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ABSTRACT

Introductions of greenbug [Schizaphis graminum
(Rondani)], Russian wheat aphid [Diuraphis noxia,
(Mordvilko)], and sugarcane aphid [Melanaphis
sacchari (Zehntner)] into the U.S. has disrupted
the production of barley (Hordeum vulgare L.),
sorghum [Sorghum bicolor (L.) Moench], wheat
(Triticum spp. L.) and other small grain crops and
has caused great economic losses. In this review
article, information is given about each cereal
aphid, its biotypic variation, genetic variability, as
well as its management. Although multiple biotypes
have been identified for the greenbug, Russian
wheat aphid, and sugarcane aphid, a limited number
of biotypes are of agronomic importance. For the
greenbug and Russian wheat aphid, the aphid
biotypes of agronomic importance are highly
genetically similar. The sugarcane aphid biotype
that has spread on sorghum and Johnsongrass [S.
halepense (L.) Pers.] in all sorghum-growing regions
is largely one ‘super-clone’. Lessons learned from
the past invasions of the greenbug and Russian
wheat aphid directly apply to the current sugarcane
aphid outbreak. The use of insecticides with multiple
modes of action and the use of sorghum hybrids
with multiple resistance genes may delay or prevent
new sugarcane aphid biotypes from developing.
Lastly since the use of classical biological control
for management of the greenbug and Russian wheat
aphid outbreaks had limited success, classical
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biological control is not recommended for the
management of sugarcane aphids.

KEYWORDS: sugarcane aphid, Russian wheat
aphid, greenbug, review.

ABBREVIATIONS

AFLP, amplified fragment length polymorphisms;
COl, cytochrome ¢ oxidase subunit I; DAP, days
after planting; DAT, days after treatment; MLG,
multilocus genotype; RAPD, random amplified
polymorphic DNA; MLL, multilocus lineage; NPGS,
National Plant Germplasm System; RMES],
Resistance to Melanaphis sacchari; RWA, Russian
wheat aphid; SNP, single nucleotide polymorphism;
SSR, simple sequence repeat; US-SCA, predominant
sugarcane aphid genotype found on sorghum from
2015-2018.
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1. Introduction

1.1. Invasive cereal aphids of North America

Aphids (Hemiptera: Aphididae) are major pests of
world agriculture and damage plants not only by
serving as a vector to numerous plant viruses but
they also remove photoassimilates by inserting
their salivary stylets into the sieve elements of the
phloem [1, 2]. Although an aphid is small in size,

aphid populations can become extremely large due
to their short generation times and high reproductive
rates [3]. Cereal aphids thrive in extensive
monoculture agricultural landscapes and can be
serious pests to many species within Poaceae [4].

Introductions of greenbug, Russian wheat aphid,
and sugarcane aphid into the U.S. have disrupted
production of barley, sorghum, wheat and other small
grain crops, and necessitated changes in insect pest
management programs to reduce economic losses
caused by these pests [5-8]. In this article we focus
on the greenbug, Russian wheat aphid, and sugarcane
aphid biology, biotypes, genetic variation, and
management. We also address lessons learned from
the greenbug and Russian wheat aphid outbreaks to
address the current sugarcane aphid invasion.

1.2. Biotype vs. Genotype

The terms “biotype” and “genotype” are often used
synonymously but their meanings are quite different.
Biotype, in cereal aphids, is the ability to damage
different plant genotypes. Entomologists often use
a set of “host differentials”, or a collection of host
plants with known resistance or susceptibility to a
known biotype, to determine the biotype of an aphid
clone [9]. A biotype can be comprised of an indefinite
number of genotypes sharing similar virulence
genes [10]. The number of aphid biotypes,
potentially 2", is determined by the number of host
resistance genes, where N is the number of non-
allelic host resistance genes [11].

The term “genotype” is the genetic constitution of
an organism. Over the years genetic variation has
been assessed using protein-based markers such
as allozymes and for the last forty-five years,
DNA-based markers are predominantly used. The
use of DNA markers began in 1974 with
hybridization-based markers called restriction
fragment length polymorphisms (RFLP) that were
often codominant and able to identify a unique
locus [12]. The generation of RFLP markers was
time consuming, required a large amount of DNA
(5-20 pg), and used radioactivity to visualize the
alleles [13]. To avoid these challenges, PCR-based
DNA markers were developed which amplified
many regions of the genome, were primarily
dominant in nature, but required very small amounts
of DNA. These included amplified fragment length
polymorphisms (AFLP) [14], random amplified
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polymorphic DNA (RAPD) [15], and sequence-
related amplified polymorphic (SRAP) markers
[16]. Currently, PCR-based markers that amplify
specific genomic sites are used. These markers
include simple sequence repeat markers (SSR) and
single nucleotide polymorphisms (SNPs). SSR
markers, also called microsatellites, amplify a
tandemly repeated short nucleotide motif of 1-6
bases and are codominant and reproducible [13].
SNPs are polymorphisms at a single nucleotide and
advances in next generation sequencing technologies
have allowed the identification of large numbers
of SNPs.

2. Greenbug

2.1. Greenbug introduction

The greenbug, Schizaphis graminum (Rondani)
(formerly Toxoptera graminum), infests about 70
grass species including wheat, barley, oats (Avena
sativa L.), rye (Secale cereale L.), and sorghum in
the southern Great Plains as well as many other
parts of the world [17, 18]. Reports of damage
caused by the greenbug began in the U.S. in 1884
[19]. In the U.S., greenbug is holocyclic above the
35™ parallel and anholocyclic below the 35™
parallel [20]. Northern locations are re-infested by
alates using low-level jet winds [21, 22]. Annual
losses for the Great Plains region ranged from
approximately $10-250 million depending on the
year [23, 24].

