CHAPTER Il
EVALUATING THE IMPACT OF LEAF TRICHOME ON WHITEFLY
Bemisia tabaci (Hemiptera: Aleyrodidae) DYNAMICS IN CASSAVA

3.1 Abstract

Cassava (Manihot esculenta) is an economically important crop in Thailand, but
its productivity is severely limited by CMD, caused by the SLCMV and transmitted by
whiteflies (B. tabaci). Understanding host plant resistance is therefore essential for
effective disease management. Antixenosis, a resistance mechanism associated with
plant morphological traits such as trichome density, may reduce whitefly colonization.
This study evaluated the relationship between trichome density and whitefly
infestation in six cassava cultivars: Huaybong 60, CMR 89, Kasetsart 50, Rayong 72,
Rayong 4, and Pirun 2. Whitefly populations were monitored over time, and trichome
density was assessed using scanning electron microscopy. Significant differences in
whitefly infestation were observed among cultivars. CMR 89, Pirun 2, Rayong 4, and
Kasetsart 50 showed higher infestation levels, whereas Huaybong 60 and Rayong 72
consistently exhibited lower whitefly populations. A strong negative correlation
between trichome density and whitefly infestation was detected, indicating that
increased trichome density effectively restricts whitefly colonization. These findings
suggest that Huaybong 60 and Rayong 72 possess promising antixenosis-based
resistance and may serve as valuable genetic resources for breeding cassava cultivars

resistant to whiteflies and CMD.

3.2 Introduction

Cassava is a starchy, nutty root vegetable native to South America. This versatile
crop serves as the foundation for a wide range of products, including food, flour, animal
feed, alcohol, starches for paper and textiles, sweeteners, prepared foods, and
biodegradable materials. However, a significant challenge in enhancing cassava

productivity is the threat posed by diseases and pests. One of the most critical diseases
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affecting cassava globally is CMD, which is particularly prevalent in Africa, India, Sri
Lanka, and SEA (Legg et al,, 2015; Wang et al., 2019). In SEA, CMD has been reported
in countries such as Vietnam, Thailand, and China, with the SLCMV identified as the
primary pathogen (Wang et al, 2019; Saunders et al, 2002). The disease is
predominantly spread through infected cassava cuttings and the whitefly vector B.
tabaci (Calatayud et al., 1994). Symptoms of CMD include distorted leaves, chlorotic
mosaic patterns, mottling, and stunted plant growth (Chikoti, 2011), which can
potentially reduce cassava yields by up to 40% or, in severe cases, by 100% (Legg and
Fauquet, 2004).

Whitefly (B. tabaci, Hemiptera: Aleyrodidae) is a significant insect vector
responsible for transmitting CMD (Legg et al., 2011) and over 200 other plant viruses,
most of which belong to the Begomovirus genus family Geminiviridae (Navas-Castillo
et al,, 2011; Lu et al,, 2019), the causative agents of CMD, the cassava brown streak
disease, and SLCMV (Maruthi et al., 2005; Legg et al., 2011; Saunders et al., 2002). CMD
can be effectively managed by propagating and distributing disease-free stem cuttings.
However, breeding cassava resistant to the SLCMV via conventional methods remains
a significant challenge due to the high heterozygosity and susceptibility to inbreeding
depression in elite cultivars (Ntui et al., 2015). Furthermore, heavy reliance on chemical
pesticides for whitefly management disrupts ecosystems and increases production
costs, making it economically unviable for small-scale farmers (Abubakar et al., 2022).
In response to insect pests like whiteflies, plants have evolved various defense
mechanisms, including tolerance, antibiosis, and antixenosis (Punnuri et al., 2022).
Tolerance enables plants to sustain growth and reproduction despite insect damage.
Antibiosis directly impacts pest development by reducing fertility, size, and lifespan
(Tefera et al.,, 2016). Antixenosis, in contrast, involves plant traits that deter pest
attacks, often through the production of volatile organic compounds (VOCs) such as
(E)-R-farnesene, (2)-3-hexenal, and (E)-2-hexenal (Peterson et al., 2017).

As a result, developing host-plant resistance against insect vectors has emerged
as a highly effective strategy for managing vector-borne viral diseases (Fereres and
Moreno, 2009). Plant defenses, such as trichome density and leaf surface

characteristics, are crucial in deterring pests (Avery et al., 2015; Heinz and Parrella,
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1994; Mcauslane, 1996). As hemipteran vectors of plant viruses, whiteflies rely on a
sequence of behaviors to identify and select suitable host plants. Once a plant is
deemed appropriate, it initiates sustained phloem-sap feeding (Fereres and Moreno,
2009). Trichomes—small hair-like structures on plant surfaces—play a critical role in
defense against insect pests by providing both toxic and deterrent effects (Skoczek et
al,, 2017). Increased trichome density has been shown to negatively impact insect
behaviors, including oviposition, feeding, and larval development (War et al.,, 2012).
However, the relationship between trichome density and whitefly infestation in cassava
cultivars remains unclear. This knowledge gap hinders the identification and
recommendation of less susceptible cultivars to whitefly damage. Therefore, this study
aims to investigate the influence of trichome density and size on whitefly infestation

across different cassava cultivars.

