'Ndendane-X1' (Mashela and Dube, 2014), the question
was raised on whether the three commercially used terpenoid-containing
phytonematicides would not improve the sugar content of the cultivar, along with its
plant growth variables much better when combined than when operating alone. The
objective of this study was to determine if application of terpenoid-containing
phytonematicides increase sugar content and growth in sweet stem sorghum cv.
'Ndendane-X1'. The null hypothesis suggested that the application of terpenoid-
containing phytonematicides do not increase sugar content and growth in sweet stem

sorghum cv. 'Ndendane-X1".

5.2 Materials and methods
5.2.1 Location of the study
The experiment was conducted under micro-plot conditions at the Green
Biotechnologies Research Centre of Excellence (GBRCE), University of Limpopo,
South Africa (23°53'10"S, 29°44'15"E). The location had mean annual rainfall of less

than 500 mm, which occur mostly during summer (November-January), whereas
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minimum/maximum temperature averaged 28/38°C. The experiment was established

in early summer 2018 and validated in 2019.

5.2.2 Treatments, experimental design and procedures

A 2 x 2 x 2 factorial experiments, with the first, second and third factor comprising
Nemarioc-AL (with and without), Nemafric-BL (with and without) and Mordica (with and
without) phytonematicides, respectively. The eight treatments, comprising AoBoMo,
A1BoMo, AoB1Mo, AoBoM1, A1BiMo, A1BoM1, AoBiM1 and AiBiMi, were arranged in a
randomised complete block design, with three replications. Blocking was done for

shading from windbreak trees.

Figure 5.1 Sweet stem sorghum cv. 'Ndendane-X1' at 150 days after planting.
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Thirty-cm-diameter plastic pots, each filled with pasteurised (300°C for 1 h) loam soil
(65% sand, 30% clay, 5% silt, 1.6% organic C, EC = 0.148 dS/m, pH (H20) = 6.5),
which was derived from the experimental site. Six SSS seeds of cv.'Ndendane-X1'
were sown per pot and thinned to one seedling per pot at two true-leaf stage. The
terpenoid phytonematicides were separately prepared from fruits of wild cucumber
(Cucumis myriocarpus Naude.), wild watermelon (Cucumis africanus L.F.) and bitter
gourd (Momordica balsamina L.) as Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides, respectively, through effective microorganism fermentation
(Mashela et al., 2017b). Weekly treatments were applied through botinemagation as
substitute for 1 litre water/plant irrigation every third day. The main factors (A1BoMo,
AoB1iMo and AoBoM1) were each combined at 3%, whereas the first order interactions
(A1B1Mo, A1BoM1, AoBiMi1) were each at 1.5% and the second order interaction
(A1B1M1) were each at 1%. Plants were irrigated using a drip irrigation system for 3 h
every other third day until the end of vegetative reproduction, where irrigation interval
increased to one week for 3 h. Each seedling was fertilised with 5 g 2:1:2 (43) Multifeed
fertiliser (Nulandies, Johannesburg) which provide a total of 0.70 mg N, 0.64 mg K and
0.64 mg P, 1.8 mg Mg, 1.5 mg Fe, 0.15 mg Cu, 0.7 mg Zn, 2 mg B, 6 mg Mn and 0.14
mg Mo per ml water (Mashela, 2002). Plants were provided with 5 g NPK 2:3:2 (22) +
0.5% S + 5% Zn + 5% Ca fertiliser to supply the crops with calcium (Ca) element every

two weeks after transplanting.

5.2.3 Data collection
Plant variables: At 150 days after inoculation with nematodes, shoots were cut at the
soil surface and plant height measured from the cut end to the top of the panicle of

both primary and tiller stalks using measuring tape. Stem diameter was measured at
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5 cm above the severed ends using a digital Vernier calliper. tiller number, along with
internode number in both primary and tiller stalk, were recorded. The panicle was cut
from mother plant shoots and tillers, with fresh mass measured. Peduncle length was
measured from the base of the tassel to the apex of the top internode. Stems were
marked into three classes, namely, top (internode just below the peduncle), bottom
(internode just above the severed-end of the stem) and middle (middle distance
between the top and bottom internodes). The middle part of each class was cut using
a knife that was soaked in distilled water and wiped using laboratory towel prior to re-
use, with the juice from the top-end of the cut portion squeezed using a pair of pliers
onto the eye of a hand-held digital refractometer for determining the degrees Brix
(°Bx). Shoots of primary stalk and tiller plants, along with the remaining roots were
dried in forced air-ovens (AD 200 AGRI-DRYER, White River, South Africa) at 52°C

for 72 h, for determination of dry mass.

Nutrient elements: Two healthy and mature leaves from the three plants each were
wiped with disposable laboratory towel moistened with distilled water, dried at 70°C
for 72 h and ground in a Wiley mill to pass through a 0.75 mm sieve. Approximately
0.4 g leaf tissue samples were subjected to microwave digestion method by immersing
materials in a mixture of nitric acid (5 ml HNO3s) and hydrogen peroxide (3 ml H202) in
a PerkinElmer titan MPS for 45 minutes. Aliquots prior quantification of Zn, Fe, K, P,
Mg, Mn, Ca, Cu, S and Na nutrient elements through SW-864 EPA method 3050B

using Inductively Coupled Plasma Optical Emission Spectrometry (ICPE-9000).

5.2.4 Data analysis
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The Shapiro-Wilk test was performed on the standardised residuals of data to test for
deviations from normality (Shapiro and Wilk, 1965) and tested for homogeneity of
treatment combination variances (Levene, 1960). The standardised residuals were
acceptably normal with homogeneous treatment variances. Nematode reproduction
potential and plant variables were subjected to analysis of variance (ANOVA) using
Statistix 10.1 software. In cases where treatment interaction effects were significant,
the results were further expressed using matrix tables to allow for the determination of
the magnitude and direction of interactive effects relative to untreated control (Steyn
et al., 2003). Significant treatment means were separated using appropriate tests at
the probability level of 5%. Unless otherwise stated, treatment means were discussed

at the probability level of 5%.

5.3 Results

Degrees Brix: The second order interaction from Nemarioc-AL, Nemafric-BL and
Mordica phytonematicides had significant effects on MP middle Brix and MP bottom
Brix, contributing 41 and 37% in TTV of the respective variables (Appendix 5.1). On
the contrary, first order interaction from Nemafric-BL x Mordica, Nemarioc-AL X
Mordica and Nemarioc-AL x Nemafric-BL phytonematicides did not have significant
effects on all plant variables. Nemafric-BL and Nemarioc-AL phytonematicides main
factors had no significant effects on the variables, whereas Mordica phytonematicide
main factor had significant effects on MP bottom Brix, contributing 40% in TTV of the
variable. Relative to untreated control, alone or combined, the treatments had a
tendency to increase mother plant middle and bottom Brix with the second order

interactions increasing the variables at each location by 66 and 48% (Table 5.1). Other
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combinations did not have clear trends, although there were most cases where the

products increased the degrees Brix.

Table 5.1 Interactive effects of Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides on degree Brix in sweet stem sorghum at 150 days after

application of treatments (n = 48).

Mordica

Nemarioc-AL Nemafric-BL Mo* R.I. M1 R.I.

(%)Y (%)

Plant middle °Bx

ALo BLo 11.42¢+1.8 - 18.172* + 0.2 59
ALo BL1 15.92°+0.9 39 17.428 + 1.5 52
AL:1 BLo 17.25%*+ 0.9 51 17.332 + 1.7 51
AL:1 BL1 16.50° + 0.85 44 19.002+1.9 66

Plant bottom °Bx

AlLo BLo 1293+ 1.6 - 18.43% + 0.1 43
AlLo BL1 17.60% + 1.0 36 17.43% + 0.7 35
AL1 BLo 17.10%° + 1.0 32 17.37°+0.9 34
AL1 BL1 16.50° + 0.3 27 19.162 £ 0.7 48

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Difference test.
YR.l. =YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Plant variables: The second order interaction (Nemarioc-AL x Nemafric-BL x Mordica
phytonematicides) did not have significant effects on plant variables. Similarly,
Nemafric-BL x Mordica, Nemarioc-AL x Mordica and Nemarioc-AL x Nemafric-BL
phytonematicides interactions did not have significant effects on plant variables.
However, Nemafric-BL x Mordica phytonematicides had significant effects on tiller
number, contributing 13% in total treatment variation (TTV) of the variable (Appendix
5.3). Mordica phytonematicide as a main factor had no significant effects on all plant
variables, except for tiller number, contributing 21% in TTV of the variable. However,
Nemafric-BL phytonematicide as a main factor had significant effects on mother plant
internode number and tiller number, contributing 29 and 52% in TTV of the respective
variables. In contrast, Nemarioc-AL phytonematicide as a main factor had significant
effects on mother plant height, mother plant panicle mass, mother plant peduncle
length and mother plant internode number, contributing 37, 33, 49 and 39% in TTV of
the respective variables. Relative to untreated control, Nemafric-BL x Mordica
phytonematicides interaction increased tiller number by 163% (Table 5.2). Relative to
untreated control, Nemafric-BL phytonematicide as a main factor increased mother
plant internode number by 24%, whereas Nemarioc-AL phytonematicide increased
mother plant height, mother plant panicle mass, mother plant peduncle length and

mother plant internode number by 37%, 30%, 37% and 39%, respectively.
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Table 5.2 Interactive effects of Nemafric-BL and Mordica phytonematicides on tiller

number of sweet stem sorghum at 150 days after application of treatments.