Greenbug feeding can damage sorghum and
winter wheat [25, 26]. Infestations may occur
annually on sorghum and wheat in the southern
Great Plains, but large-scale outbreaks are rare,
occurring every 5-10 years [27, 23]. Greenbugs
extract large amounts of plant sap, depriving the
plant of water and nutrients [28, 22]. These insects
also inject enzymes during the feeding process
that cause cell wall destruction and tissue necrosis
[29]. The greenbug is a carrier of viruses including
maize dwarf mosaic virus and barley yellow dwarf
virus [30, 31]. Feeding by greenbugs on sorghum
has been shown to cause plants to be predisposed
to disease such as charcoal rot (Macrophomina
phaseolina) [32]. Feeding by these aphids inhibits
plant growth, may kill plants, and cause less yield
and economic return [33, 26, 34].

2.2. Greenbug biotypes

The number of described greenbug biotypes in the
U.S. is extensive. Most are considered “lab strains”,
and only a few are of agricultural importance. The
large number of non-agricultural biotypes is likely
due to its ability to reproduce sexually and its
wide range of non-cultivated grass hosts [35]. The
biotypes were first given letter names and then
were given state of collection names (ex. WY1).
Greenbug biotype A is avirulent to the hexaploid
wheat ‘Dickinson Selection 28A’ (DS 28A). In
1961 Biotype B was identified from greenhouse
cultures that was virulent to wheat DS 28A [36].
In 1968 a severe outbreak of biotype C occurred
on sorghum in the Midwest and Southwest [25]. It
was the first U.S. biotype that was a major pest on
sorghum and subsequently became the predominant
greenbug biotype on sorghum and wheat [37].
Biotype C attacked sorghum in the summer and
wheat in the winter and was warm-temperature
tolerant. Biotype C was lighter in color and had
little or no black on its cornicles compared to
greenbugs on wheat (Biotype B) [25].

Poor greenbug control using disulfoton was reported
in 1973 on wheat in the Texas High Plains but was
attributed to the weather [38]. Similarly, in 1974
poor greenbug control using granular disulfoton
was seen on grain sorghum in the same area and
again was attributed to weather. In 1975 biotype
D was identified on grain sorghum in the Texas
High Plains that is resistant to disulfoton, an
organophosphorous insecticide that was used at
the time [38]. However, biotype D does not match
the definition of a biotype as it is not based on
insect-plant resistance relationships [35].

In 1980, biotype E was identified based on its
ability to damage biotype C resistant sorghum and
wheat [39]. Biotype E was originally collected on
wheat in Bushland, Texas in 1979 and had spread
75 miles north of Bushland by May 1980. By 1981,
biotype E replaced biotype C greenbugs over most
of Texas, Kansas, Oklahoma, and Nebraska [40].
In 1984-1985 biotype C was the dominant greenbug
biotype present in Arkansas wheat but biotype E
was also present in the county samples (0-59%) [41].
In 1986 biotypes E and B were the predominant
biotypes in Oklahoma in the spring (83% and 11%
respectively) on wheat, biotypes E and C were



102

Karen Harris-Shultz et al.

predominant on sorghum in the summer (94% and
6%, respectively), and biotypes E and C were
predominant in the fall (97% and 2%, respectively)
[42]. Biotype E preferred sorghum more than
barley, oats, or wheat [43].

In 1986 biotype F was found in Ohio on Kentucky
bluegrass (Poa pratensis L.) [44]. Biotype F can
kill Canada bluegrass (P. compressa L.) and
morphologically has no dorsal stripe. In 1988,
biotype G was identified from Oklahoma that can
damage all known resistant sources of wheat [43].
In the same study, biotype H was identified from
Texas that can damage ‘Post’ barley but was
avirulent on all sorghum lines tested. Both biotypes
G and H lack the middorsal dark green abdominal
stripe and have the general appearance of biotype
F [43]. Biotypes F, G, and H preferred the small
grains significantly more than sorghum [43].

In 1990, biotype I was identified on severely
damaged sorghum in Kansas that was resistant to
biotype E [45]. Fortunately, Biotype I was not
virulent on greenbug biotype E-resistant wheat,
barley, oat, and rye. In 1991-1993 greenbug biotypes
E and I were collected from Kansas, Texas, Nebraska,
Colorado, and Oklahoma from sorghum and wheat
fields [37]. In 1994, biotype J was identified that
was collected from wheat in Idaho in an area
where barley is the major small grain crop [46].
Biotype J did not cause necrotic lesions in any of
the wheat or barley entries tested and it was the only
biotype tested that was able to kill ‘Post’ barley.

Biotype K was collected in 1992 in Kansas and
damaged sorghum plants that were resistant to
biotype I [47]. Fortunately, all small grain genotypes
that had resistance to biotype I also had resistance
to biotype K. The authors expressed concern that
the widespread use of sorghum hybrids derived
from PI 550610 could suppress the development
of greenbug biotypes E and I but increase the
amount of biotype K [47]. Many more biotypes
have been identified [48] but only C, E, and I have
caused significant economic losses to sorghum [47].
Over the years there has been a shift in the
prevailing biotypes of C to E and then E to I [48].
Currently E, I, and K are impacting sorghum and
wheat [49-51].