3.3 Materials and methods
3.3.1 Plant Materials

Six cassava cultivars: Huaybong 60, CMR 89, Kasetsart 50, Rayong 72, Rayong
4, and Pirun 2—were sourced from Nakhon Ratchasima, Thailand. DNA was extracted
from the auxiliary buds at both ends of 10 cassava plants per cultivar to determine
their disease-free or infected status using PCR with specific SLCMV primers. DNA
extraction was performed according to the protocols described by Kollar et al. (1990)
and Nakashima et al. (1993). The quality and quantity of the extracted DNA were
evaluated using a spectrophotometer (Thermo Scientific™ NanoDrop™ 2000). The
presence of SLCMV was detected through PCR, employing AV1 gene-specific primers
(Saokham et al., 2021): AV1 forward (5’-GTT GAA GGT ACT TAT TCC C-3’) and AV1
reverse (5’-TAT TAA TAC GGT TGT AAA CGC-3’). PCR amplification was conducted in a
25-pl reaction volume, containing 1X PCR buffer (PCR Biosystems), 0.2 uM of each
primer, and approximately 50 ng of DNA template. The thermal cycling conditions were
as follows: an initial denaturation at 94 °C for 5 minutes, followed by 35 cycles of
denaturation at 94 °C for 40 seconds, annealing at 55 °C for 40 seconds, and extension
at 72 °C for 40 seconds, with a final elongation at 72 °C for 5 minutes. The reactions
were performed using a Bio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA, USA). PCR

amplification results were analyzed via DNA gel electrophoresis to confirm the disease-
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free or infected status of the cassava samples (Supplementary data, S1). Only disease-
free cassava plants were used for propagation.

The cassava stem cuttings, each measuring 20-25 cm in length, were
prepared with 20 plants allocated per cultivar. The cuttings were initially planted in
pots and cultivated under greenhouse conditions without the application of chemical
treatments for insect pests or disease control. After one month of growth, the cassava
plants were transferred to field conditions for further study. This experimental design
enabled a natural assessment of plant-pest interactions, specifically evaluating the

susceptibility of different cassava cultivars to whitefly infestation.

3.3.2 Whitefly B. tabaci settling preference assay in the field

The choice test experiment employed a completely randomized design
(CRD) to assess the preference of whitefly adults (B. tabaci) for six cassava cultivars:
Huaybong 60, CMR 89, Kasetsart 50, Rayong 72, Rayong 4, and Pirun 2. One-month-old
cassava plants were individually potted at Suranaree University of Technology, with a
spacing of 30 cm between rows and pots. The experiment was designed with 10
replications per cassava cultivar. Whiteflies were allowed to infest the cassava plants
naturally, and the number of adult whiteflies on all cassava leaves was counted at
every five-day intervals until the plants reached four months of age. Host preference
was assessed based on the mean number of B. tabaci observed on each cassava
cultivar. The study was conducted in field settings during December 2023 to January
2024 at Suranaree University of Technology (14°58’14.38” N, 102°06°7.06” E), Nakhon

Ratchasima, Thailand.

3.3.3 Whitefly B. tabaci settling preference assay in the laboratory
The insect choice test study was conducted using a CRD. This experiment
consisted of six replications, each with 120 adult B. tabaci. The preference of six
cassava varieties by adult B. tabaci was quantified using a laboratory-based choice test.
The six cassava cultivars: Huaybong 60, CMR 89, Kasetsart 50, Rayong 72, Rayong 4, and
Pirun 2. One-month-old cassava plants were placed at different corners of a nylon-
mesh cage (dimensions: 0.6 x 1.2 x 0.6 m), with one pot per cassava variety. The

experiment was conducted under controlled conditions at 28 + 2 °C and 50-60%
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relative humidity (Erdogan et al., 2024) in the entomology laboratory at Suranaree
University of Technology. Adult B. tabaci 2-3-day-old were released into the cage using
an aspirator. The net opening was unrolled and directed toward one side of the cage
during release, after which the cage was immediately sealed by tying the net opening.

The number of adult whiteflies present on each cassava variety was
recorded at 24 and 48 hours after the release. The test was repeated six times, with
the positions of the cassava varieties rotated clockwise and counterclockwise in each
replication to minimize positional bias. Host preference was evaluated by comparing
the mean number of B. tabaci adults found on each cassava variety.