Mordica
Nemafric —BL Mo* R.I. (%)Y Mz R.I. (%)
Blo 1.17°+ 0.6 - 1.33°+1.1 14
BL1 1.75° £ 0.1 49 3.082+0.8 163

*Column means * standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) — 1] x 100.

Mo = without Mordica, M1 = with Mordica, BLo = without Nemafric-BL, BL1 = with

Nemafric-BL.

Nutrient elements: Generally, the second order interaction Nemarioc-AL x Nemafric-
BL x Mordica did not have significant effects on essential nutrient elements, except for
Ca and K, contributing 26 and 20% in TTV on the respective variables (Appendix 5.4).
In contrast, the first order interaction from Nemafric-BL x Mordica phytonematicides
had significant effects on Ca, contributing 29% in TTV on the variable. The Nemarioc-
AL x Mordica and Nemarioc-AL x Nemafric-BL interactions did not have significant
effects on all essential nutrient elements. The main factors Mordica and Nemafric-BL
phytonematicides had significant effects on Ca, contributing 14 and 22% in TTV on
the variable, respectively. Nemarioc-AL phytonematicide had significant effects on Ca
and K, contributing 24 and 40% in TTV on the respective variables Relative to
untreated control, the combined effects of the products increased Ca and K in leaf
tissues of SSS, with the second order interactions increasing Ca and K by 206 and

164%, respectively (Table 5.3). However, the second order interactions were not
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significantly to most first order interactions of Mordica phytonematicide with the

cucurbitacin-containing phytonematicides.

Table 5.3 Interactive effects of Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides on calcium and potassium in sweet stem sorghum leaf tissues at

150 days after application of the treatments (n = 48).

Mordica

Nemarioc Nemafric Mo* R.I. M1 R.I.

‘AL -BL (%)Y (%)

Calcium (mg/kg)

ALo BLo 25000°+ 1.1 — 471000 + 1.2 88
ALo BL1 52100° + 0.4 108 47100° £ 0.5 88
AL:1 BLo 493002 + 0.4 97 47190+ 1.5 89
AL:1 BL1 510002 +0.8 103 765002 + 0.7 206

Potassium (mg/kg)

AlLo BLo 104209+ 2.0 - 16140% + 0.4 55
AlLo BL1 225203 +0.9 116 195502° + 1.3 88
AL1 BLo 249002 + 0.2 139 20490 + 0.2 96
AL1 BL1 220803 + 0.4 111 275002 + 0.1 164

*Column means = standard error followed by the same letter were not different (P <
0.05) according to Fisher’'s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) - 1] x 100.

Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with
Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.

5.4 Discussion
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Degrees Brix: The second order interaction from Nemarioc-AL, Nemafric-BL and
Mordica phytonematicides had significant effects on °Bx in SSS cv. 'Ndendane-X1".
Although the exact mechanism is not yet clear, this was an important observation since
when compared with untreated control the increment was substantial, from 48 to 66%.
Although in the current study the main factors alone did not have significant effects on
°Bx, Mashela and Dube (2014) observed in another study that the residual effects of
Nemarioc-AL phytonematicide increased the °Bx in the test cultivar. In various other
studies (Mashela et al., 2017b), it was observed that the cucurbitacin-containing
phytonematicides increase chlorophyll content in leaf tissues of different plants, which
could possibly explain the increased °Bx in the current study. Photosynthates are
translocated from shoots to other organs as sucrose (Salisbury and Ross, 1992.), with
the excess needed for sustenance being stored as starch, which is easy to hydrolyse
to ethanol during the fermentation process (Nzanza and Mashela, 2012). Although the
mechanism involved in improvement of °Bx is not yet clear, it would be important that
additional studies be conducted to investigate whether there were no terpenoid
chemical residues in sucrose of SSS cultivars and how, if any, the residues would

affect the quality of ethanol.

Plant growth variables: The significant effects of second order interactions on selected
plant growth variables agreed with observations of the two cucurbitacin-containing
phytonematicides with other products (Madaure et al., 2018; Mashela et al., 2015,
2017; Rabothata, 2017). The second order interaction of Nemarioc-AL
phytonematicide, Nemafric-BL phytonematicide and Steinernema feltiae Filipjev
(Madaure et al., 2018) or Trichoderma harzianum Rifai (Madaure et al., 2018) was

either significant or neutral on various plant growth variables, with limited information
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on the mechanisms involved. In the current study, the major focus was on investigating
whether the developed methodology using the total Mean Concentration Stimulation
Point of 3% for the three phytonematicides would hold for assessing the potential
phytotoxicity without resorting to the Curve-fitting Allelochemical Response Dose
(CARD) computer based model (Mashela et al., 2017b). In the CARD model, which
uses the principles of the algorithm (Liu et al., 2003), three concentration-based
phases, namely, stimulation, neutral and inhibition phases, had been identified.
Basically, most of the outcomes of botanical-based treatments occur within the three
phases as depicted by the stimulation (+), neutral (0) and inhibition (-) responses,
respectively. In most cases, the neutral phase is implicated when the treatment did not
have a significant effect on the test variable, as observed on a number of occasions in

the current and other studies (Mashela et al., 2017b).

Generally, when the effect of a phytonematicide has stimulation and inhibition effects,
relative to the untreated control, the effects would be depicted by positive and negative
effects, respectively. All plant growth variables in the current study depicted either
relative positive or neutral effects as separated by appropriate post-hoc tests. The
developed procedure was user-friendly since it did not require the development of the
MCSP as required when using the CARD model (Mashela et al., 2017b). According to
the first law of phytonematicides (i.e. MCSP), the concentration that would not induce
phytotoxicity, but stimulate or be neutral on plant growth, occurs from 1 to 3%
phytonematicide (Mashela et al., 2015, 2017). The latter allowed permutations which
were used when one, two or three products were used. Allow this technique provides
some information in relation to the suitability of any of the three products, alone or

combined, the technique does not substitute the empirical development of the MCSP,

67



and its added advantage of providing sensitivity and overall sensitivity values about

the test variable and test entity, respectively.

In the current study, all SSS plant variables were stimulated by the phytonematicides
alone or when combined, confirming one previous study (Mabuka, 2013), which
showed that cucurbitacin-containing phytonematicides had stimulation effects on cv.
'‘Ndendane-X1'". In several other studies it was shown that the stimulation effects were
due to increased cell division in organs (Chen et al., 2005), which in animals is viewed
as being cancerous (Lee et al.,, 2010) because they could not adjust their
morphometric when exposed to the products (Mashela et al., 2020). The observed
effects, when viewed together using a holistic approach, could suggest that the
terpenoids, due to the large number of carbon atoms, when used as drenched
phytonematicides, could be improving organic C in the soil, which improves the overall
performance of SSS. The improvement of organic C, has been linked to the
improvement of soil health (Mashela and Dube, 2014), which translated into improved
plant growth and accumulation of various nutrient elements in leaf tissues of various
plants (Mashela and Pofu, 2017). In a recent study (Mashela et al., 2020), it was
demonstrated that using wild watermelon (Cucumis africanus L.F.) in crop rotation
systems intended to manage nematode population densities of Meloidogyne species,
significantly improved organic C, when compared with other crops. Roots of C.
africanus contain large quantities of cucurbitacin B (C32H460s), which could explain
the improvement in organic C from degradation of roots, which, therefore, increased
carbon sequestration in the soil. Apparently, the three terpenoid-containing
phytonematicides improve soil health through carbon sequestration, the concept

which implies the retaining of organic C in the soil as opposed to releasing it into the
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atmosphere where it forms greenhouse layer (Sandra et al., 2012), responsible for

global warming.

Another observation worth mentioning in the current study, was the influence of the
second order interactions and certain first order interactions on accumulation of K and
Cain leaf tissues of SSS. The effects consistently increased the two nutrient elements,
with the increment ranging from 14 to 206%. Increased K could be associated with
increased panicle mass of both the mother plant and tillers as observed in the current
study since K is essential in seed filling and development (Salisbury and Ross, 1992).
Also, high K content is essential in plants during conversion of sucrose to starch, where

conversion enzymes use K as a catalyst (Salisbury and Ross, 1992.).

