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Abstract
Main conclusion  Quantification of cuticular waxes coupled with insect bioassays and feeding behavior analysis dem-
onstrate that long-chain C32 fatty alcohol impacts host plant selection by aphids.

Abstract  Cuticular waxes constitute the first point of contact between plants and their environment, and it also protect plants 
from external stresses. However, the role of waxes in Sorghum bicolor (sorghum) against sugarcane aphid (Melanaphis 
sacchari), a relatively new and devastating pest of sorghum in the U.S., is not fully understood. In this study, we monitored 
sugarcane aphid behavior on two genotypes of young sorghum plants with different wax chemistry: a wild-type plant (bloom) 
with lower C32 alcohol cuticular wax, and a mutant plant (bloomless) with 1.6 times the amount of wax compared to wild-type 
plants. No-choice aphid bioassays revealed that sugarcane aphid reproduction did not vary between wild-type and the bloom-
less plants. Electrical Penetration Graph (EPG) monitoring indicated that the sugarcane aphids spent comparable amount 
of time feeding from the sieve elements of the wild-type and bloomless plants. However, aphids spent more time feeding on 
the xylem sap of the bloomless plants compared to the wild-type plants. Furthermore, aphid choice assays revealed that the 
sugarcane aphids preferred to settle on bloomless compared to wild-type plants. Overall, our results suggest that cuticular 
waxes on young sorghum leaves play a critical role in influencing host plant selection by sugarcane aphids.
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Introduction

Sorghum (Sorghum bicolor) has many attributes that makes 
it one of the most utilized and widely cultivated cereals 
in the world (Venkateswaran et al. 2019). In addition to 
being grown for animal and human consumption, sorghum 
is used in the production of biofuels and pharmaceuticals 
(Stamenković et  al. 2020; McGinnis and Painter 2020; 

Espitia-Hernández et al. 2020). Recently, it has also been 
shown that sorghum grains can influence the human gut 
microbiome (Yang et al. 2022). Unfortunately, the sugar-
cane aphid (Melanaphis sacchari) is a major sorghum pest 
in many parts of the world and sorghum grown regions of 
the U.S. (Singh et al. 2004; Bowling et al. 2016). To date, 
sugarcane aphid populations have rapidly increased and 
have now been reported in 24 states of the U.S. (EDDMapS. 
2022). Similar to other aphids, sugarcane aphids are pierc-
ing-sucking insects (Singh et al. 2004; Grover et al. 2020, 
2022a, b) that ingest plant nutrients by penetrating leaf and 
stalk tissues using a straw-shaped stylet (Nalam et al. 2019; 
Zogli et al. 2020). Direct loss of plant nutrients from sugar-
cane aphid feeding can cause stress, loss of vigor, changes 
in pigmentation, and plant decline (Bowling et al. 2016; 
Nibouche et al. 2018). Finally, deposits of aphids’ digestive 
waste, which is the honeydew, on plant surfaces can reduce 
the photosynthetic capacity and can ultimately lead to plant 
death and yield loss (Singh et al. 2004; Bowling et al. 2016).

The cuticular waxes constitute the first point of inter-
action between the aphid and the plant (Eigenbrode and 
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Espelie 1995). Moreover, cuticular waxes primarily protect 
sorghum from desiccation and are associated with sorghum’s 
productivity in dry environments. Before the juvenile-to-
adult transition (Hashimoto et al. 2019), sorghum produces 
leaves with cuticular waxes that are primarily made up 
of very-long-chain fatty alcohols, together with smaller 
amounts of fatty acids and alkanes (Busta et al. 2021). In 
contrast, adults produce leaves with blades that are rich in 
triterpenoids and adult leaf sheaths bear a thick, visible coat-
ing of very-long-chain fatty acids. These thick coatings, or 
“epicuticular wax blooms”, are produced by a variety of 
crop species and mutants lacking these coatings are referred 
as bloomless plants. Numerous studies have reported that 
epicuticular wax blooms influence both the performance 
of sorghum as well as sorghum–insect interactions (Peter-
son et al. 1982; Starks and Weibel 1981; Weibel and Starks 
1986; Peters et al. 2009; Punnuri et al. 2017; Punnuri and 
Huang 2017). For example, previous studies with sorghum 
have shown that the absence of epicuticular wax blooms 
can (i) confer resistance to greenbug (Schizaphis graminum) 
infestation (Peterson et al. 1982; Peters et al. 2009; Starks 
and Weibel 1981; Weibel and Starks 1986), (ii) influence the 
oviposition and attachment of insects on plants (Gorb et al. 
2005; Wójcicka 2016), and (iii) impact the feeding behavior 
of aphids, which can be a determining factor in the survival 
and mortality of grain aphids in wild-type versus bloomless 
triticale plants (Wójcicka 2016).