Other biotypes namely NY, FL1, SC, and KS1 have
been identified using the host plant differentials
listed in Table 1. The NY biotype was found to be

susceptible to the sorghum differentials with the
exception of PI 550607. The FL biotype was found
on seashore paspalum (Paspalum vaginatum
Swartz) turfgrass in November of 2003 at Belle
Glade, FL [52] but is susceptible to all sorghum
differentials and thus far not observed to be a pest
of sorghum, wheat or barley within the US. The
SC biotype has not been evaluated for sorghum
but was discovered to be a different biotype based
on the wheat, rye, and barley evaluations. KS1 is
noted for being resistant to all four sorghum
differentials but again, has not been identified as
of this date to be found in sorghum. Subsequent
collections of five new greenbug biotypes have
been made from Wyoming, namely WY10 MC,
WYS81, WY10 B, WY 12 MC and WY 86 but these
were found to be important to barley [53] and not
listed in Table 1.

2.3. Greenbug genetic variability

Genetic diversity has been examined for the
agronomically important greenbug biotypes as well
as the other biotypes. In all the studies, the biotypes
of agronomic importance C, E, I, and K were
consistently grouped together. This suggests that
using resistant cultivars exerts selection pressure
on biotypes that may be selecting for mutants with
greater virulence. Zhu-Saltzman et al. [54] used1775
AFLP markers to examine the genetic diversity of
the biotypes of agronomic importance as well as
four other greenbug biotypes. They found biotypes
C, E, I, and K were between 92-98% genetically
similar. Weng et al. [55] used 67 SSR markers, of
which many were developed from other aphid
species, to genotype greenbug biotypes C, E, I as
well as three isolates from Wyoming. They found
the biotypes C, E, and I grouped together. Later,
31 SSR markers were used to assess the genetic
diversity of clonal greenbugs collected from Colorado
and Wyoming as well as the biotypes E, G, H, 1,
and K [18]. In agreement with Zhu-Saltzman [54],
the agriculturally important biotypes E, I, and K
were genetically similar. Furthermore, biotypes E,
I, and K were most similar to greenbugs collected
from Colorado. The greenbugs that Weng et al. [48]
collected were grouped by the place of collection.
Kharrat et al. [56] used RAPD markers to examine
genetic diversity of greenbugs collected from
Tunisia and the biotypes C, E, I, K, F, G, and H.
They too found that the agronomically important
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biotypes C, E, I, and K were grouped together and
had similarity to samples collected from Tunisia.
Similarly, Shufran et al. [57] sequenced a 1.4 kb
fragment of the cytochrome ¢ oxidase subunit I
(COI) gene from 12 greenbug biotypes. The COI
fragment is commonly sequenced to determine
genetic diversity and phylogenetic relationships
among samples as well as for species identification.
They too found the agricultural biotypes C, E, I,
and K grouped together, as well as biotype J that
is non-virulent to wheat. Genetic distances among
this clade ranged from 0.08-0.61%. Thus, with
this amount of similarity between biotypes C, E, I,
K, and J it is very unlikely that these agricultural
biotypes are products of sexual reproduction and
are more likely a collection of mutants in a
common genetic background.

Genetic diversity within greenbug biotypes has
been examined [9]. From 1995-2000 greenbugs
were collected from a wide range of hosts in
Oklahoma, Kansas, Colorado, South Carolina, and
Syria. Clonal colonies were established, biotypes
were determined, and a 1 kb region of the COI
gene from each colony was sequenced. Three clades
were identified of which Clade 1 (which had only
1.1% sequence divergence among samples) consisted
of most of the samples classified as biotype I, all
of the samples of biotype E, and a sample of
biotypes K, J, C, SC, and G. Clade 2 consisted of
most of the samples of biotype G and a sample of
biotypes F, NY, I, and K. Clade 3 consisted of a
sample from a previous study collected in Europe,
a sample collected from Canada wild rye (Elymus
canadensis L.), a sample classified as biotype B,
and three samples classified as biotype 1. A correlation
existed between host genus of collection and clade
which supports that these clades could have
diverged on separate hosts. Greenbug samples
collected from Sorghum or Triticum spp. were
grouped in Clades 1 and 3 whereas samples
collected from wheatgrass (Agropyron spp.) were
primarily grouped in Clade 2.

2.4. Greenbug management

2.4.1. Insecticide use: insecticides and seed
treatments

For small grains, parathion was used for greenbug
control from 1948-1968 with no reports of aphid
resistance to the insecticide [38]. After 1968, when

biotype C became a major pest on sorghum,
disulfoton was used to control the greenbug on
grain sorghum and small grains with parathion being
largely replaced. Thus, the greenbug population in
some areas of the Texas High Plains was subjected
to multiple applications of disulfoton in the winter
on small grains and then multiple applications of
the same chemical in the summer on sorghum [38].
Furthermore, many producers were using insecticide
rates higher than the recommended rates and not
monitoring greenbug population densities [38].
This led to the development of Biotype D, which
are greenbugs resistant to organophosphates [38].

Systemic insecticides applied to winter wheat as
seed treatments were also evaluated to control biotype
C greenbug [58]. Disulfoton at 1.25, carbofuran at
3-5, and UC 21865 at 20-40 g Al/kg seed protected
wheat from greenbug feeding, with limited
phytotoxicity, for approximately 60 days after
planting (DAP).

In 1993-1994, Gaucho (imidacloprid) was used as
a seed treatment at two rates for three different
sorghum hybrids in Kansas [59]. Both the 2 and 4 oz
rates (per 100 Ibs. seed) were effective at reducing
greenbug numbers on seedling plants less than 14 d
old. Only the 4 oz rate of Gaucho reduced greenbug
numbers for 70-80 DAP on the greenbug-susceptible
hybrid. Thus the 4 oz formulation was recommended
for early and late season greenbug control.