5.5 Synthesis and conclusion

Observations in the current study suggested that the three terpenoid-containing
phytonematicides, collectively or singularly, increased sucrose in stems and plant
growth components, along with improving soil health in areas without sugarcane
aphids and Meloidogyne species. In conclusion, the three products, collectively and
singularly, have practical future application in the production of SSS destined for
ethanol production. The null hypothesis which suggested that the interactive effects of
Nemarioc-AL, Nemafric-BL and Mordica phytonematicides would not stimulate sugar
content and plant growth variables of cv. 'Ndendane-X1' under pest-free conditions
was therefore, rejected. In the ensuing research chapter, the combined effects of the
three terpenoid-containing phytonematicides were further studied on stimulation of
sugar content and growth variables of cv. 'Ndendane-X1' was studied from sorghum

plants infested with sugarcane aphid and infected with Meloidogyne species.
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CHAPTER 6
INTERECTIVE EFFECTS OF TERPENOID-CONTAINING PHYTONEMATICIDES
TO SWEET STEM SORGHUM INOCULATED WITH MELOIDOGYNE INCOGNITA
AND MELANAPHIS SACCHARI

6.1 Introduction

Nematode resistance in sweet stem sorghum (SSS) cv. ‘Ndendane-X1' was previously
(Chapter 3) compromised by the interactive effects of the root-knot (Meloidogyne
species) nematodes and sugarcane aphid (Melanaphis sacchari Zehntner). Therefore,
successful production of SSS cv. 'Ndendane-X1' would depend upon the effective
management of nematode and sugarcane population densities. Generally, the
management of nematode population densities using phytonematicides is preferred
since the products are both user-friendly and environment-friendly. The cucurbitacin-
containing products, namely, Nemarioc-AL and Nemafric-BL phytonematicides,
derived from fruits of wild cucumber (Cucumis myriocarpus Naude.) and wild
watermelon (Cucumis africanus L.F.), with active ingredients cucurbitacin A (C32H4609)
and cucurbitacin B (Cs2H460s), had limited significant interactions under different
environment on productivity of crops and/or suppression of nematodes (Mashela et
al., 2015; Pelinganga and Mashela, 2012; Pelinganga et al., 2012). Under the
hierarchy of terpenoids, the active ingredients of the two products are chemically
referred to as triterpenoids. Another terpenoid-containing phytonematicide, derived
from fruit of bitter gourd (Momordica balsamina L.), Mordica phytonematicide, has
momordin (C42HesO13) as an active ingredient, chemically referred to as tetraterpenoid.
Generally, the terpenoids have similar functional groups, with the main targets in

entities being lipids and proteins (Van Wyk and Wink, 2004).
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Belowground and aboveground pests were previously shown to have capabilities to
interact with each other through various mechanisms (Bezemer et al., 2005; Hol et al.,
2010; Kaplan et al., 2011; Kutyniok and Muller, 2012; Wurst and Van der Putten,
2007). In most cases, the interactive effects involved the production of induced
systemic effects from root to leaf tissues, vice versa (Wondafrash et al., 2013). The
highly efficient fumigant nematicides, which were biocidal to microorganisms in the
soil (Van Gundy et al., 1964), resulted in soil degradation, which eventually resulted in
poor soil health and reduced crop yield. However, since sugarcane aphid breaks
nematode resistance, where plant resistance is used to manage nematode densities,
it would be imperative that aphid be managed using environment-friendly soft
insecticides, with the combination of the latter with any of the terpenoid-containing
phytonematicides being ideal. The interactive effects of the three terpenoid-containing
drenched phytonematicides in environments infested with Meloidogyne species and
sugarcane aphids on the productivity of SSS and the performance of nematodes and
aphids had not been documented. The objective of the study was to determine the
interactive effects of Nemarioc-AL, Nemafric-BL and Mordica phytonematicides to
sucrose content and plant growth variables of SSS cv. ‘Ndendane-X1’, but inhibited
Meloidogyne species and sugarcane aphid under microplot conditions. The null
hypothesis suggested that the interactive effects of Nemarioc-AL, Nemafric-BL and
Mordica phytonematicides would not stimulate sucrose content and plant growth
variables of SSS cv. ‘Ndendane-X1’ nor inhibit Meloidogyne species and sugarcane

aphid under microplot conditions.

6.2 Materials and methods
6.2.1 Location of the study
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An experiment was conducted under micro-plot conditions at the Green
Biotechnologies Research Centre of Excellence (GBRCE), University of Limpopo,
South Africa (23°53'10"S, 29°44'15"E) in November-March 2018 and validated in
2019. The location had mean annual rainfall of less than 500 mm, which occurred
mostly in summer (November-January), whereas minimum/maximum temperatures

averaged 28/38°C.

6.2.2 Treatments, experimental design and procedures

A 2 x 2 x 2 factorial experiments, with the first, second and third factor comprising
Nemarioc-AL, Nemafric-BL and Mordica phytonematicides, respectively. The eight
treatments, comprising AoBoMo, A1BoMo, AoB1Mo, AoBoM1, A1B1Mo, A1BoM1, AoBiM1
and AiBiMi, were arranged in a randomised complete block design, with three
replications. Blocking was done for shading from windbreak trees. Thirty-cm-diameter
plastic pots, each filled with pasteurised (300°C for 1 h) loam soil, derived from the
site of the experiments. Six SSS seeds cv.'Ndendane-X1' were sown per pot and
thinned to one seedling per pot at two true-leaf stage. Mature fruits from C. africanus,
C. myriocarpus and M. balsamina were separately collected from cultivated fields, cut
into pieces and dried at 52°C for 72 h in air-forced ovens (Mafeo and Mashela, 2009).
Each plant material was fermented using effective microorganisms (EM) as described
by (Mashela et al., 2017b). Eggs and second-stage juveniles (J2) of M. incognita race
2, when required, were extracted from roots of greenhouse-grown nematode-
susceptible tomato cv. 'Floradade' in 1% NaOCI solution (Hussey and Barker, 1973)
and rinsed of NaOCI in 25-um opening sieves. Sugarcane aphids were reared on SSS
at 1.5 km away from the experimental sites. After thinning, each seedling was

inoculated by dispensing 5 000 eggs + J2 using 20 ml plastic syringe into 5-cm-deep
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holes around the stem and each infested with 20 sugarcane aphids in whorls using a

soft brush, with both entities being non-treatments.

Figure 6.1 Sweet stem sorghum cv. 'Ndendane-X1' established for the study.

The phytonematicide treatments in each trial were applied weekly, with the main
factors (A1BoMo, AoB1Mo, AoBoM1) being at 3%, whereas the main factors in the first
order interactions (AiBiMo, Ai1BoM1, AoBiMi1) were at 1.5% and the second order
interaction (A1Bi1M1) at 1% each. Plants were irrigated using a drip irrigation system
for 1 h every other day until the first signs of reproduction and then irrigation interval
was increased to one week at 3 h operational period. Each seedling was fertilised with
5 g 2:1:2 (43) Multifeed fertiliser (Nulandies, Johannesburg) which provide a total of
0.70 mg N, 0.64 mg K and 0.64 mg P, 1.8 mg, 1.5 mg Fe, 0.15 mg Cu, 0.7 mg Zn, 2

mg B, 6 mg Mn and 0.14 mg Mo per ml water (Mashela, 2002). Plants were provided
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with 5 g NPK 2:3:2 (22) + 0.5% S + 5% Zn + 5% Ca fertiliser to supply the crops with

calcium (Ca) element every two weeks after transplanting.

6.2.3 Data collection and analysis

At 150 days after the treatments, degrees Brix, plant growth and nutrient element
variables, along with the reproductive potential of Meloidogyne species, were collected
as described previously (Chapter 3). Two plants per plot was randomly selected for
sampling of sugarcane aphid, making a total number of 16 plants for sampling.
Collection of sugarcane aphids was done on two leafs per sampled plant, making a
total of 32 leaf for sampling. Counting was conducted every other week for 21 weeks,
starting when plants were at two true-leaf-stage, up to termination of the experiment
at 150 days (Church and Strickland, 1954). Each leaf sample was examined
separately on the ventral side t and the aphid population on each leaf counted. The
recorded values were transformed through logio (x + 1) prior to subjection to analysis
of variance to normalise the variances and both untransformed and transformed data

were recorded. The mean number of population density of aphid/ leaf were calculated.

The Shapiro-Wilk test was performed on the standardized residuals to test for
deviations from normality (Shapiro and Wilk, 1965) and data were also tested for
homogeneity of the treatment variances (Levene, 1960). The standardised residuals
were acceptably normal with homogeneous treatment variances and therefore, data
were subjected to analysis of variance using the Statistix 10.1 software. Seasonal
effects were not significant and data were pooled (n = 48) and subjected to analysis
of variance. Unless otherwise stated, treatments were discussed at the probability
level of 5%.
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6.3 Results

Degrees Brix: The interactive effects of Nemarioc-AL, Nemafric-BL and Mordica

phytonematicides had significant effects on mother plant middle sucrose content in

degrees Brix (°Bx) of SSS with Meloidogyne species and sugarcane aphid on

microplot, contributing 26% in TTV on the variable (Appendix 6.1). Relative to

untreated control, the second order interaction significantly increased sucrose content

in SSS middle stem by 34%, but which was not significantly different to Mordica

phytonematicide (Table 6.1).

Table 6.1 Second order interaction of terpenoid-containing phytonematicides on
mother plant middle sucrose content [degrees Brix (°Bx)] in sweet stem sorghum
with Meloidogyne incognita and Melanaphis sacchari for 150 days under microplot

conditions (n = 48).

Mordica
Nemarioc Nemafric- Mo* R.l. (%)Y M1 R.I. (%)
-AL BL
ALo BLo 15.83+0.1 - 18.582 + 0.2 17
ALo BL1 16.02° + 0.4 1 17.07°+ 0.7
AlL1 Blo 17.52°+ 0.5 11 16.48°+ 1.2
AL BL1 17.02°+0.2 7 21.272+£0.3 34

*Column means * standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.1. =YRelative impact (%) = [(treatment/control) — 1] x 100.

Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.