3.3.4 Trichome size and density

The morphology of the abaxial surface of three-month-old cassava leaves
was analyzed to explore its correlation with whitefly feeding preferences. Each
measuring 5 mm? leaf samples were soaked in 37% formaldehyde for 24 hours to
preserve tissue structure. Following fixation, the specimens were dehydrated in a
graded ethanol series (70%, 80%, 90%, and 100%) according to the protocol outlined
by Schneeberg et al. (2017). The dehydrated specimens were then dried at the critical
point and coated with gold using a Neo Coater. The leaf surface morphology of the
samples was examined using a scanning electron microscope (SEM; JEOL JSM-6010LV)
at the SEM Laboratory of Suranaree University of Technology, with 10 surface area
replicates for each cassava cultivar. Trichome density and size were assessed by
measuring 10 um? per surface area, 10 times per replication.

3.3.5 Statistical Analysis

All statistical analyses were conducted using SAS software version 9.4 (SAS
Institute, Inc., Cary, NC). Data on whitefly settling preferences, trichome size, and
density were analyzed using Tukey’s post hoc test at a significant level of 0.05, with
all analyses performed using SAS® OnDemand for Academics.

For correlation analysis (Pearson correlation), similar studies by Ghaffer et al. (2011)
were referenced to assess the relationships between the mean values of settling
preference and biophysical factors. The mean number of whiteflies in six cassava
cultivars, density, and size of trichomes were analyzed using the Pearson correlation.
Differences were considered statistically significant at the 5% level. Principal

Component Analysis (PCA) was employed to evaluate the relationships among the six
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cassava cultivars. As a multivariate statistical method, PCA facilitated the identification
of patterns among the cultivars based on multiple parameters, including settling
preference and biophysical characteristics. PCA was performed using Origin Pro 2024
software (OriginLab Corporation, Northampton, MA, USA) to visualize and interpret

relationships among the cassava cultivars (Moberly et al., 2018).

3.4 Results
3.4.1 Whitefly B. tabaci settling preference in the field

Analysis of variance (ANOVA) was performed to assess the infestation levels
of B. tabaci on six cassava cultivars over a 95-day period. The results revealed
significant differences in whitefly abundance among the cultivars at several observation
times (P < 0.05), specifically at 40, 55, 60, 65, and 95 days.

At 40 days, significant differences were detected among cultivars (P <
0.001), with CMR 89 exhibiting a high infestation level of 4.5 + 0.39 whiteflies per plant.
Similarly, at 55 days (P = 0.027), Pirun 2 showed the highest infestation level, reaching
59 + 1.62 whiteflies per plant, whereas Rayong 72 exhibited a comparatively low
infestation of 1.6 + 0.45 whiteflies per plant. At 60 days (P = 0.026) and 65 days (P =
0.018), higher infestation levels were consistently observed on CMR 89, Kasetsart 50,
Rayong 4, and Pirun 2, while significantly lower numbers of whiteflies were recorded
on Huaybong 60 and Rayong 72. At 90 days, no significant differences among cultivars
were detected (P = 0.081). However, at 95 days, significant differences re-emerged (P
= 0.019), with CMR 89 and Pirun 2 showing relatively high infestation levels of
approximately 3.0 whiteflies per plant. In contrast, Rayong 72 maintained a low
infestation level, with only 1.1 + 0.31 whiteflies per plant (Figure 1). According to
Palumbo (2021), whitefly populations should not be allowed to exceed three adults
per leaf, as this action threshold in IPM programs for spring melons is associated with
an increased risk of whitefly infestation and resultant crop damage.

The mean number of B. tabaci whiteflies recorded over the 95-day
observation period differed significantly among the six cassava cultivars (F = 5.243; df
= 5; P < 0.01). The highest mean infestation levels (mean + SE) were observed on CMR
89 (45.6 + 2.40), followed by Pirun 2 (42.4 + 2.23), Rayong 4 (40.9 + 2.14), and Kasetsart

50 (38.0 + 2.01). In contrast, significantly lower infestation levels were recorded on
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Huaybong 60 (29.8 + 1.57) and Rayong 72 (23.0 + 1.21). Detailed infestation levels

among cultivars are presented in Figure 2.
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Figure 3.1 The mean number of B. tabaci whiteflies infesting six cassava cultivars over

a 95-day survey period.
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Figure 3.2 The mean number of B. tabaci whiteflies infesting six cassava cultivars over

a 95-day period.

3.4.2 Whitefly B. tabaci settling preference in the laboratory
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Analysis of variance (ANOVA) was conducted to evaluate the infestation
levels of B. tabaci whiteflies on six cassava cultivars after releasing whiteflies in the
cage at 24 and 48 hours. The results indicated significant differences in the number of
B. tabaci among the cultivars at specific time points (P < 0.05) at 24 and 48 hours. The
mean number of whiteflies per cassava plant was recorded at 24 and 48 hours after
release for six cassava varieties: Huaybong 60, CMR 89, Kasetsart 50, Rayong 72, Rayong
4, and Pirun 2 (Figure 3).