2.4.2. Cultural practices: reduce tillage and
adjust planting times

Cultural practices can be altered to control insect
pests. Burton and Krenzer [60] found that greenbug
populations were reduced in wheat plots where
surface residues were moderate to high as compared
to conventionally tilled plots. They later performed a
similar experiment using sorghum [61] and found
that reduced tillage and/or crop residues on the
soil surface decreased the number of greenbugs
and plant damage.

Harvey et al. [62] trapped greenbugs from 1974-
1979 at Hays, Kansas and found two distinct flight
periods. The first flight peaked during the first week
of June and the second during the last week of July.
They suggested altering the planting date of wheat
and sorghum to avoid these peak flight times.

The time of planting has also been seen to influence
greenbug abundance in winter wheat. Earlier planted
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wheat supports early colonization of the greenbug
and greater numbers of aphids as compared to later
plantings [63]. Furthermore, incidence of Barley
yellow dwarf virus declined with later plantings [63].

The use of a crop also has an impact on greenbug
abundance. The use of winter wheat for grazing
stocker cattle can reduce greenbug abundance as
much as 98% as compared to non-grazed plots [64].
Another study found that grazing reduced aphid
abundance as much as 87% and Barley yellow dwarf
virus levels as much as 70% but often promoted
greater abundance of grassy weeds [65]. They also
found that grazing was correlated with reduced
yields when aphids were not present.

2.4.3. Development of resistant cultivars

2.4.3.1. Wheat, rye, and barley

In the U.S., the start of breeding for resistance to
greenbugs began with the selection of DS 28A
from wheat that was resistant to greenbug biotype
A [66]. The resistance from DS 28A was caused
by a single recessive gene later named gbl [66, 67]
(Table 1) and the resistance mechanism was
described as tolerance to greenbug toxins resulting
in less chlorophyll loss and reduced greenbug
reproduction [68, 69]. For rye, ‘Insave’ rye was
developed that was resistant to biotypes B, C, E,
G, I, J, and K [49]. Greenbug resistance was
transferred from ‘Insave’ rye to ‘Amigo’ wheat
[70] to confer resistance to biotypes B and C. This
greenbug source of resistance is conferred by a
single dominant gene later named Gb2 [71, 67]
(Table 1) and the source of resistance in ‘Amigo’
was transferred to the red winter wheat cultivar
‘TAM107°. “TAM107’ was first made available to
growers in 1984 [72]. Similarly, the wheat-rye
hybrid cultivar ‘Gaucho’ has resistance to biotype
C and its resistance is also derived from the rye
cultivar ‘Insave F.A.” [73].

The wheat line ‘Largo’ was selected from a cross
between ‘Langdon’ durum (Triticum turgidum L.)
and the resistant source PI 268210 (Aegilops tauschii
Coss.) [74, 75]. ‘Largo’ has resistance to biotypes
C,E, H 1, J, and K [49, 76]. This resistance was
found to be conferred by a single dominant gene
later named Gb3 [74, 67] (Table 1). CI 17959 and
CI 17882 were found to have resistance to biotypes
C,E, I, J, and K [49, 77, 78]. The resistance was
conferred to CI 17959 and CI 17882 by single

dominant genes named Gb4 and Gb5, respectively
[67] (Table 1). Biotype B, C, E, G, 1, J, and K [49,
76] resistance was identified in wheat-rye
translocation germplasm ‘GRS-1201°. ‘GRS-1201"
has resistance from a single dominant gene named
Gb6 [76] (Table 1). Later W7984, a synthetic
hexaploid wheat line, was found to have resistance
to greenbug biotypes C, E, and I [79] (Table 1). This
resistance was conferred by a single dominant
gene and was designated Gb7.

Currently there are two known greenbug resistance
genes in barley. Rsgla, previously called Grb, is a
single dominant resistance gene in PI 87181
(‘Omugi’) and ‘Post 90’ [80-82]. Rsg2b is a single
dominant resistance gene from PI 426756 [81].
Both resistance genes confer resistance to a wide
range of greenbug biotypes except biotype H [83,
84] (Table 1).

2.4.3.2. Sorghum

Sorghum breeders obtained biotype C resistance
by using tunis grass [Sorghum virgatum (Hackel)
Stapf] [85]. Resistance was reported in ‘KS30’ (a
tunis grass x ‘Combine Kafir-60") and ‘Shallu’.
Both sources of resistance appeared to be derived
from tunis grass [86]. KS30 was released in 1969,
resistance is simply inherited, and the mechanism
of resistance is primarily tolerance [85].

In the 1970s, the Texas Agricultural Experiment
Station released a series of biotype C-resistant
hybrids with SA 7536-1, PI 264453, ‘KS30’, and
IS 809 as the sources of resistance [35]. These
lines were used to develop sorghum hybrids for the
Southern Plains and the first biotype C-resistant
hybrid sorghum was reported in 1975 [87]. Use of
the biotype C-resistant hybrids increased and in
1979 50-60% of hybrids in the Southern Plains
were biotype C-resistant [35]. By 1980, at least
90% of the sorghum acreage was planted with
biotype C-resistant hybrids [88].

After the discovery of biotype E in 1980, commercial
grain sorghum lines that were resistant to biotype C
were found to be susceptible. The sorghum lines
PI 220248, P1 264453, ‘Capbam’, and a bloomless
mutant were found to be resistant to biotype E [89].
Dixon et al. [88] found that PI 264453 and PI
220248 had resistance to biotype E that was
complexly inherited, and PI 264453 had a major
factor in its cytoplasm that was controlling resistance.
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More than 23,000 sorghum accessions were screened
during the 1980s for resistance to greenbug biotype
E and only six sources were resistant [45]. In 1981,
Tx2783 was released with resistance to biotypes C
and E [90]. The resistance was reported to be
derived from ‘Capbam’. Sorghum hybrids with
resistance to greenbug biotype E were available
starting in 1982 and by 1986, 38% of the total
sorghum seed sold in Oklahoma was resistant to
biotypes E and C, and 53% of seed sold had only
biotype C resistance [42]. By 1990 biotype E-
resistant hybrids were grown on 40-50% of the
acreage in the Southern Plains [35].