The interactive effects of Nemarioc-AL and Nemafric-BL phytonematicides had

significant effects on mother plant middle sucrose content and mother plant top
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sucrose content, contributing 25 and 49% in TTV of the respective variables (Appendix
6.1). Relative to untreated control, the interactive effects of Nemarioc-AL and
Nemafric-BL phytonematicides increased sucrose in mother plant middle and top parts
by 27 and 15%, respectively. In contrast, the interactive effects of Nemarioc-AL with
Mordica phytonematicides and Nemafric-BL with Mordica phytonematicides had
significant effects on mother plant bottom sucrose content, contributing 31 and 21% in
TTV on the respective variables. Relative to untreated control, the interactive effects
of Mordica and Nemarioc-AL phytonematicides increased sucrose in mother plant
bottom parts by 87%, whereas Mordica and Nemafric-BL phytonematicides increased

the variable by 60% (Table 6.2).
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Table 6.2 First order interaction of terpenoid-containing phytonematicides on

sucrose content [degrees Brix (°Bx)] of sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n =

48).
Nemafric-BL

BLo R.I. (%)Y BL1 R.I. (%)
Nemarioc-AL Mother plant middle sucrose content (°Bx)
ALo 14.57¢+ 0.3 - 16.33°+ 0.7 12
AL1 15.59% + 0.5 7 18.542 + 2.2 27

Mother plant top sucrose content (°Bx)
ALo 14.18*+1.2 - 14.88° £ 0.5 5
ALz 15.83* £ 0.3 12 16.292+ 0.4 15
Mordica

Mo R.1. (%) M1 R.I. (%)
Nemarioc-AL Mother plant bottom sucrose content (°Bx)
ALo 7.067°+0.3 - 7.925+ 0.7 12
ALz 8.123*+ 0.1 14 14.7892+ 0.2 87
Nemafric-BL Mother plant bottom sucrose content (°Bx)
BLo 7.517°+0.5 - 9.237°+1.2 23
BL1 8.534+ 0.2 13 12.0072+ 0.2 60

*Column means = standard error followed by the same letter were not different (P

< 0. 05) according to Fisher’s Least Significant Difference test.

YR.l. =YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Plant variables: The interactive effects of Nemarioc-AL, Nemafric-BL and Mordica
phytonematicides with Meloidogyne and sugarcane aphid on microplots had
significant effects on mother plant panicle mass, mother plant stem diameter, tiller 1
stem diameter and mother plant internode number, contributing 11, 6, 17 and 31% in
TTV on the respective variables (Appendix 6.2). The interactive effects of Nemarioc-
AL, Nemafric-BL and Mordica phytonematicides with Meloidogyne and sugarcane
aphid had significant effects on mother plant panicle mass, contributing 11% in TTV
of the respective variables (Appendix 6.3). The first order interaction Nemarioc-AL x
Mordica had significant effects on mother plant height and S1 plant height, contributing
19 and 16% in TTV on the respective variables. The Nemarioc-AL x Nemafric-BL
phytonematicides interaction had significant effects on tiller 1 plant height and tiller 1
panicle mass, contributing 14 and 29% in TTV on the respective variables (Appendix
6.3). Similarly, the Nemafric-BL x Mordica phytonematicides interaction had significant
effects on mother plant stem diameter and S1 stem diameter, contributing 7 and 22%
in TTV on the respective variables. The Nemarioc-AL x Mordica phytonematicides and
Nemarioc-AL x Nemafric-BL phytonematicides each had significant effects on tiller 1

stem diameter, contributing 26 and 13% in TTV of the respective variables.

Generally, the main factors alone or combined, increased mother plant panicle mass
in SSS cv. 'Ndendane-X1', with the largest relative mass increase of 370% being under
the second order interaction (Table 6.3). Although there was variability in mother plant
panicle mass of SSS, in all cases the variable was significantly higher than that of
untreated control. Relative to untreated control, second order interaction of Nemarioc-
AL, Nemafric-BL and Mordica phytonematicides increased mother plant stem

diameter by 61% (Table 6.4). Tiller 1 stem diameter increased by 78% (Table 6.5),
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whereas mother plant internode number increased by 91% (Table 6.6) all under
second order interaction. Relative to untreated control, first order interaction for
Nemarioc-AL and Mordica phytonematicides increased mother plant peduncle length
by 97% (Table 6.7). Relative to untreated control, first order interaction for Nemarioc-
AL and Mordica phytonematicides increased mother plant height and tiller 1 plant
height by 123 and 584%, respectively (Table 6.8). Alone, the main factors did not have
significant effects on the variables. Similarly, first order interaction for Nemarioc-AL
and Nemafric-BL phytonematicides significantly increased tiller 1 plant height and tiller
1 panicle mass by 674% and 404% (Table 6.9), with main factors significantly
increasing the individual variables. Also, each main factor increased the variable by

59 and 65%, respectively.

Table 6.3 Second order interaction of terpenoid-containing phytonematicides on
mother plant panicle mass (g) in sweet stem sorghum with Meloidogyne incognita

and Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Nemarioc-  Nemafric- Mo* R.l. (%)Y M1 R.I. (%)
AL BL
ALo Blo 13.739+ 15 - 31.33°+ 0.7 280
ALo BL1 51.33°¢+ 0.5 148 67.91° + 0.8 242
AlL1 Blo 52.30¢ + 0.9 172 47.88°¢ + 0.3 245
AL BL1 48.67 + 25 96 120.332+£ 0.5 370

*Column means = standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.1. = YRelative impact (%) = [(treatment/control) — 1] x 100.

Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with
Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Table 6.4 Second order interaction of terpenoid-containing phytonematicides on

mother plant stem diameter (mm) in sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n =

48).
Mordica
Nemarioc-AL  Nemafric- Mo* R.I. (%)Y M1 R.I. (%)
BL

ALo Blo 1.1110°+ 0.2 - 1.1350°+ 0.8 2
Alo BL1 1.1450°+ 1.5 3 1.3150°+ 0.4 18
AL1 Blo 1.2312°+0.2 10 1.2150°+ 0.1 9
AL1 BL1 1.3150°+ 1.7 18 1.79302+ 0.7 61

*Column means + standard error followed by the same letter were not different (P

< 0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) - 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Table 6.5 Second order interaction of terpenoid-containing phytonematicides on

tiller 1 stem diameter (mm) in sweet stem sorghum with Meloidogyne incognita and

Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Nemarioc- Nemafric- Mo* R.I. (%)Y M1 R.l. (%)
AL BL
Alo Blo 1.0483°+ 2.2 - 1.2242° + 1.7 16
ALo BL1 1.3450° + 2.0 28 1.2965° + 0.3 17
AL1 Blo 1.2317°+ 1.4 17 1.3807° + 2.2 32
AL1 BL1 1.2040°+ 2.5 15 1.86492+2.2 78

*Column means * standard error followed by the same letter were not different (P

< 0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Table 6.6 Second order interaction of terpenoid-containing phytonematicides on
mother plant internode number in sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n =

48).

Mordica
Nemarioc-  Nemafric- Mo* R.I. M1 R.I. (%)
AL BL (%)Y
ALo Blo 6.08°+ 2.8 - 6.71°+ 0.5 10
Alo BL1 7.54°+ 0.5 24 7.96°+ 1.6 31
AL1 BLo 8.46%°+ 0.4 39 7.63°+ 0.6 25
AL1 BL1 8.9220+ 0.3 47 11.592+ 0.5 91

*Column means * standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Table 6.7 Second order interaction of terpenoid-containing phytonematicides on

mother plant peduncle length in sweet stem sorghum with Meloidogyne incognita

and Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Nemarioc-  Nemafric- Mo* R.I. M1 R.I. (%)
AL BL (%)Y
Alo Blo 14.400°+ 1.7 - 16.200°+ 3.9 16
ALo BL1 16.133°+ 2.8 12 17.017¢+ 2.2 18
AL1 Blo 15.600°+ 1.4 8 19.500¢+ 2.9 76
AL1 BL1 14.500°+ 2.3 1 28.5002+ 2.8 97

*Column means + standard error followed by the same letter were not different (P

< 0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL..
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Table 6.8 First order interactions of terpenoid-containing phytonematicides on
mother plant height and tiller 1 plant height in sweet stem sorghum with
Meloidogyne incognita and Melanaphis sacchari for 150 days under microplot

conditions (n = 48).

Mordica
Mo* R.I. (%)Y M1 R.I. (%)
Nemarioc-AL Mother plant height (cm)
ALo 89.42° + 2.4 - 93.42+ 0.3 4
ALz 94.58°+ 1.2 6 199.092+0.8 123

Tiller 1 plant height (cm)

AlLo 15.48°+ 0.6 - 16.32°+ 0.4 5

AL1 35.25°+ 0.8 129 105.422 £ 0.3 584

*Column means * standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.1. =YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL.
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Table 6.9 First order interactions of terpenoid-containing phytonematicides on Tiller
1 panicle mass (g) and tiller 1 plant height in sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Nemafric-BL
BLo R.I. (%)Y BL1 R.I. (%)
Nemarioc-AL Tiller 1 panicle mass (Q)
Alo 12.70° + 2.2 - 21.03°+2.1 65
AL1 20.23*+1.3 59 64.082 £ 0.6 404

Tiller 1 plant height (cm)

AlLo 15.42°+2.3 - 17.42°+0.7 138

AL1 36.75° £ 0.3 13 103.922 £ 0.3 674

*Column means * standard error followed by the same letter were not different (P
< 0. 05) according to Fisher’s Least Significant Difference test.

YR.1. =YRelative impact (%) = [(treatment/control) — 1] x 100.
ALo = without Nemarioc-AL, AL1 = with Nemarioc-AL, BLo = without Nemafric-BL,

BL1 = with Nemafric-BL.