As described above, sorghum epicuticular wax blooms, 
which accumulate on the aerial surfaces of adult plants, 
play a significant role in plant–insect interactions. However, 
leaves produced by young sorghum plants (three-leaf stage) 
also have cuticular waxes, but little is known about how 
these waxes may affect plant–insect interactions. The goal 
of this study was to assess whether wax chemistry on young 
sorghum leaves (three-leaf stage) also affects insect survival 
and behavior.

Materials and methods

Plants and growth conditions

Two sorghum lines were used in the study, both resulting 
from a cross of bloomless Redlan (B-Redlan bm,) X brown 
midrib Redlan (B-Redlan bmr-6) background. N104 (Reg. 
no. GP-253; PI 535789) corresponds to the wild-type bloom, 
which denotes the presence of visual epicuticular wax and 
green midribs, and the other is N106 (Reg. no. GP-255; PI 
535791) that corresponds to the bloomless with green mid-
ribs lacking the presence of visible epicuticular wax on leaf 
sheaths (Gorz et al. 1990). Seeds were sown in soil mixed 
with vermiculite and perlite (PRO-MIX BXBIOFUNGi-
CIDE + MYCORRHIZAE, Premier Tech Horticulture Ltd., 

Canada) in Cone-Tainers (Ray Leach SC10; Stuewe & Sons, 
Inc., Tangent, OR). Plants were grown until they reached 
two-week-old (3–4 leaf stage) in the University of Nebraska-
Lincoln (UNL) greenhouse with a 16-h-light/8-h-dark pho-
toperiod, 25 °C, and 50–60% relative humidity.

Insect colony

The BCK60 sorghum plants for aphid rearing were grown 
in the greenhouse until it reached 7-leaf stage. The sugar-
cane aphid colony was maintained as previously described 
(Grover et al. 2020) and was kept on the susceptible BCK60 
sorghum genotype in a growth chamber with 16-h-light/8-
h-dark photoperiod, 140 µE m−2 s−1 light quality, 23 °C, and 
50–60% relative humidity. Old, deteriorated plants were sub-
stituted with new plants in growth chamber whenever nec-
essary. For all the experiments, adult aphids were used and 
moved to experimental plants with a fine-bristled paintbrush.

Wax composition analysis

For the wax composition analysis, the sample was extracted 
by carefully placing the second most developed leaf of the 
two-week-old plant in a hole puncher of approximately 3 
cm2 in area, without manipulating or contaminating the col-
lection area. Once the leaf was in the hole puncher near to 
the tip of the leaf, we punched out one leaf disc. A total 
of three-leaf punches from one plant were considered as 
one replication for each line and six replications were col-
lected for each line. The leaf discs were placed directly into 
a vial of polypropylene cap and polyethylene liner (20 mL 
28 × 61 mm (with cap)) (Busta et al. 2021). Further, we 
measured the abundance (in µg/cm2) of wax components 
present on wild-type and bloomless leaf surfaces via gas 
chromatography–mass spectrometry, as described previously 
(Busta et al. 2021).