Greenbug biotype I was collected in 1990 and
sorghum lines that were resistant to biotype I were
identified [91] and were utilized in public and
private breeding programs. A tetraploid Johnsongrass
line PI 266965, a commercial sorghum hybrid
Cargill 607E, and a sorghum line from Syria, PI
550610, were found to have resistance to biotype I
[91]. After biotype K was discovered in 1995
[47], which was virulent on biotype I-resistant
sorghum, 115 hybrids were tested for resistance to
greenbug biotypes E, I, and K [92]. Of these, 75
were resistant to biotype E but only Cargill 607E
was resistant to biotype K [92, 47].

2.4.4. Conservation of natural enemies

Natural enemies can reduce greenbug density and
prevent them from reaching their reproductive
potentials [22]. Natural enemies of greenbugs
include lady beetles (Coleoptera: Coccinellidae),
lacewings (Neuroptera: Chrysopidae), spiders
(Araneae), syrphid flies (Diptera: Syrphidae),
parasitoid wasps (Hymenoptera: Aphelinidae,
Aphidiidae, Braconidae) [93], damsel bugs
(Hemiptera: Nabidae), ground beetles (Coleoptera:
Carabidae), and entomopathogenic  fungi
(Entomophthorales and Hypocreales) [94, &].
Coccinellids often have the strongest impact of all
aphidophagous insects [95] and regulation of
greenbugs is largely due to coccinellids in sorghum
and wheat [96, 97]. Hymenopterous parasitoids,
and to a large degree Lysiphlebus testaceipes, a
generalist aphid parasite, are known to suppress
greenbugs in wheat and sorghum [98, 99].

After the outbreak of biotype C greenbug on sorghum
planted in the Great Plains, eleven species of
hymenopterous parasitoids were imported into the

United States from Europe, Iran, Pakistan, and
Chile [17]. Six species of wasps, Aphelinus asychis
(Walker), Aphelinus varipes (Forester), Aphidius
matricariae Haliday, Diaeretiella rapae (Mclntosh,
Ephedrus plagiator (Nees), and Praon pakistanum
Kirkland were released in Oklahoma, Texas, and
other states in the Great Plains [100, 17]. Follow-
up surveys did not identify permanent establishment
of any of the released species except for those
species that were already present in the areas prior
to the release [17].

3. Russian wheat aphid (RWA)

3.1. RWA introduction

The Russian wheat aphid (RWA), Diuraphis noxia,
(Mordvilko) (Hemiptera: Aphididae) was first
reported by Mokrzecki in 1900 from fields of barley
in Eupatoria, Crimea [101] and, since then, has
dispersed globally to every major cereal production
area. It is pale green in color, about 2 mm long,
and feeds on the base of newly formed leaves as
well as the inflorescence of barley and wheat
[102]. Its native range is thought to be the areca
between the Caucasus Mountains and the Tian
Shan (Mountains of Heaven) [103]. The RWA has
a host range of at least 47 cool-season grasses and 18
warm-season grasses [104]. Russian wheat aphids
use non-cultivated hosts such as crested wheatgrass
(Agropyron cristatum (L.) Gaertner), Canada wild
rye, and volunteer wheat and barley during the
summer months when cultivated grains are not
grown [105]. Invasive clones traveled from Turkey
to South Africa in 1978 [106] and to Mexico in 1980
[107]. From Mexico the invasive clones moved to
the U.S. (Texas) in 1986 [108] and to Chile in
1987 [109]. By 1988 the RWA moved across the
western U.S. and Canada [103] leading to direct and
indirect loss of $893 million mainly on barley and
wheat in the western U.S. between 1987-1993 [110].
The RWA was a severe pest from the mid-1980s
through the mid-1990s in the southern and central-
western edges of the Great Plains [17]. The RWA
population has declined since the mid-1990s [111].

Russian wheat aphid feeding results in reduced
chlorophyll levels and a decrease in the capacity
and efficiency of photosystem Il in susceptible
wheat and barley [112]. Russian wheat aphid further
causes leaf rolling, plant stunting, purple
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discoloration, prostrate growth, and longitudinal
white leaf streaking [113, 114]. In addition, new
leaves of infested susceptible plants do not unroll
causing trapped awns and deformed spikes which
leads to reduced grain yield [102]. The RWA is a
poor vector of plant viruses despite earlier reports
[103]. The RWA is primarily anholocyclic in North
America but holocyclic populations occur in
higher elevations of the Colorado Plateau [115].

3.2. RWA biotypes

Many biotypes of the RWA have been identified
in the U.S. and have been monitored through the
years to determine their prevalence. The biotype
that first arrived in 1986 was later named RWAL.
As the years passed, minor biotypic variation was
found which included differences in damage to
susceptible wheat [116], clones that differ in life
cycle [117], and a clone that had a different cuticular
hydrocarbon profile [118]. In 1994-1995, clones
were collected from five western states and no
new biotypes were identified [119]. In 2003,
Prairie Red, a RWA-resistant hard red winter wheat
line containing the Dn4 resistance gene [120], was
found infested with RWA in multiple areas in
southeastern Colorado [121]. This new biotype,
RWA2, induces greater injury on resistant and
susceptible wheat cultivars. Only one accession
tested, 94M370 (Dn7), had resistance to RWA2
but the Dn7 gene exists in a region of the genome
that has often been shown to have adverse quality
effects on leavened bread products [122, 123].