Essential nutrient element variables: The second order interaction for the terpenoid-
containing phytonematicides had significant effects on Mg, contributing 12% in TTV
on the variable (Appendix 6.4). The first order interaction Nemarioc-AL x Mordica and
Nemarioc-AL and Nemafric-BL phytonematicides had significant effects on Ca,
contributing 13 and 23%, respectively, in TTV on the variable. Mordica
phytonematicide had significant effects on Ca and Mg, contributing 26 and 46% in TTV
on the respective variables, whereas Nemafric-BL phytonematicide also had

significant effects on Ca and Mg, contributing 27 and 27% in TTV on the variable.
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Relative to untreated control, the second order interaction resulted in the highest
accumulation of Mg in leaf tissues of SSS, followed by most other first order
interactions and then the main factors (Table 6.9). The first order interaction of Mordica
and Nemarioc-AL phytonematicides interaction had the highest effect on Ca in SSS
leaf tissues, followed by that of Mordica and Nemarioc-AL phytonematicides, which
accumulated significantly higher Ca than the untreated control (Table 6.11). Similarly,
the Nemafric-BL x Nemarioc-AL interaction had the highest effect on Ca in leaf tissues
of SSS, followed by both Nemafric-BL and Nemarioc-AL phytonematicides, which

accumulated more Ca than that in untreated control.

Table 6.10 Second order interaction of terpenoid-containing phytonematicides on
magnesium (mg/kg) in leaf tissues of sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Nemarioc- Nemafric- Mo* R.I. (%)Y Mz R.I. (%)
AL BL
ALo BLo 2423.39+ 0.5 - 5506.7°¢ + 2.2 127
ALo BL1 6360.0° + 0.6 162 6396.7° £ 0.2 163
ALz BLo 3576.7¢9+ 1.2 47 6270.0° £ 0.9 158
ALz BL1 4125Pcd + 0.2 70 9450.02 = 0.7 289

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Fisher’'s Least Significant Difference test.

YR.1. =YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.
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Table 6.11 Second order interaction of terpenoid-containing phytonematicides on
calcium in leaf tissues of sweet stem sorghum with Meloidogyne incognita and

Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Mo* R.I. (%)Y M1 R.I. (%)
Nemarioc-AL Ca (mg/kg)
ALo 3398.3°+ 0.8 - 4773.3*+0.5 40
ALz 42442+ 0.5 25 6717.52+ 0.2 98
Nemafric-BL
BLo R.L. (%)Y BL1 R.I. (%)
Nemarioc-AL Ca (mg/kg)
ALo 3156.7¢+ 0.1 - 4601.7° £ 0.4 46
ALz 44158+ 1.2 40 6959.22+ 0.2 120

*Column means * standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Difference test.

YR.1. =YRelative impact (%) = [(treatment/control) — 1] x 100.

Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.

Aphid population density: The second order interaction of the three phytonematicides
had significant effects on aphid population density, contributing 35% in TTV of the
variable (Appendix 6.5). The first order interactions Nemafric-BL x Mordica, Nemarioc-
AL x Mordica and Nemarioc-AL x Nemafric -BL had significant effects on aphid
population density, contributing 20, 16 and 22%, respectively, in TTV of the variable

(Appendix 6.5). Relative to untreated control, the Nemarioc-AL x Nemafric-BL x
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Mordica phytonematicides interaction reduced population density of aphids by 92%,
whereas the Nemafric-BL x Mordica, Nemarioc-AL x Mordica and Nemarioc-AL x
Nemafric-BL interaction reduced the variable by 75, 79 and 80%, respectively (Table

6.12).

Table 6.12 Second order interaction of terpenoid-containing phytonematicides on
sugarcane aphid population density in sweet stem sorghum with Meloidogyne

incognita and Melanaphis sacchari for 150 days under microplot conditions (n = 48).

Mordica
Nemarioc-  Nemafric-BL Mo* R.I. Mz R.I.
AL (%)Y (%)
ALo BLo 205(2.3152 £ 2.9) - 69(1.8439°+ 0.3) -66
ALo BL1 61(1.792¢ + 0.3) -70  43(1.6432'+0.7) -79
AL1 BLo 77(1.8921P+0.4) -62 51(1.7145¢+1.2) -75
AlL1 BL1 42(1.6330°+0.2) -80 16(1.22929+0.2) -92

*Untransformed data outside brackets, whereas within brackets data were
transformed using logio(x + 1) to homogenise the variance.

YColumn means = standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) — 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.

Nematode variables: The second order interaction of the phytonematicides had

significant effects on reproductive potential, contributing 26% in TTV on the variable
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(Appendix 6.6). Relative to untreated control, Nemarioc-AL x Nemafric-BL x Mordica
reduced reproductive potential by 81%, whereas Nemarioc-AL x Mordica, Nemafric-
BL x Mordica and Nemarioc-ALx Nemafric-BL phytonematicides reduced the variable

by 64, 66 and 64%, respectively (Table 6.13).

Table 6.13 Second order interaction of terpenoid-containing phytonematicides on
reproductive potential (eggs + juveniles/g root) of Meloidogyne incognita on sweet
stem sorghum with Meloidogyne incognita and Melanaphis sacchari for 150 days

under microplot conditions (n = 48).

Mordica
Nemarioc-AL Nemafric-BL Mo* R.I. (%)Y Mz R.l. (%)
ALo Blo 31.132+ 3.3 - 17.91° + 0.2 -42
ALo BL1 19.67°+ 0.4 -37 10.73°+ 0.7 -66
AL1 Blo 19.77° + 0.3 -36 11.33¢+1.2 -64
AL1 BL1 10.10°+ 0.3 -68 5.839+0.2 -81

*Column means = standard error followed by the same letter were not different (P <
0. 05) according to Fisher’s Least Significant Difference test.

YR.I. = YRelative impact (%) = [(treatment/control) - 1] x 100.
Mo = without Mordica, M1 = with Mordica, ALo = without Nemarioc-AL, AL1 = with

Nemarioc-AL, BLo = without Nemafric-BL, BL1 = with Nemafric-BL.

6.4 Discussion

Degrees Brix: Due to increased °Bx in various parts of the stem of SSS, especially in

the middle part, it is apparent that some chemical modifications, which is one attribute
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related to momordin (Minami et al., 1998), could be in place during the interactive

effects of the three main factors.

Plant growth variables: The second order interaction had significant effects on four
plant variables, with the first order interactions occurring in each of the cucurbitacin-
containing phytonematicides with Mordica phytonematicide exclusively, confirming
observations in reproductive potential of Meloidogyne species. The ability of momordin
to undergo various modifications when interacting with other chemicals (Minami et al.,
1998), could probably explain how Mordica phytonematicide and Nemarioc-AL or
Nemafric-BL phytonematicide separately interacted to promote plant growth variables
in SSS. Generally, all observed interactions increased the test variables, which could
imply that the concentration was within the stimulation phase as explained earlier in

the current chapter.

In the current study, the two cucurbitacin-containing phytonematicides had significant
interactions on certain plant variables, with comparatively much higher magnitudes
than when the products each interacted with Mordica phytonematicide. For instance,
Nemarioc-AL and Nemafric-BL phytonematicides together significantly increased tiller
1 plant height and tiller 1 panicle mass by 674 and 404%, respectively. Even in the
presence of aphids and nematodes, treatments increased °Bx in SSS cv. 'Ndendane-
X1', with the largest increase of 34% being under the second order interaction, with
effects of Mordica phytonematicide alone on °Bx not being different to that under

second order interaction.
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Nutrient element variables: The second order interaction for the three terpenoid-
containing phytonematicides increased accumulation of Mg in leaf tissues of SSS,
whereas the related first order interactions increased accumulation of Mg and Ca in
leaf tissues (Maake, 2018). Currently, the mechanism involved in increased
accumulation of certain nutrient elements and the reduction of Na (Chapter 3), is not
clear. In the current study, increased accumulation of Mg was important since it serves
as a central element in the structure of the chlorophyll (Taiz and Zeiger, 2006), and its
accumulation in leaf tissues could explain increased chlorophyll content in other
studies where plants were subjected to the test phytonematicides (Mashela et al.,
2013). Similarly, Ca is important in the lignification of organs, which could also serve

as a physical barrier for J2 penetration into roots (Gheysen and Fenoll, 2002).

Sugarcane aphid population density: The second order interaction of the three
drenched phytonematicides reduced aphid population density by 69% under field
conditions. Also, all the three first order interactions significantly reduced aphid
population densities. This constituted the first report where the interaction of the three
products reduced aphid population densities, whereas in previous studies where
aphids interacted with nematodes (Chapter 3 and 4), the focus was primarily either on
aphid performance (Wondafrash et al., 2013) or nematode performance (Pofu et al.,
2011), without attempts to use any product that could manage both nematodes and
aphids. In most studies (Maake, 2018), Nemarioc-AL and Nemafric-BL
phytonematicides hardly interacted to suppress nematode population densities,
whereas each interacted with Mordica phytonematicide to have substantial effects on
reduction (63-70%) of the reproductive potential of nematodes. Cucurbitacin A

(C32H4609) and cucurbitacin B (Cs2H460s) are soluble and insoluble in water,
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respectively (Chen et al., 2005). Cucurbitacin A is also unstable and disintegrates
rapidly into cucumin (Cz27H4009) and leptodermin (C27H3s0s), which could provide
some clue as to why Nemarioc-AL and Nemafric-BL phytonematicides hardly
interacted with each other to supress nematode population densities as observed in
numerous other studies (Mashela et al., 2011). The observed successful suppression
of nematodes through Nemarioc-AL and Nemafric-BL phytonematicides although it
confirmed many other studies as cited by Mashela et al. (2017), is important in SSS
since the plant species possess pre-infectional nematode resistance mechanism,
which counter the effects of the reduced sorgolene concentration in the rhizosphere.
The reduction of aphid population densities suggested that the products changed the
quality of the phloem sap, which was previously shown to be important in improving
the fecundity of aphids (Douglas, 1993). Thus, the phytonematicides supplement the
cultivar in nematode suppression, ensuring that there was limited residual nematode
population density for the successor crop, as observed in most crops with pre-
infectional nematode resistance. Mashela and Pofu (2016) suggested that the
nematode resistance in SSS cv. 'Ndendane-X1' was not useful in crop rotation
systems since most J2 never entered the root systems and succumb to plant genes,

but along with the unhatched J2, remain in the soil.