No‑choice bioassays

Sugarcane aphid no-choice assays was conducted for both 
wild-type and bloomless sorghum two-week-old plants in 
the UNL greenhouse complex. A Completely Randomized 
Design was used to determine the aphid proliferation on both 
lines. The wild-type and bloomless plants were randomly 
selected and infested with five adult apterous aphids. Aphids 
were placed near the bottom of the stem of the plants and 
plants were caged with tubular clear plastic and ventilated 
with organdy fabric on the top and sides after infestation. 
The total numbers of sugarcane aphid adults and nymphs 
were counted after 10 days of infestation on each line. Aphid 
no-choice bioassays were conducted twice with similar 
results.
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Choice bioassays

For choice assay, each sorghum line (wild-type and bloom-
less; two-week-old) was sown in one of the extremes of each 
square pot (4.5″ square × 4.9″ deep). Twenty adult apterous 
aphids were introduced at the center of pot on a filter paper 
of 40 cm2 placed on soil. Aphids were released equidistant 
from a wild-type and a bloomless plant grown in the same 
pot, so that the sugarcane aphids have the choice of settling 
on the wild-type or bloomless plant. The pots were also ran-
domly placed in distinct orientation to avoid air influence 
bias in the aphid movement. Aphid choice bioassays were 
conducted twice with similar results.

Electrical penetration graph (EPG) recordings

Two-week-old plants were used for the feeding behavior 
analyses. The experimental procedures and aphid wiring 
were performed as described previously (Tetreault et al. 
2019; Grover et al. 2022a, b). Prior to the beginning of EPG 
recording, aphids were starved for 1 h in a plastic petri dish. 
Using a stereoscope, a brass nail with a gold wire (insect 
electrode) was glued to dorsum of aphids using a silver con-
ductive glue. Subsequently, a plant electrode (stiff copper 
wire) was introduced into the soil surrounding the potted 
plant. For measurements, a GIGA-8 EPG model (EPG Sys-
tems, Wageningen, The Netherlands) with a 109 Ω resist-
ance amplifier was connected to each of the electrode and 
an adjustable plant voltage were used for measuring feed-
ing behavior of sugarcane aphid on wild-type and bloom-
less plants. EPG was conducted at laboratory conditions at 
22–24 °C and 40–45% relative humidity under continuous 
light conditions. All EPG recordings were initiated between 
8 am and 10 am local time (U.S. Central Standard Time). A 
four-channel GIGA-8 was used for simultaneous recording 
from four individual aphids on four plants (two channels 
for the wild-type plant and two for the bloomless plant that 
were placed randomly in a Faraday’s cage for the record-
ings). Overall, 14 replications were performed, and EPG 
acquisition software (Stylet+, EPG Systems, Wageningen, 
The Netherlands) was used to record waveforms of sugar-
cane aphid feeding.

Statistical analyses

For the no-choice assay and wax composition data analysis, 
comparisons were performed using a t-test with normal LSD 
(α = 0.05). For the choice assay experiments, the data were 
transformed by proportions, and proportions were calculated 
by dividing the number of aphids settled in a specific line 
with the total number of aphids that reached either one of the 
two tested lines. Data were further analyzed using a likeli-
hood ratio and Chi-square test of independence. EPG data 

were analyzed using non-parametric Kruskal–Wallis test in 
four different feeding phases/patterns for each line. Consid-
ering the non-normality distribution of the data, the PROC 
NPAR1WAY procedure was used. Multiple comparisons 
of different treatments between the means were performed 
using SAS. Values presented are least square means and 
standard error.

Results

First, we determined if there are differences in juvenile leaf 
wax chemistry of sorghum plants. On juvenile leaves of both 
wild-type and bloomless sorghum plants, we identified a 
total of 14 compounds including fatty alcohols (C28, C30, and 
C32), fatty acids (C28 and C30), an alkane (C31), two mono-
acylglycerides (C16 and C18), and six triterpenoids (Fig. 1). 
The fatty alcohols made up nearly all of each mixture (> 78% 
on both genotypes), but the amount of C32 fatty alcohol on 
the bloomless plants was 1.6 times that of wild-type plants 
(2.96 µg/cm2 on wild-type, 4.81 µg/cm2 on bloomless). On 
both wild-type and bloomless surfaces, only a small portion 
of the wax was unidentifiable (< 1%). Supplemental Figure 
S1 shows the presence of cuticular waxes in stems of two-
week-old wild-type and bloomless plants.