At 24 hours, CMR 89 had the highest number of whiteflies (2.00 + 0.24),
followed by Pirun 2 (1.83 + 0.28), Kasetsart 50 (1.33 + 0.30), Rayong 4 (1.17 + 0.28),
Rayong 72 (0.17 + 0.15), and Huaybong 60 (0.17 + 0.15). Statistical analysis revealed

_|_
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that CMR89 differed significantly from Rayong 72 and Huaybong 60 (p < 0.05).

At 48 hours, the same trend was observed. CMR 89 again had the highest
number of whiteflies (2.5 + 0.06), followed by Kasetsart 50 (1.17 + 0.12), Rayong 4 (1.17
+ 0.11), and Pirun 2 (1.17 = 0.11), while Rayong 72 (0.17 + 0.06) and Huaybong 60 (0.17
+ 0.06) remained the lowest. CMR 89 was significantly different from RY72 and HB6O,

as at 24 hours.
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Figure 3.3 The mean number of B. tabaci whiteflies infesting six cassava cultivars at 24

and 48-hour surveys.
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3.4.3 Trichome Density and Size

The three-month-old leaf morphology of the six cassava cultivars was
examined using SEM (Figure 4), revealing the presence of non-glandular trichomes as
a characteristic feature across all cultivars. The number of trichomes per 10 um length
scale varied significantly among the cassava cultivars (F = 49.914; df = 5; P < 0.01). The
Huaybong 60 cultivar exhibited the highest trichome density (79.30 + 2.42), followed
by Rayong 72 (66.00 + 1.90) and Pirun 2 (65.50 + 3.56). In contrast, lower trichome
densities were observed in Rayong 4 (46.40 + 3.29) and Kasetsart 50 (44.20 + 5.17)
(Table 1).

The trichome size also varied significantly among the cassava cultivars (F =
11.211; df = 5; P < 0.01). The Pirun 2 cultivar had the largest trichome size (8.18 + 0.30),
followed by Kasetsart 50 (7.42 + 0.33), Rayong 72 (7.31 + 0.31), Huaybong 60 (7.26 +
0.10), and CMR 89 (7.19 + 0.34). The smallest trichome size was recorded in Rayong 4
(6.63 + 0.34; Table 1).

Table 3.1 Mean trichome density and trichome size of six cassava cultivars

Cassava cultivars Trichome density per 10 (um?)  Size of trichome (um?)
Huaybong 60 7930 + 242 a 7.26 + 010 b
CMR 89 6090 + 190 b 7.19 + 034 b
Kasetsart 50 4420 + 517 c 7.42 + 033 b
Rayong 72 66.00 + 603 b 7.31 + 031 b
Rayong 4 46.40 + 329 c 6.63 + 034 c
Pirun 2 6550 + 356 b 8.18 + 030 a

Values in the same column followed by different letters are significantly different (p < 0.05) according to one-way

ANOVA followed by Tukey’s post hoc test.
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Figure 3.4 Trichomes of six cassava cultivars were observed through scanning electron
microscopy (SEM) at 1000x magnification. Images show the leaf surface of (A)
Huaybong 60, (B) CMR 89, (C) Kasetsart 50, (D) Rayong 72, (E) Rayong 4, and
(F) Pirun 2.

3.4.4 Correlation Analysis (Pearson Correlation)

The number of whitefly infestations at various time intervals demonstrated
strong negative correlations with trichome density at three months old, indicating an
inverse relationship between the two variables. Specifically, at 10, 15, 40, 55, and 90
days, strong negative correlations (dark blue color) with trichome density per 10 um?
were observed: r =-0.86,r = -0.70, r = -0.75, r = -0.82, and r = -0.70, respectively (Figure
5). Moreover, the trichome density negatively correlated with the number of whitefly
infestations at 5, 20, 25, 60, 65, 80, and 85 days of the observed period. (blue color).
The result suggests that higher trichome density on cassava leaves is associated with

lower whitefly infestations.
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Figure 3.5 Correlation analysis of the number of whiteflies infested in a 5 to 95-day-
old cassava plant with trichome density and size. (Blue means negative

correlation, and red indicates positive correlation).

3.4.5 Principal Component Analysis
The first two principal components (PCs) accounted for 94.01% of the total
variability in the data, with PC1 contributing 64.34% and PC2 contributing 29.67%.
Through PCA, cassava cultivars were classified into two distinct groups. Group A
included CMR 89, Kasetsart 50, Rayong 4, and Pirun 2. Group B comprised Huaybong
60 and Rayong 72 cultivars (Figure 6). Group A has a lower trichome density than Group

B, which also experienced fewer whitefly infestations.
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Figure 3.6 PCA (PC1 and PC2) of the number of whiteflies infested at different times

with trichome density and size from six cassava cultivars.