The role played by momordin (Ca2HesO13) in the interactions as observed in the current
study is not clear. Momordin is a potent inhibitor of protein synthesis that inactivate
ribosomes in eukaryotes (Husain et al., 1994; Minami and Funatsu, 1993; Ortigao and
Better, 1992). Previous studies (Dube, 2016; Shadung, 2016) demonstrated that there
was hardly any cucurbitacin residues in produce where crops were treated with

Nemarioc-AL and Nemafric-BL phytonematicides for managing nematode population
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densities. However, such tests have not been conducted for momordin chemical

residues in phloem sap.

Nematode reproductive potential: The second order interaction suppressed the
reproductive potential of mixed nematode population densities. The mechanism
involved in nematode suppression are beginning to emerge. Recently, Mashela et al.
(2020) showed that during short exposure of K nematode strategists (Phillips and
Trudgill, 1983.) such as S. feltiae to increasing cucurbitacin-containing concentration
of phytonematicides, such nematodes adjust various body parts in order to avoid
damage by hydrostatic pressure on internal organs within the pseudocoelom, which
translates to turgor pressure in plant cells (Mashela and Nthangeni, 2002). The
adjustment of morphometric gives the K nematode strategists some tolerance level to
cucurbitacin-containing phytonematicides. However, the nematode strategists like

Meloidogyne species were not tolerant to the test phytonematicides.

Generally, the top layer of nematode cuticles comprises lipids, with clear indication
that the terpenoids are highly lipophilic (Van Wyk and Wink, 2004). Most importantly,
approximately 80% of the nematode cuticle consists of proteins (Wang et al., 2009),
with recent observations showing that total proteins and increasing terpenoid-
containing phytonematicide significantly exhibited negative quadratic relations in
Meloidogyne species (Mashela et al., 2020), which agreed with the roles played by the
aldehyde and exocyclic methylene groups in interference with either amino acids or

proteins in living entities (Van Wyk and Wink, 2004).

6.5 Synthesis and conclusion
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Most of the second order interactions of the three terpenoid-containing
phytonematicides or any of the first order interactions, had relatively higher stimulation
effects on the plant variables, higher inhibition effects on nematode variable and
sugarcane aphid population density. The combined effects of the three terpenoid-
containing phytonematicides on sucrose content, was such that the treated SSS cv.
'Ndendane-X1' would be classified as premium intake at the mill since the °Bx was
above 16%. The reason for this stimulation could not be exclusively associated with
the reduction of nematodes and sugarcane aphids since such effects were observed
under pest-free conditions (Chapter 5). However, in the current study (Chapter 6),
where untreated control plants were exposed to nematodes and aphids, which were
high, variables were reduced, and thereby explaining the higher magnitudes where
the plants were exposed to the phytonematicides in soil-drenched forms. Apparently,
when nematode resistance alone is used to manage nematode population densities,
it would be imperative to manage sugarcane aphid using environment-friendly soft
insecticides. Although in some instances sugarcane aphid had been managed using
plant resistance (Wondafrash et al., 2013), it is not known how such resistance would
respond when plants were exposed to Meloidogyne species with and without the test

phytonematicides.

In conclusion, the combined effects of the three terpenoid-containing
phytonematicides restored nematode resistance in the test SSS cultivar, in addition to
inducing substances which suppressed the test aphid population densities. Although
findings in the current study had practical future applications, in all cases, the
mechanisms involved were not yet clear. The null hypothesis which suggested that
the interactive effects of Nemarioc-AL, Nemafric-BL and Mordica phytonematicides

94



would not stimulate sucrose content and plant growth variables of SSS cv. 'Ndendane-
X1' nor inhibited Meloidogyne species through direct contact and sugarcane aphid
through induced systemic plant substances under microplot conditions, was therefore,
rejected. In the ensuing chapter, the summary of the findings, the significance of the
findings, the future recommendations and the overall conclusions of the study, were

provided.
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CHAPTER 7

SUMMARY OF FINDINGS, SIGNIFICANCE OF FINDINGS, RECOMMENDATIONS,
CONCLUSIONS

7.1 Summary of findings

A highly nematode-resistant sweet stem sorghum (SSS) cv. “Ndendane-X1', which is
suitable for the production of ethanol is highly susceptible to damage by population
density of M. sacchari. Nematode resistance, whether pre-infectional or post-
infectional nematode resistance, dependent upon photosynthates and that resistance
can be lost under different environmental conditions, such sucking insects. Although
Meloidogyne species and T. semipenetrans are consistently suppressed by terpenoid-
-containing phytonematicides, the efficacy of the products on insect pests had been
inconsistent. This study was conducted to investigate aphid-nematode interaction in
SSS and the development of management protocols of aphids using terpenoid-
containing phytonematicides. Under microplot conditions, the interactive effects of
nematode and sugarcane aphid population density in all three Meloidogyne species
(M. enterolobii, M. incognita and M. javanica) reduced sucrose content and other plant
variables, while stimulating reproductive potential. Nutrient elements (S, Zn, Ca and
Fe) in leaf tissues of the cultivar were significantly reduced as affected by the
interactions of nematode and sugarcane aphid population density in all three
Meloidogyne species. However, other nutrient elements (Cu, K, P, Mg, Mn, and Na)
were not significantly affected by the interactions. Similar results were obtained under
field condition, where combined effects of mixed population of Meloidogyne species
and sugarcane aphid interaction had significantly reduced degrees Brix on the entire
stem of the cultivar. In this instance, the treatment significantly increased reproductive

potential of Meloidogyne species and related root galls on the cultivar. Subsequently,
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in Chapter 5, it was observed that, both plant and nematode variables were increased
and reduced, respectively, when plants were exposed to interaction of the three
terpenoid-containing phytonematicides in regions without sugarcane aphids and
Meloidogyne species. In Chapter 6, the second order interactions of the three
terpenoid-containing phytonematicides or any of the first order interactions, stimulation
plant variables, while reducing nematode variable and sugarcane aphid population
density. Results of the study showed that the nematode-aphid interaction was
responsible for loss of nematode resistance in sorghum cv. 'Ndendane-X1'. The
reduction in degree Brix in both Chapter 3 and 4, was clearly accompanied by the
increased in reproductive potential values, respectively. However, second order
interactions of the three terpenoid-containing phytonematicides appeared to have
improve plant growth and accumulation of nutrient elements, while reducing nematode
variable and sugarcane aphid population density. Consequently, sugarcane aphid
broke down nematode resistance to all three Meloidogyne species and Mixed
population of Meloidogyne species in SSS sugarcane cv. 'Ndendane-X1' Therefore,
aphid population densities must be managed using terpenoid-containing

phytonematicides, if SSS cv. 'Ndendani-X1' is to be sustainably produced.

7.2 Significance of findings

Findings in the study provided the first evidence that the sugarcane aphid on sorghum
breaks resistance to the root-knot nematode. Consequently, in order to retain
nematode resistance in sorghum, it is important that population densities of aphids be
reduced either through the use of aphid-resistant cultivars or insecticides. The
resistance to the nematode is dependent upon sorgolene, whereas the aphid depletes

the photosynthates that serve as source for sorgolene in sorghum roots. The two
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cucurbitacin-containing  phytonematicides, Nemarioc-AL and  Nemafric-BL
phytonematicides, hardly interacted with other in improvement of plant variables and
sugar content in sorghum. Consequently, there was no need to combine the two
products in nematode management. In contrast, mormodin from oleanolic acid, a
triterpenoid interacted with each of the cucurbitacin- containing phytonematicides to
improve the productivity of sorghum in relation to plant variables and degrees Brix.
Thus, mormodin could be combined with any of the two phytonematicides to improve

their efficacy in improving the productivity of sorghum.

7.3 Recommendations

In future it would be necessary to further investigate the modulation role that wasbeing
played by momordin in each of the cucurbitacin-containing phytonematicide.
Additionally, since in the absence of nematodes and aphids, the products stimulated
plant growth variables and sucrose, the products could be used in sorghum production

for the observed improvements and then establishing the mechanisms involved.

7.4 Conclusions

Reproductive potential value was higher than one, whereas plant growth was reduced
under microplot and field conditions. In plant parasitic nematode, when the
reproductive potential is greater than one and the plant suffers yield loss, the plant is
said to be susceptible host. Therefore, aphids broke nematode resistance to M.
incognita race 2, 4 and M. javanica on the test SSS cultivar. In conclusion, sugarcane
aphids must be controlled in order to retain nematode resistance in SSS cv.
'‘Ndendane-X1'. Also, as shown by reduced reproductive potential and aphid

population density, Nemafric-BL, Nemarioc-AL and Mordica phytonematicides
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appeared to be effective management strategies against both pests. Furthermore,

these products increased plant variables and nutrient elements of the test crop.
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Appendix 3.1 Partitioning mean sum of squares for degree Brix of middle sweet stem
sorghum in Meloidogyne species and aphid interaction in field trial.