Three new biotypes (RWA3-5) were identified
from collections on wheat and barley from Kansas,
Nebraska, Texas, and Wyoming from 2002-2003
[124]. The new biotypes were found from
collections made in Texas on wheat (RWA3-4)
and one from Wyoming on barley (RWAS5). In 2005
collections were made from 98 fields of wheat
and barley in Oklahoma, Texas, New Mexico,
Colorado, Kansas, Nebraska, and Wyoming to
determine the distribution and abundance of biotypes
RWAI1-5 [125]. Only RWA1 and RWA2 were
identified and the biotype composition across all
collection sites was 27% RWA1 and 73% RWA2.
Thus, RWA1 and RWA2 were the biotypes of
agricultural importance in 2005 and RWA2
predominated in most states. In 2008, three new
biotypes were found (RWAG6-8) from Colorado
collections and RWA7-8 were found on non-grass

hosts [126]. In 2007 a breakthrough was made
with the finding that the RWA can reproduce
sexually in the U.S. [115]. Newborn aphids were
found from eggs in western Colorado. Interestingly,
fundatrices (stem mothers) could be separated from
alate vivipara (females produced parthenogenetically)
by the number of segments in the antennae (5
verses 6 segments, respectively). Thirty-five new
biotypes were identified on wild grasses and
wheat; yet the authors did not name these, preferring
to name only those with agricultural significance.
Puterka et al. [127] combined RWA3, RWA4,
RWAS, and RWA7 into one biotype renamed
RWAZ3/7. This reclassification reduced the number
of RWA biotypes to five namely RWA1, RWA2,
RWA3/7, RWA6, and RWAS. Biotypes were
reexamined in 2011 and 2013 in the Colorado
Plateau and the Central Great Plains Regions. For
both years the biotype that was mainly represented
was RWAG6 which is avirulent to Dn4-containing
wheat. RWA1, RWA2, RWA3/7, and RWAS
were also detected in these regions but at lower
levels than RWAG. The shifting of biotypes coincides
with the decreased use of resistant wheat containing
the Dn4 gene after 2003.

3.3. RWA genetic variability

Russian wheat aphid genetic variability has been
monitored in the U.S. and is low. Puterka et al.
[128] genotyped 36 RWA collections from the U.S.,
Canada, France, Mexico, South Africa, Syria, Turkey,
and Ukraine using seven RAPD markers and seven
alloyzmes. The aphids were collected from wheat,
oat, barley, and wheatgrass. Similarity was found
among the Turkey, France, Canada, Mexico, South
Africa, and U.S. samples suggesting a common
origin. Robinson et al. [129] used 18 RAPD primers
on a collection from Mexico, Chile, Syria, South
Africa, France, and Canada. The RWA clones from
Mexico, Chile, the U.S., Canada, France, and South
Africa were highly genetically similar. Shufran et al.
[119] used seven RAPD primers on a collection of
aphids sampled in 1994-1995 from Kansas,
Nebraska, Colorado, Wyoming, and Washington on
cultivated and non-cultivated hosts. Only minor
genotypic differences were found. Shufran and
Payton [130] genotyped RWA1-5 with 58 RAPD
primers, eight simple sequence repeat (SSR) markers,
and used COI sequencing. No COI sequence
variation or SSR polymorphism was seen between
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samples. Two RAPD markers displayed
polymorphism among the individual clones.
These results suggest that the RWA1-5 are highly
related. Liu et al. [131] used AFLP markers to
genotype populations of RWA from Chile, Czech
Republic, Ethiopia, Hungary, Iran, Kenya, Mexico,
Syria, Spain, and the U.S. (including RWA1-5).
They found RWA1-2 and RWA3-5 belong to the
Middle East African Clade and European Clade,
respectively. RWA1-2 were most similar to the
RWA sample from Mexico. They suggest at least
two invasions of RWAs occurred in the U.S. and
perhaps three. The samples from the Middle East
African Clade, which include RWAI1-2, coincide
with the documented history of spread of the RWA
from the Middle East to South Africa, to Mexico,
and to the U.S. This is in agreement with Shufran
et al. [132] who suggested that RWA1 and RWA2
are likely the by-product of a single invasion.

3.4. RWA management

3.4.1. Cultural practices

To reduce RWA numbers, hosts of the RWA
should not be allowed to grow during the non-
crop season [106]. Host plants such as wheat,
barley, triticale (Triticum x Secale), and Agrotricum
(Agropyron x Triticum) should not be used as
pasture grasses [106]. During the non-crop season,
volunteer and weedy hosts should be eliminated to
prevent increasing RWA pest numbers.

For RWA control, agronomic practices should be
considered [106]. The planting date has been
shown to impact RWA infestation. Russian wheat
aphid infestation levels are usually higher in early
planted wheat in Montana [133], northeastern
Colorado [134], western Colorado [135], and
Canada [136]. A two-year study in 1992-1993 was
conducted in western Colorado on winter wheat
examining the effects of planting date on RWA
infestation and viral diseases [137]. Using five
planting dates from September until late October
at two-week intervals, the highest yield occurred
on the third planting date (Oct. 2-3). In agreement
with the previous studies, the highest RWA
numbers were seen at the first planting date when
no insecticides were used.

The use of irrigation during periods of low
precipitation is recommended to reduce RWA
populations in wheat [138]. Indeed, well-watered

field-grown wheat had lower RWA densities than
non-irrigated wheat and aphid density was not
impacted by fertilizer rate [138].