3.5 Discussion

Whitefly infestations differed significantly among the six cassava cultivars, as
demonstrated by ANOVA, and these differences were consistent with the PCA results,
which categorized the cultivars into two distinct groups. Cultivars CMR 89, Kasetsart 50,
Rayong 4, and Pirun 2 were associated with higher whitefly infestations, whereas
Huaybong 60 and Rayong 72 exhibited comparatively lower infestation levels.
Correlation analysis revealed both positive and strong negative relationships between
whitefly abundance and trichome density. In cultivars showing a positive relationship,
increases in trichome density were accompanied by higher whitefly infestation,
whereas in cultivars exhibiting a negative relationship, higher trichome density
corresponded with reduced whitefly numbers. These contrasting correlations highlight
the complex role of trichomes in plant-insect interactions and underscore their
importance in contributing to plant resistance mechanisms.

Trichome development is primarily under genetic control rather than being

influenced by plant age. In Arabidopsis thaliana, trichome initiation and patterning are
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regulated by key transcription factors such as GLABRA1 (GL1), which interacts with
GLABRA3 (GL3) and TRANSPARENT TESTA GLABRA1 (TTG1) to form a regulatory complex
that determines trichome formation (Pattanaik et al., 2014). This genetic regulation
suggests that trichome density is a stable trait that can be exploited in breeding
programs to enhance resistance to insect pests.

Trichomes function as physical barriers that restrict whitefly movement,
feeding, and oviposition. Due to their small, delicate bodies, whiteflies have difficulty
navigating leaf surfaces with dense trichome coverage, which limits their access to
feeding sites and suitable oviposition areas (Lambert and Shah, 1999). In Brazilian
cassava cultivars, reduced susceptibility to Bemisia tuberculata has been associated
with morphological traits, including trichome density, as well as optical properties such
as light reflectance and chroma values (Pastério et al., 2023), suggesting that resistance
may result from multiple interacting plant traits.

Consistent evidence supporting the role of trichomes in whitefly resistance has
been reported in tomato plants. Several studies have demonstrated that increased
trichome density significantly reduces colonization and population development of B.
tabaci. Simmons et al. (2003) reported that tomato plants with higher trichome
densities exhibited lower whitefly infestations, as trichomes physically blocked
whiteflies from establishing feeding sites, regardless of trichome size. Similarly, Escobar-
Bravo et al. (2016) showed that increasing trichome density enhanced resistance to
whiteflies and suggested that this trait could be introduced into cultivated tomato
varieties through breeding programs. Furthermore, Andrade et al. (2017) demonstrated
that crossing Solanum lycopersicum with the wild species S. galapagense produced
progeny with high densities of type IV glandular trichomes, conferring resistance levels
comparable to those of the resistant wild accession. Together, these studies indicate
that trichome density is a heritable and effective trait for improving whitefly resistance
in tomatoes.

Similar patterns have been observed in other plant species. In geraniums and
cotton, higher trichome densities were correlated with reduced whitefly oviposition
and lower pest populations (Lambert and Shah, 1999). In tobacco, a negative
correlation between trichome density and whitefly resistance has also been reported

(Li et al,, 2014). In soybean, increased trichome density was associated with higher
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mortality rates of whitefly nymphs, contributing to a reduction in overall infestation
pressure (Heinz and Zalom, 1996). Moreover, high-density trichomes have been shown
to impede feeding efficiency and reproductive success of whiteflies, resulting in fewer
mature individuals and population decline over time (McAuslane, 1996).

While trichome density strongly influenced whitefly infestation, trichome size
exhibited both positive and negative correlations with infestation levels in this study.
Previous research suggests that trichome density is generally more influential than
trichome size in reducing insect infestations. For instance, studies in Arabidopsis
thaliana indicated that dense trichome coverage was more effective in impeding insect
movement and feeding than trichome size alone (Mauricio and Rausher, 1997). Similar
conclusions were drawn from studies on cotton, in which trichome density was more
critical than trichome size in reducing infestations of cotton bollworms (Lu and Adang,
1996).

The six cassava cultivars examined in this study possessed non-glandular
trichomes, which primarily function as a mechanical defense by limiting insect access
and delaying damage to the epidermal layer (Kariyat et al., 2019). This physical defense
mechanism contributes to cassava resistance by hindering whitefly colonization and
feeding. Although PCA classified the cultivars into two main groups—Group A (CMR 89,
Kasetsart 50, Rayong 4, Pirun 2, and CMR 89) and Group B (Huaybong 60 and Rayong
72)—Rayong 72 did not differ significantly from CMR 89 in trichome density or size.
This suggests that factors beyond trichome traits, potentially including secondary
metabolites or allelochemicals, may also play important roles in shaping plant-insect
interactions (Ibanez et al., 2012; Tlak Gajger and Dar, 2021).