M. enterolobii M. incognita M. javanica
Source Df MSS TTV MSS TTV MSS TTV
(%) (%) (%)
Replication 11 3.399 1 4.749 1 2.627 1
Nematode 1 1180.08 77" 440.488  94™ 257.924 727
(N)
Aphid (A) 1 154.08 10™ 0.035 3ns 12.344 4
N x A 1 165.02 1" 11.054 2 74.455 22"
Error 33 11.34 1 2.342 0 2.273 1
Total 47 151392 100 478.888 100 351.825 100

*Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 3.2 Partitioning mean sum of squares for reproductive potential (RP) of

sweet stem sorghum in Meloidogyne species and aphid interaction in field trial.

M. enterolobii M. incognita M. javanica

Source Df MSS TV MSS TV MSS TV

(%) (%) (%)
Replication 11 408 4 88 2 0.05421 1
Nematode (N) 1 6296 61™ 3632 70™ 9.37311 80™
Aphid (A) 1 1555 15M 689 13™ 0.47812 8"
N x A 1 1669 16™ 683 13" 0.47812 10™
Error 33 422 4 105 2 0.05711 1
Total 47 10349 100 5196 100 10.44067 100

“Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 3.3 Partitioning mean sum of squares for root mass (RM), mother plant
(MP) plant height (MP-PH) and MP stem diameter (MP-SD) of sweet stem sorghum

in Meloidogyne enterolobii and aphid interaction on microplot trial.

RM (9) MP-PH (cm) MP-SD (mm)
Source DF MSS TTV MSS TTV MSS TTV
(%) (%) (%)
Replication 11 34795 6 37.5 2 18.19 6
Nematode 1 40110 6"ns 799.3 45" 6.345 2ns
(N)
Aphid (A) 1 134281 21" 455.0 257 208.4 66”7
N x A 1 391317 62" 404.3 247 72.38 23"
Error 177 30069 5 77.9 4 12.32 4
Total 191 630572 100 1774 100 3176 100

*Significant at P < 0. 05, "Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 3.4 Partitioning mean sum of squares for dry root mass (DRM) and

mother plant (MP) peduncle length (MP-PL) of sweet sorghum in Meloidogyne

incognita and aphid interaction on microplot trial.

DRM (9) MP-PL (cm)

Source DF MSS TTV (%) MSS TTV (%)
Replication 11 14010 2 2003.6 5
Nematode (N) 1 181671 22" 17779.6 41°
Aphids (A) 1 401458 47" 5453.7 12ns
N x A 1 238549 28™ 14640.7 34"
Error 177 11560 1 3541.5 8
Total 191 847248 100 43419.1 100

*Significant at P < 0.05, "*Not significant at P < 0.05.
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Appendix 3.5 Partitioning mean sum of aquares for sulphur (S) and zinc (Zn) of
sweet stem sorghum in Meloidogyne enterolobii and aphid interaction under

microplot trial.

S (mg/kg) Zn (mg/kg)

Source DF MSS TTV (%) MSS TTV (%)
Replication 11 6793 2 82.82 1
Nematode (N) 1 109610 36™ 799.31 7
Aphid (A) 1 133748 44" 9209.56 82"
N x A 1 42082 14" 919.84 8"
Error 33 8624 2 202.66 2
Total 47 300857 100 11214 100

Significant at P < 0. 05, "Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 3.6 Partitioning mean sum of squares for calcium (Ca), manganese (Mn),
potassium (K) and zinc (Zn) of sweet stem sorghum in Meloidogyne incognita and aphid
interaction under microplot trial.

Ca (mg/kg) Mn (mg/kg) K (mg/kg) Zn (mg/kg)
Source DF MSS TTV MSS TTV MSS TTV MSS TTV
(%) (%) (%) (%)
Rep 11 1040 8 138.4 1 35056 10 461 5
3 6 2.3
Nematod 1 1419 one 3930. 50" 54504 157 134 15
e (N) 87 79.6
Aphid (A) 1 6355 48" 3240. 427 57706 2ns 452 50™
4 24 87.1
N x A 1 4714 36" 3719 5™ 2.2070 62™ 238 26™
3 9 02.0
Error 33 1001 8 124.7 1 42342 12 312 3
9 3 9.9
Total 47 1312 100 7806. 100 358374 100 903 100
643 29 84 10.9

"Significant at P < 0. 05, “Significant at P < 0.01, "™Not significant at P < 0.05.
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Appendix 3.7 Petitioning mean sum of squares for iron (Fe), magnesium (Mg) zinc (Zn) and
calcium (Ca) of sweet stem sorghum in Meloidogyne javanica and aphid interaction under
microplot trial.

Fe (mg/kg) Mg (mg/kg) Zn (mg/kg ) Ca (mg/kg )

Source DF MSS TTV MSS TTV MSS TTV MSS TTV
(%) (%) (%) (%)

Rep 11 1120 1 12929 11 861 10 21541 2
Nematod 1 4266 4 19767 17 2796 327 39127 197
e (N)
Aphid 1 1036 917 74883 63" 2923 33" 14244 707
(A)
N x A 1 3839 37 16863 1™ 1817 21 13242 7™
Error 33 879 1 88465 7 458 5 36938 2
Total 47 1137 100 118112 100 8858 100 20066 100
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Appendix 4.1 Partitioning mean sum of squares for mother plant (MP) top juice Brix
(MP-TB), MP middle juice Brix (MP-MB), MP bottom juice Brix (MP-BB) and number
of root galls (NRG) of sweet stem sorghum in mixture of Meloidogyne species and

aphid interaction in field trial.

MP-TB (%) MP-MB (%) MP-BB (%)
Source Df MSS TTV MSS TTV MSS TTV
(%) (%) (%)
Replication 11 3.399 1 4.749 1 2.627 1
Nematode 1 1180.08 77" 440.488 94* 257.924 72"
(N)
Aphid (A) 1 154.08 10 0.035 3ns 12.344 4
N x A 1 165.02 11~ 11.054 2" 74.455 22"
Error 33 11.34 1 2.342 0 2.273 1
Total 47 1513.92 100 478.888 100 351.825 100
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Appendix 4.2 Partitioning mean sum of squares for reproductive potential (RP) and
number of root gall in sweet stem sorghum in mixture of Meloidogyne species and
aphid interaction in field trial.

NRG RP

Source Df MSS TTV (%) MSS TTV (%)
Replication 11 0.2027 2 0.05421 1
Nematode (N) 1 28.5208 47** 9.37311 80™
Aphid (A) 1 6.0208 10** 0.47812 8"

N x A 1 22.6875 39** 0.47812 10™
Error 33 0.334 2 0.05711 1
Total 47 57.7658 100 10.44067 100

*Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 4.3 Partitioning mean sum of squares for mother plant (MP) plant height
(MP-PH), MP peduncle length (MP-PL), MP internode number (MP-IN) and MP stem
diameter (MP-SD) of sweet stem sorghum in mixture of Meloidogyne species and

aphid interaction in field trial.

MP-PH (cm) MP-PL (cm) MP-IN MP-SD (mm)
Source Df MSS TTV MSS TTV MSS TTV MSS TTV
(%) (%) (%) (%)
Replicatio 1 1192 1 26.16 0 2.74 0 10.96 1
n 1
Nematod 1 41890 21" 3050 3° 468 1ms 009 1m
e (N) 2
Aphid (A) 1 12180 60" 7475. 90" 999.1 91" 5066.6 91~
7 02 8 0
N x A 1 34561 177 221.0 6" 13.02 77 27.14 6"
2
Error 3 1016 1 18.82 1 1.76 1 7.02 1
3
Total 4 20046 100 8046. 100 1021. 100 5111.8 100
7 6 04 41 1

“Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 4.4 Partitioning mean sum of squares for calcium (Ca), potassium (K) and
zinc (Zn) of sweet stem sorghum in mixture of Meloidogyne species and aphid
interaction under field trial.

Ca (mg/kg) K (mg/kg) Zn (mg/kg)
Source DF MSS TTV MSS TV MSS TTV
(%) (%) (%)
Replication 11 20 1 1775981 1 248.27 2
Nematode 1 103453 227 26079549 22" 4243.63 27"
(N)
Aphid (A) 1 6628378 65" 79424082 67" 9343.01 54"
N x A 1 282225 10" 105117 7 1956.17 6"
Error 33 311 1 2732309 2 101.57 1
Total 47 7014387 100 118543407 100 15893 100

Significant at P < 0. 05, "Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 5.1 Partitioning mean sum of squares for mother plant top Brix (MP-TB),
MP-middle Brix (MP-MB) and MP bottom Brix (MP-BB) of sweet stem sorghum in
three percent of Nemarioc-AL (AL),

phytonematicides in micro plot trial.

Nemafric-BL (BL) and Mordica (M)

MP-TB (%) MP-MB (%) MP-BB (%)
Source DF MSS TV MSS TV MSS TV
(%) (%) (%)

Replication 5 12.97 7 3.88 1 4.52 5
AL 1 1576 25™ 0.02 2m 0.30 1ns
BL 1 0.13 10"m 0.08 3ns 0.19 2N
M 1 7.92 12n 15.24 33™ 20.02 40°
AL x BL 1 0.05 3ns 0.19 2m 0.14 2n
AL x M 1 3.26 ons 0.74 2m 0.44 ins
BL xM 1 1.88 3ns 2.50 5ns 2.00 4ns
AL x BL x M 1 14.63 23" 18.81 41° 18.50 37°

Error 35 7.11 11 4.30 9 4.36 9
Total 47 63.70 100 45.77 100 50.47 100

"Significant at P < 0.05, “Significant at P < 0.01, "SNot significant at P < 0.05.
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Appendix 5.2 Partitioning mean sum of squares for mother plant (MP) plant height
(MP-PH), MP panicle mass (MP-PM) and MP peduncle length (MP-PL) of sweet
stem sorghum in three percent of Nemarioc-AL (AL), Nemafric-BL (BL) and Mordica
(M) phytonematicides in a microplot trial.