Having found that juvenile leaves on wild-type and 
bloomless plants have significantly different surface waxes, 
we next tested whether this difference caused any changes 
in sugarcane aphid survival or reproduction. We performed 
aphid no-choice assays to determine whether sugarcane 
aphid proliferation differs between the wild-type and bloom-
less plants. No-choice assay revealed that the sugarcane 
aphid population did not differ between wild-type (aver-
age aphid mean population = 482.8) and bloomless (aver-
age aphid mean population = 438.6) plants (Fig. 2a). This 
indicates that the differences in wax composition between 
juvenile leaves on wild-type versus bloomless sorghum did 
not alter sugarcane aphid survival and reproduction.

To study which aphid feeding stages are affected by cutic-
ular waxes, the EPG technique was utilized to compare sug-
arcane aphid behavior between two-week-old wild-type and 
bloomless plants. Four categorized EPG waveform phases/
patterns were considered in this study: pathway phase (inter- 
and/or intracellular aphid stylet insertion or feeding), xylem 
phase (aphid feeding on xylem sap and is related to water 
uptake), sieve element phase (aphid feeding on phloem sap/
ingestion of nutrients), and the non-probing phase (fewer 
or relatively no aphid stylet movement or activity on the 
plant tissues). Over an 8-h period of EPG recording, we 
found no significant differences in the pathway, sieve ele-
ment and non-probing phases between the wild-type and 
bloomless plants (Fig. 2b). However, EPG results revealed 
that the sugarcane aphids spent significantly longer time in 



	 Planta (2023) 257:22

1 3

22  Page 4 of 7

the xylem phase of bloomless plants compared to wild-type 
plants (Fig. 2b).

To determine whether cuticular waxes contribute to host 
plant selection by aphids, host choice by the aphid was stud-
ied on the wild-type and bloomless plants. The total number 
of adult sugarcane aphids that were settled on each plant 
were counted after 1, 6, and 24 h of aphid release. There 
was no significant difference in the number of aphids that 
had settled on wild-type vs bloomless plants 1 h after aphid 
release (Fig. 3). However, sugarcane aphids preferred to set-
tle on bloomless plants compared to the wild-type plants 
after 6 and 24 h of initial release of aphids (Fig. 3). This 
indicates that sugarcane aphids preferred to settle on bloom-
less plants compared to wild-type plants.

Discussion

Collectively, our study provides insights into the perfor-
mance of sugarcane aphid on young (three-leaf stage) sor-
ghum wild-type vs. bloomless plants. Sugarcane aphid num-
bers were not significantly different either in wild-type or 
bloomless plants in a no-choice assay. However, the aphids 
preferred to settle on bloomless plants compared to the wild-
type plants in the choice assays. In addition, sugarcane aphid 
spent more time in xylem phase in bloomless plants com-
pared to the wild-type plants. Further, the wax component 
analysis showed higher amounts of 16-monoacylglycerols 

and 32-C-alcohols in the bloomless genotype. Together, our 
results suggest that cuticular waxes in young sorghum plants 
(three-leaf stage) may not be affecting the sugarcane aphid 
proliferation and survival; however, it may affect the aphid 
performance and feeding behavior.