However, the experiment of choice, tested in both the field and the laboratory,
found that temperature did not significantly affect the host preference of B. tabaci on
cassava cultivars, as both temperature-controlled and uncontrolled choice tests
showed consistent varietal preferences.

The temperature and photoperiod influenced whitefly population density in
the field. During days 5-40 (December—January, Thai winter), when temperatures were
lower and day length was shorter, whitefly numbers remained low. In contrast, during
days 45-95 (February-March, hot season), the population increased markedly as both

temperature and daylight hours rose.
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Photoperiod is known to affect insect development and reproduction, with
short-day conditions often suppressing population growth (Kaur et al, 2019) .
Additionally, previous studies have reported that the optimal temperature for B. tabaci
reproduction lies between 28 and 33 °C (Curnutte et al., 2014; Sohani et al., 2007). The
increased whitefly numbers during longer-day, warmer periods in this study support
previous findings that temperature and light duration play key roles in whitefly

population dynamics (Muniz and Nombela, 2001; Ghosh et al., 2022).

3.6 Conclusion

In conclusion, trichome density is vital for cassava’s defense against whitefly
infestations, with higher trichome densities providing excellent protection against pest
pressures. Trichome density is crucial for defending cassava cultivars against whitefly
infestations. Cultivars such as Huaybong 60 and Rayong 72, which possess high-density
trichomes, demonstrate enhanced resistance to whiteflies by obstructing their
movement. Consequently, cassava cultivars with higher trichome densities experience
significantly lower whitefly infestations. This highlights the significance of trichome
density as a crucial trait for breeding insect-resistant cassava cultivars. Enhancing
trichome density can improve crop resilience against whitefly pests, contributing to
more sustainable and resilient cassava cultivation. Moreover, the temperature did not
affect whiteflies' preference behavior; it played a key role—along with photoperiod—
in influencing whitefly population growth, which is important for developing effective

seasonal pest management strategies.

3.7 Reference

Abubakar, M., Koul, B., Chandrashekar, K., Raut, A., & Yadav, D. (2022). Whitefly (Bemisia
tabaci) management (WFM) strategies for sustainable agriculture. Agriculture,
12, 1317. doi:10.3390/agriculture12091317.

Andrade, M.C., da Silva, A.A., Neiva, |.P., Oliveira, |.R.C., de Castro, E.M., Francis, D.M., &

Maluf, W.R. (2017). Inheritance of type IV glandular trichome density and its



ar

association with whitefly resistance from Solanum g¢alapagense accession
LA1401. Euphytica, 213, 52. doi:10.1007/510681-016-1792-1.

Avery, P.B., Kumar, V., Simmonds, M.S.J., & Faull, J. (2015). Influence of leaf trichome
type and density on the host plant selection by the greenhouse whitefly,
Trialeurodes vaporariorum (Hemiptera: Aleyrodidae). Applied Entomology and
Zoology, 50, 79-87. doi:10.1007/513355-014-0308-5.

Calatayud, P. A., Peterschmitt, M., Thresh, J. M., & Fargette, D. (1994). The epidemiology
of African cassava mosaic geminivirus: Reappraisal of the role of whiteflies and
evidence for semi-persistent transmission. Annals of Applied Biology, 124(1), 1-
12. doi:10.1111/j.1744-7348.1994.tb04117 x

Chikoti, P.C. (2011). Development of Cassava (Manihot esculenta Crantz) Cultivars for
Resistance to Cassava Mosaic Disease in Zambia. Ph.D. Dissertation, University
of KwaZulu-Natal, Pietermaritzburg, South Africa. Available from: https://ukznd
space.ukzn.ac.za/bitstream/handle/10413/8402/Chikoti_Patrick Chiza 2011.pdf

Escobar-Bravo, R., Alba, J.M., Pons, C., Granell, A., Kant, M.R., Moriones, E., & Fernandez-
Munoz, R. (2016). A jasmonate-inducible defense trait transferred from wild into
cultivated tomato establishes increased whitefly resistance and reduced viral
disease incidence. Frontiers in Plant Science, 7, 1732. doi: 10.3389/fpls.2016
01732.

Fereres, A., & Moreno, A. (2009). Behavioural aspects influencing plant virus transmission
by homopteran insects. Virus Research, 141, 158-168. doi:10.1016/].virusres
.2008.10.020.

Ghaffer, A.B.M.B., Pritchard, J., & Ford-Lloyd, B. (2011). Brown planthopper (Nilaparvata
lugens Stal) feeding behavior on rice germplasm as an indicator of resistance.
PLoS ONE, 6, €22137. doi:10.1371/journal.pone.0022137.