MP-PH (cm) MP-PM (qg) MP-PL (cm)
Source DF MSS TV MSS TV MSS TV
(%) (%) (%)

Replication 5 6595 6 9431 8 93.97 3
AL 1 41713 37 36244 33 1630.62 49"
BL 1 37241 33" 17929 16" 588.55 18"
M 1 5874 5ns 15491 14ns 235.19 ms
AL x BL 1 475 ons 6054 NS 19.33 ons
AL x M 1 31.7 ons 2446 2ns 6.31 ons
BL x M 1 3317 3ns 6345 6"s 253.18 gns
AL x BL x M 1 1475 s 9579 gns 291.15 gns

Error 35 11342 10 7441 8 226.29 7
Total 47 114064 100 110961 100 3344.59 100

"Significant at P < 0.05, “Significant at P < 0.01, "SNot significant at P < 0.05.
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Appendix 5.3 Partitioning mean sum of squares for MP internodes number (MP-
IN) and Tiller no. of sweet stem sorghum in three percent of Nemarioc-AL (AL),
Nemafric-BL (BL) and Mordica (M) phytonematicides in a microplot trial.

MP-IN Tiller no.

Source DF MSS TTV (%) MSS TTV (%)
Replication 5 24.60 5 0.23 1
AL 1 205.47 39° 1.33 4ns
BL 1 151.76 29" 16.33 52"
M 1 24.78 ons 6.75 21"
AL x BL 1 8.78 2ns 0.33 1ns
AL xM 1 1.90 ons 0.75 2ns
BL x M 1 32.47 6"s 4.08 13"
AL x BL x M 1 41.19 8ns 0.75 2ns
Error 35 37.74 7 0.78 2
Total 47 528.68 100 31.33 100

"Significant at P < 0.05, "Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 5.4 Partitioning mean sum of squares for calcium (C), Copper (Cu) and
potassium (K) of sweet stem sorghum in three percent of Nemarioc-AL (AL),
Nemafric-BL (BL) and Mordica (M) phytonematicides in micro plot trial.

Ca (mg/kg) Cu (mg/kg) K (mg/kg).
Source DF MSS TV MSS TV MSS TV
Replication 5 4.6191 5 72.6 61 84.795 6
AL 1 20.7244 24" 1.19 1ns 521.328 40"
BL 1 25.3752 29" 2.38 2m 291.802 22"
M 1 12.2412 147 1.19 1ns 10.763 1ns
AL x BL 1 0.1141 ons 1.19 1ns 95.511 7ns
AL xM 1 0.2945 ons 2.38 2m 2.223 ons
BL xM 1 0.0027 ons 34.51 29" 1.030 ons
AL x BLx M 1 22.4680 26" 0. ons 258.397 20"
3852
Error 35 1.5216 2 7.14 6 44.480 3
Total 47 87.3608 100 119 100 1310.329 100

*Significant at P < 0.05, "Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 6.1 Partitioning mean sum of squares for mother plant (MP) top sucrose
(MP-TS), MP middle sucrose (MP-MS) and MP bottom sucrose (MP-BS) content of
sweet stem sorghum in three percent of Nemarioc AL (AL), Nemafric-BL (BL) and
Mordica (M) phytonematicides in micro plot trial.

MP-TS (%) MP-MS (%) MP-BS (%)
Source DF  MSS  TTV MSS  TTV MSS  TTV
Replicaton 5  9.0927 11 5.9677 4 1.3324 1
AL 1 05002  1m 9.1002 6™ 26.3589 24
BL 1 08269  1r 6.5269 5™ 8.3084 7"
M 1 11.3102 14™ 245102 17’ 0.2094  O"
AL x BL 1  40.8852 49~ 35.8802 25 10.2953 9"
AL x M 1 123019 15™ 0.2552 Q" 350721 31"
BL x M 1 02552 O 17.8852  13™ 23.7586  21'
ALxBLxM 1 17252 2 36.5752 26~ 0.9549 1
Error 35 6.0240 7 5.5869 4 54860 5
Total 47 829215 100 142.2877 100 111.776 100

*Significant at P < 0.05, "Significant at P < 0.01, ">Not significant at P < 0.05.
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Appendix 6.2 Partitioning mean sum of squares for mother plant (MP) panicle mass (MP-
PM), mother plant stem diameter (MP-SD), tiller 1 stem diameter (S1-SD) and mother
plant internode number (MP-IN) of sweet stem sorghum in three percent of Nemarioc
AL (AL), Nemafric-BL (BL) and Mordica (M) phytonematicides in micro plot trial.

MP-PM MP-SD (mm) S1-SD (mm) MP-IN

Source DF MSS  TTV  MSS TTV. MSS  TTV  MSS TTV

(%) (%) (%) (%)
Rep 5 1854 O 3.03 1 6.99 1 0.25 0
AL 1 8249.3 20° 57.94 21" 5718 7™ 56.33 24™
BL 1 15336 37  90.69 33" 7739 O 48.00 20"
M 1 77155 19  59.89 22 20.81 3"  48.00 20™
ALx 1 216 ons 12.87 5ns 107.37 13*  3.00 1ns
BL
ALx 1 8197 20 11.70 4ns 213.06 26~  1.33 1ns
M
BLx 1 42248 10°  19.68 7 17852 22%  5.33 2ns
M
ALx 1 44598 11"  17.49 6 139.162 17  75.00 31"
BLx M
Error 35 6263 2 4.08 1 17.240 2 2.250 1
Total 47 41638.4 100 277.4222 100  817.754 100  239.4999 100

*Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 6.3 Partitioning mean sum of squares for mother plant (MP) plant height (MP-PH),
tiller 1 plant height (S1-PH), Mother plant peduncle length (MP-PL) and tiller 1 panicle mass
(S1-PM) of sweet stem sorghum in three percent of Nemarioc-AL (AL), Nemafric-BL (BL)

and Mordica (M) phytonematicides in a microplot trial.

MP-PH (cm) S1-PH (cm) MP-PL S1-PM

Source DF  MSS TTV MSS  TTV MSS TTV MSS  TTV

(%) (%) (%) (%)
Replicaton 5 20150 11 7640 5 335 1 204561 11
AL 1 30305 16™ 8034 5" 23548 25  7673.49 27
BL 1 23669 127 47062 31° 7722 9" 3785.37 14"
M 1 35322 197 8992 6"  213.73 24" 141 0™
AL x BL 1 153 O 20460 14"  61.46 7" 8169.30 29"
AL x M 1 36857 19° 23452 16"  180.62 20" 183422 7"
BL x M 1 27165 14" 21973 15° 2535 3 477.04 27
ALxBLx 1 7353 4" 9947 7 101.83 11" 1837.94 7™
M
Error 35 9346 5 3318 2 632 1 130781 5
Total 47 20150 100 150882 100  905.39 100  26724.38 100

“Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 6.4 Partitioning mean sum of squares for calcium (C) and magnesium (Mg)
of sweet stem sorghum in three percent of Nemarioc-AL phytonematicide, Nemafric-
BL phytonematicide and Mordica phytonematicide in micro plot trial.

Ca (mg/kg) Mg (mg/kg)

Source DF MSS TTV MSS TTV
Replication 5 1.48 1 2.48 1

AL 1 3.61 2ns 5.61 3n
BL 1 47.72 27" 54.89 27"
M 1 44.42 26™ 93.04 46
AL x BL 1 39.24 23" 0.90 ons
AL xM 1 23.35 13" 17.99 gns
BL xM 1 5.88 3ns 0.12 ons
AL x BLx M 1 6.09 4ns 24.18 12"
Error 35 2.07 1 5.24 3

Total 47 173.89 100 204.49 100

*Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix .6.5 Partitioning mean sum of squares for aphid population density of
sweet stem sorghum in three percent of Nemarioc-AL (AL), Nemafric-BL (BL) and
Mordica (M) phytonematicides in a microplot trial.

Source DF MSS TTV (%)
Replication 5 1.48 1
AL 1 0.02 1
BL 1 4.68 1
M 1 13.02 2"
AL x BL 1 540.02 22"
AL xM 1 295.02 16"
BLxM 1 379.68 20™
ALxBLxM 1 667.52 35™
Error 35 1.32 2
Total 47 1902.79 100

*Significant at P < 0.05, “Significant at P < 0.01, "Not significant at P < 0.05.
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Appendix 6.6 Partitioning mean sum of squares for reproductive potential of sweet
stem sorghum in three percent of Nemarioc-AL (AL), Nemafric-BL (BL) and Mordica
phytonematicides in micro plot trial.

Source DF MSS TTV
Replication 5 0.01979 2

AL 1 0.00027 ons
BL 1 0.02670 3"
M 1 0.13180 14ns
AL x BL 1 0.15486 16"
AL xM 1 0.20838 22"
BLxM 1 0.10983 12n
ALxBLxM 1 0.24965 26"
Error 35 0.05064 5

Total 47 0.95192 100

*Significant at P < 0.05, **Significant at P < 0.01, "Not significant at P < 0.05.
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