Harris‐Shultz et al. (2020) have shown that sugarcane 
aphid numbers among wax mutants (bloomless) and wild-
type plants did not differ considerably, which suggested that 
the lack of wax components on the surface did not prevent 
the aphid from reproducing and proliferating on sorghum 
plants. Those results align with our results confirming that 
the presence or absence of waxes does not directly affect 
the survival of aphids on sorghum. Furthermore, there was 
no evidence of antibiotic activity, which limits insect pop-
ulation, related to the lack of cuticular waxes in sorghum 
against sugarcane aphid. However, our study and Harris-
Shultz et al. (2020) work contrast with a previous sorghum-
greenbug (Schizaphis graminum) interactions study, where 
fewer greenbugs were found on bloomless plants compared 
to the wild-type plants (Weibel and Starks 1986). Interest-
ingly, our choice assay results indicate that sugarcane aphid 
preferred to settle on bloomless plants compared to the 
wild-type plants. Wójcicka (2016) also found that the sur-
face waxes, which deterred feeding in triticale, were toxic 
to aphids.

The crystal structures of epicuticular waxes may disturb 
the normal movements of insects on plant epidermis by 
decreasing the contact area between insect pads and leaf 
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surface (Gorb et al. 2005). Additionally, epicuticular waxes 
were shown to contribute to decreased insect attachment on 
host plants (Gorb et al. 2005). Our results also suggest that 
the sugarcane aphid preferred to settle on bloomless plants 
compared to the wild-type plants. One possible explana-
tion for this result is that the aphids have a better mobility 
on bloomless plants compared to wild-type plants. Alter-
natively, the constituents of the cuticular waxes may also 
deter the aphids in settling on sorghum plants. Waxes can 
constitute an unstable surface for insect locomotion (Borod-
ich et al. 2010; Rutledge and Eigenbrode 2003; Yeats and 
Rose 2013). Our results show that there was no difference in 
aphid settlement on wild-type plants compared to bloomless 
plants after 1 h of aphid release. However, after 6 and 24 h 
of initial aphid release, sugarcane aphids preferred to settle 

on bloomless plants, further supporting our hypothesis that 
constituents present in cuticular waxes could be influencing 
the natural aphid attachment and movement on sorghum. 
In addition, Friedemann et al. (2015) and Gorb and Gorb 
(2017) demonstrated that crystal structures present in the 
cuticular waxes of legumes decreased the attachment force 
of the pea aphid (Acyrthosiphon pisum). Taken together, 
our results suggest that the wax compounds present on the 
surfaces of wild-type plants could contribute to antixenotic 
responses, which deters aphid settling in sorghum, thereby 
influencing the sugarcane aphid behavior.

Our wax analysis displayed a higher amount of long-chain 
alcohols on bloomless plants compared with the wild-type 
plants. The fatty alcohols are known to be feeding stimulants 
for silkworm (Bombyx mori) larvae and chrysomelid bee-
tles (Mori 1982; Adati and Matsuda 1993), although these 
insects have a different feeding behavior than sugarcane 
aphids. The presence of a greater amount of alcohol com-
pounds in bloomless plants could be related to the observed 
settling preference and increased feeding time by sugarcane 
aphids in xylem tissues of bloomless plants compared to the 
wild-type plants. It was also suggested that the alterations in 
epicuticular wax contents can influence the plant’s suscepti-
bility to water stress (Cole and Riggall 1993). Given that the 
sugarcane aphids prefer to feed more on the xylem tissues 
of bloomless plants, it is plausible that the sugarcane aphids 
may encounter water stress more frequently in bloomless 
plants compared to the wild-type plants. It has also been 
suggested that aphids consume more water from the xylem 
tissues to dilute the sugar content in the gut, which is a strat-
egy used by aphids to maintain their water balance (Spiller 
et al. 1990; Pompon et al. 2010). Future experiments need to 
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be performed to quantify the leaf water and sugar contents 
between the wild-type and bloomless plants.

In summary, this study describes impacts of sorghum 
waxes to sugarcane aphid performance in sorghum plants. 
Our results suggest that waxes could play an important role 
in the antixenotic responses in sorghum against sugarcane 
aphid herbivory. Additionally, our study helps to tease apart 
how cuticular waxes influence host plant selection by aphids 
on sorghum plants and provides valuable insights on juvenile 
leaf wax chemistry of sorghum plants.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00425-​022-​04046-3.
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