3.4.2. Host resistance and insecticide use

Russian wheat aphid was managed in the U.S. by
the use of aphid-resistant barley and wheat cultivars.
Prior to 1990, all barley cultivars grown in the U.S.
were susceptible to RWA1 [139]. The USDA-
ARS in Stillwater, OK screened over 24,000 barley
accessions in a greenhouse from 1990-1993. They
identified 109 accessions with some level of
resistance and selections were made to produce
homogenous RWAT-resistant lines from each of
the 109 accessions [139]. Two germplasm lines,
STARS-9301B and STARS-9577B were publicly
released [140, 141]. The sources of resistance in
STARS-9301B and STARS-9577B are from PI
366450 and Clho 4165, respectively, both of
which were collected from Afghanistan [140, 141].
Additionally, Smith et al. [142] identified sources
of RWALI resistance from Iran and the Soviet Union.

More than 25,000 wheat accessions were screened
for RWA resistance by the Western Coordinating
Committee No. 66, a group of scientists committed
to the development of cultivated cereals with host
plant resistance to the RWA [143]. At least 86
accessions were found to have reproducible
resistance to RWA, and accessions collected from
the ancestral RWA boundaries of Central Asia
had the highest frequency of resistance [143]. The
USDA-ARS released two RWA-resistant wheat
lines, STARS-9302W and STARS-9303W in
1993 [144]. The source of resistance in both lines
was from PI 149898, a line donated to the National
Plant Germplasm System (NPGS) from the Saratov
Russian Federation. ‘Halt” was released as a red
winter wheat variety in 1994 and was the first
RWA-resistant wheat cultivar that possessed Dn4
resistance developed in the U.S. [145]. Field
evaluations from three different locations in Colorado
concluded that a sister line of ‘Halt’ reduced RWA
reproduction and damage potential when compared
to the standard susceptible ‘TAM 107" [146].
‘Prairie Red” was released in 1998 [120]. The
source of RWA resistance in ‘Halt’ and ‘Prairie
Red’ is from PI 372129, an accession from
Turkmenistan [147, 145].

By 2003-2004 only approximately 25% of the
Colorado winter wheat acreage was planted with
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aphid-resistant cultivars [121] as for many areas
the aphid had no longer been a persistent problem
[125]. Wheat varieties that contained the Dn4
gene were able to manage the pest in the Great
Plains from 1995-2003.

In North America, farmers applied insecticides
and delayed plantings of their crops to control the
RWA in barley [148, 142] and wheat prior to the
use of resistant cultivars starting in 1994 [125]. In
1989, 916,000 ha of wheat and barley were
treated with insecticides at a cost of $21 million
[102]. The use of RWA-resistant cultivars was an
economical solution for wheat and barley growers
to the RWA until resistance was overcome in
wheat in 2003. Fortunately, RWA1 to RWAS5 do
not severely damage the primary sources of
resistance in barley, STARS-9301B and STARS-
9577B [140-141, 149].

3.4.3. Classical biological control and endophyte-
infected grasses

The combination of plant resistance with natural
biological control would be the ideal strategy for
the management of the RWA. Biological control
alone is unlikely to be an efficient management
strategy [102]. Naturally occurring insect enemies
of the RWA include several species of coccinellids,
syrphids, chrysopids, and parasitoid wasps [102].

From 1988-1994, USDA-ARS and university
scientists made 62 collection trips to 17 countries
to collect predators and parasitoids of D. noxia
[150]. Twenty-nine species of predators and
parasitoids as well as six species of fungal pathogens
were collected. Federal and state scientists shipped
mummified aphids containing the parasitoids
Aphelinus albipodus Hayat & Fatima, A. asychis
Walker (Hymenoptera: Aphelinidae), Diaeretiella
rapae (M’Intosh), Aphidius matricariae Haliday,
Aphidius colemani (Viereck), Aphidius picipes
(Nees), Aphidius rhopalosiphi DeStefani-Perez,
Ephedrus plagiator (Ness), and Praon gallicum
Stary (Hymenoptera: Braconidae) for rearing and
release [151]. These parasitoids and predators
were released in 16 states. Efforts to establish
predators were reported as unsuccessful [151] but
three species of parasitoids, A. albipodus, A. asychis,
and D. rapae spread throughout the wheat
production region in Wyoming within five years
of release [111]. Likewise, after the release of

seven exotic hymenopterous parasitoids in eastern
Colorado from 1991-1993, A. asychis and A.
albipodus were recovered in Colorado one year
later from the releases [152]. Similarly, in Washington
and Idaho, seven species of parasitoids were
released and after six years three species, A.
albipodus, A. uzbekistanicus Luzhetzhi, and Praon
gallicum Stary, were found that could be attributed
to the release program.

Additionally, the RWA is susceptible to endophyte-
infected grasses. In replicated field plots, the
endophyte-infected perennial ryegrass, Lolium
perenne L. had less RWA than endophyte-free
ryegrass [153]. This may be due to the fungal
production of alkaloids in infected plants that are
toxic to insects and livestock [154].

4. Sugarcane aphid

4.1. Sugarcane aphid introduction

The sugarcane aphid, Melanaphis sacchari
(Zehntner) (Hemiptera: Aphididae), is a pest on
sorghum and sugarcane (Saccharum spp.) in
Africa, Asia, Australia, and parts of Central and
South America [155]. Its distribution follows the
cultivation of sorghum and sugarcane and its host
range includes the genera Cynodon, Miscanthus,
Oryza, Panicum, Paspalum, Pennisetum, Saccharum,
Setaria, Sorghum, and Zea [155]. The sugarcane
aphid is largely anholocyclic but sexual oviparae
have been observed in India [156].