Heinz, KM., & Parrella, M.P. (1994). Poinsettia (Euphorbia pulcherrima Willd. ex

Klotzsch) cultivar-mediated differences in performance of five natural enemies



48

of Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae). Biological
Control, 4, 305-318.

Heinz, KM., & Zalom, F.G. (1996). Performance of juvenile Bemisia argentifolii
(Homoptera: Aleyrodidae) on different cotton cultivars. Environmental
Entomology, 25(6), 1324-1331.

Ibanez, S., Gallet, C., & Després, L. (2012). Plant insecticidal toxins in ecological
networks. Toxins, 4, 228-243. doi:10.3390/toxins4040228.

Jindal, V., & Dhaliwal, G.S. (2011). Mechanisms of resistance in cotton to whitefly
(Bemisia tabaci): antixenosis. Phytoparasitica, 39, 129-136. doi: 10.1007/512600
-011-0144-x.

Kariyat, R.R., Raya, C.E., Chavana, J., Cantu, J.,, Guzman, G., & Sasidharan, L. (2019).
Feeding on glandular and non-glandular leaf trichomes negatively affects
growth and development in tobacco hornworm (Manduca sexta) caterpillars.
Arthropod-Plant Interactions, 13, 321-333. doi:10.1007/511829-019-09678-z.

Kollar, A., Seemdller, E., Bonnet, F., Saillard, C., & Bove, J.M. (1990). Isolation of the
DNA of various plant pathogenic mycoplasmalike organisms from infected
plants. Phytopathology, 80, 233-237.

Lambert, AM. & Shah, P.J. (1999). Influence of glandular and non-glandular trichomes
on oviposition and feeding behavior of the whitefly Bemisia argentifolii.
Environmental Entomology, 28(4), 709-718.

Legg, J.P. & Fauquet, C.M. (2004). Cassava mosaic geminiviruses in Africa. Plant
Molecular Biology, 56, 585-599. doi:10.1007/511103-004-1651-7.

Legg, J.P., Jeremiah, S.C., Obiero, H.M., Maruthi, M.N., Ndyetabula, I., Okao-Okuja, G.,
Bouwmeester, H., Bigirimana, S., Tata-Hangy, W., Gashaka, G., Mkamilo, G., Alicai,
T., & Lava Kumar, P. (2011). Comparing the regional epidemiology of cassava
mosaic and cassava brown streak virus epidemics in Africa. Virus Research,

159(2), 161-171. doi:10.1016/j.virusres.2011.04.018.



49

Legg, J.P., Lava Kumar, P., Makeshkumar, T., Tripathi, L., Ferguson, M., Kanju, E.,
Ntawuruhunga, P., & Cuellar, W. (2015). Cassava virus diseases: biology,
epidemiology and management. Advances in Virus Research, 91, 85-142. doi:
10.1016/bs.aivir.2014.10.001.

Li, Y., Lin, H.F., Jin, P., Chen, D.X,, & Li, M.Y. (2014). The selectivity of Q-biotype Bemisia
tabaci for different varieties of tobacco, Nicotiana tabacum. Chinese Journal
of Applied Entomology, 51, 1320-1326.

Lu, Z.X., & Adang, M.J. (1996). Recombinant Bacillus thuringiensis toxin CrylAa causes
insect death by inducing tissue damage in the midgut. Journal of Applied
Entomology, 120(3), 247-254.

Mauricio, R., & Rausher, M.D. (1997). Experimental manipulation of putative selective
agents provides evidence for the role of natural enemies in the evolution of
plant defense. Evolution, 51(5), 1435-1444. doi:10.1111/j.1558-5646.1997.
tb01467 x.

Mazza, G., & Miniati, E. (1993). Anthocyanins in Fruits, Vegetables, and Grains. 1st ed.
Boca Raton, FL: CRC Press. doi:10.1201/9781351069700.

McAuslane, H.J. (1996). Influence of leaf pubescence on oviposition and nymphal
survival of Bemisia tabaci (Homoptera: Aleyrodidae) on soybean.
Environmental Entomology, 25(4), 834-841.

Moberly, J.G., Bernards, M.T., & Waynant, K.V. (2018). Key features and updates for Origin
2018. Journal of Cheminformatics, 10, 1-2. doi:10.1186/513321-018-0259-x.
Nakashima, K., Kato, S., lwanami, S., & Murata, N. (1993). Differentiation and classification
of mycoplasmalike organisms (MLOs) by ribosomal DNA analysis. Applied and
Environmental Microbiology, 59(4), 1206-1212. doi:10.1128/AEM .59.4.1206-

1212.1993.

Navas-Castillo, J., Fiallo-Olivé, E., & Sanchez-Campos, S. (2011). Emerging virus diseases

transmitted by whiteflies. Annual Review of Phytopathology, 49, 219-248.

doi:10.1146/annurev-phyto-072910-095235.



50

Ntui, V.O., Kong, K., Khan, R.S., Isawa, T., Janavi, G.J., Rabindran, R., Nakamura, 1., & Mii,
M. (2015). Resistance to Sri Lankan cassava mosaic virus (SLCMV) in genetically
engineered cassava cv. KU50 through RNA silencing. PLoS ONE, 10(4), e0120551.
doi:10.1371/journal.pone.0120551.

Pastorio, M.A., Hoshino, A.T., Kitzberger, C.S.G., Bortolotto, O.C., de Oliveira, L.M., dos
Santos, A.M., Lima, W.F., Menezes Junior, A.O., & Androcioli, H.G. (2023). The
leaf color and trichome density influence the whitefly infestation in different
cassava cultivars. Insects, 14(1), 4. doi:10.3390/insects14010004.

Pattanaik, S., Patra, B., Singh, S.K,, & Yuan, L. (2014). An overview of the gene regulatory
network controlling trichome development in the model plant, Arabidopsis.
Frontiers in Plant Science, 5, 259. doi:10.3389/fpls.2014.00259.

Peterson, RK.D., Varella, A.C., & Higley, L.G. (2017). Tolerance: The forgotten child of
plant resistance. PeerJ, 5, €3934. doi:10.7717/peerj.3934.

Punnuri, S.M., Ayele, A.G., Harris-Shultz, KR., Knoll, J.E., Coffin, AW., Tadesse, H.K,
Armstrong, J.S., Wiggins, T.K,, Li, H., & Sattler, S. (2022). Genome-wide association
mapping of resistance to the sorghum aphid in Sorghum bicolor. Genomics,
114, 110408. doi:10.1016/j.ygen0.2022.110408.

Ryu, S.N., Park, S.Z., & Ho, C.T. (1998). High performance liquid chromatographic
determination of anthocyanin pigments in some varieties of black rice. Journal
of Food and Drug Analysis, 6, 729-736.

Sangkitikomol, W., Tencomnao, T., & Rocejanasaroj, A. (2008). Comparison of total
antioxidants of red rice, black rice and black sticky rice. Journal of the Nutrition
Association of Thailand, 43, 13-21.

Saokham, K., Hemniam, N., Roekwan, S., Hunsawattanakul, S., Thawinampan, J., &
Siriwan, W. (2021). Survey and molecular detection of Sri Lankan cassava mosaic
virus in Thailand. PLoS ONE, 16(10), e0252846. doi:10.1371/journal.pone.

0252846.



51

Saunders, K., Salim, N., Mali, V.R., Malathi, V.G., Briddon, R., Markham, P.G., & Stanley,
J.(2002). Characterisation of Sri Lankan cassava mosaic virus and Indian cassava
mosaic virus: evidence for acquisition of a DNA B component by a monopartite
begomovirus. Virology, 293, 63-74. doi:10.1006/viro.2001.1251.

Simmons, A.T., Gurr, G.M., McGrath, D., & Nicol, H.Il. (2003). Trichomes of Lycopersicon
species and their effect on Myzus persicae (Sulzer) colonization. Entomologia
Experimentalis et Applicata, 107(3), 221-230. doi:10.1046/j.1440-6055.2003.00
376.X.

Skoczek, A., Piesik, D., Wenda-Piesik, A., Buszewski, B., Bocianowski, J., & Wawrzyniak,
M. (2017). Volatile organic compounds released by maize following herbivory
or insect extract application and communication between plants. Journal of
Applied Entomology, 141, 630-643. doi:10.1111/jen.12367.

Tefera, T., Mugo, S., & Beyene, Y. (2016). Developing and deploying insect resistant
maize varieties to reduce pre- and post-harvest food losses in Africa. Food
Security, 8, 211-220. doi:10.1007/512571-015-0537-7.

Tlak Gajger, I., & Dar, S.A. (2021). Plant allelochemicals as sources of insecticides.
Insects, 12(3), 189. doi:10.3390/insects12030189.

Wang, D., Yao, X.M., Huang, G.X,, Shi, T., Wang, G.F., & Ye, J. (2019). First report of Sri
Lankan cassava mosaic virus infecting cassava in China. Plant Disease, 103, 1437.
doi:10.1094/PDIS-09-18-1590-PDN.

War, AR., Paulraj, M.G., Ahmad, T., Buhroo, A.A., Hussain, B., Ignacimuthu, S., & Sharma,
H.C. (2012). Mechanisms of plant defense against insect herbivores. Plant

Signaling & Behavior, 7(10), 1306-1320. doi:10.4161/psb.21663.