Sugarcane aphids have become a serious, perennial
pest on grain, forage, and sweet sorghum in the
United States since its discovery on sorghum near
Beaumont, TX in 2013 [5, 157]. Since then it has
spread in all directions and currently has spread to
25 states as well as Mexico, thus infesting all
sorghum-production regions of the U.S. and Mexico
[158-160]. The ability to rapidly move from state
to state is attributed to high alate production and
alates traveling by wind-aided movement [5]. The
host range of the invasive sugarcane aphid in the
U.S. includes Sorghum spp. such as the pervasive
weed Johnsongrass (S. halepense [L.] Pers.), Sudan
grass (S. bicolor subsp. drummondii [Nees ex
Steud.] de Wet & Harlan, giant miscanthus
(Miscanthus sinensis x M. sacchariflorus Greef &
Deuter ex Hodkinson & Renvoize) and Columbus
grass (S. almum Parodi) as well as sugarcane and
energycane (Saccharum hyb.) [161-163]. Sugarcane
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aphids have been previously reported in Florida
and Louisiana feeding on sugarcane [164, 163]
and they were also documented feeding on sorghum
in Florida prior to the recent outbreak but were
not considered of economic importance at that
time [165].

Sugarcane aphids are tan, orange, lemon-yellow,
or gray with prominent black cornicles and dark
feet [157, 155]. The gray body color is seen
during cool conditions such as in winter or fall,
and the winter phenotype can survive several
successive overnight freezes [5, 166]. These aphids
have predominantly asexual reproduction [155].
The mean longevity of apterae on sorghum was
28 d and a single aphid can produce on average
86-96 nymphs depending on the age of the plant
[167]. The sugarcane aphid has one of the fastest
reproductive rates of aphids on sorghum and
doubling time values on susceptible hybrids ranged
from 3.9-7.9 d [168-171]. No sexual forms have
been observed in the U.S., but they have been
found in Mexico [172].

Sugarcane aphids feed on sap from phloem tissue
of the leaves, stem, and the panicle of the plant
[168]. Initial colonies begin on the lowest leaves
of the plant and as the colonies grow and the
leaves die, the aphids move up the plant [157].
Populations exceeding 10,000 aphids on a single
plant have been recorded [5]. Aphid feeding
causes yellow to red or brown pigmentation on the
leaves, followed by leaf chlorosis, leaf necrosis,
stunted growth, increased plant water stress, poor
plant vigor, delay or prevention of head emergence,
and can result in plant death [173, 159, 155, 157].
Plant damage occurs from a loss of plant nutrients
and sugars and a reduction in photosynthetic
efficiency due to sooty mold buildup that grows
from the honeydew deposited on the plants by the
aphids [155, 5]. Damage caused by aphid feeding
decreases sorghum yield, reduces seed weight,
and lowers grain quality [5]. In addition to the
damage that the sugarcane aphid has on sorghum
plants, honeydew also covers the plant creating a
problem during harvest, as combines become
clogged [161]. Yield decline on susceptible hybrids
ranged from 50-100% in infested fields [168, 157].

The sugarcane aphid is a common and efficient
vector of the Sugarcane yellow leaf virus on
sugarcane [174]. Indeed, sugarcane is widely

infected in the United States and many other
countries. This Polerovirus causes leaf yellowing
symptoms, known as sugarcane yellow leaf disease,
of which some sugarcane cultivars are resistant to
virus infection [174]. For susceptible sugarcane
cultivars, yield losses of up to 20% have been
reported [175]. Sugarcane yellow leaf virus was
detected in Columbus grass [176] and grain
sorghum collected in Florida [175]. None of the
grain sorghum plants infected showed yellow leaf
symptoms [175].

4.2. Sugarcane aphid genetic variability

Genetic diversity was examined in sugarcane
aphid samples collected worldwide from 2002-
2009 [177]. Genotyping conducted using ten SSR
markers and the sequencing of a fragment of the
COI gene identified five multilocus lineages (MLL)
whose distributions were structured geographically.
Multilocus genotypes (MLG), where a MLG is a
combination of alleles found at two or more loci
in a single individual, that differed slightly due to
mutation or scoring errors belong to the same
MLL. Sugarcane aphids that were classified as
MLL-A were collected from Africa, those classified
as MLL-B were found in Australia, those classified
as MLL-C were from South America, the Caribbean,
the Indian Ocean, and East Africa, those classified
as MLL-D were from the U.S., and those sugarcane
aphids classified as MLL-E were collected from
China [177]. Sequencing of the COI fragment
identified three haplotypes (three different
sequences; identical sequences were assigned the
same haplotype) with no association between
haplotype and the host plant. Similarly, there was
no association between MLL and host plant. Thus,
no molecular evidence was found for the separation
of sugarcane aphids into M. sacchari and M.
sorghi [177]. Furthermore, there was evidence that
these populations have been reproducing clonally
for a long time (high heterozygote excess, low
genetic diversity).

Host plant specialization was seen for the sugarcane
aphid in Reunion Island [178]. Sugarcane is the
dominant crop while wild sorghum (S. bicolor
(L.) Moench subsp. verticilliflorum (Steud.) de
Wet ex. Wiersema & J. Dahlb) is a common weed
on Reunion Island. Multilocus genotypes Msl1
and Ms16, which belong to MLL-C, were observed
more frequently on sugarcane while Msl5 was



Invasive cereal aphids of North America

111

collected from colonies on wild sorghum. Use of
lab transfer experiments found that Msl1 clones
performed better on sugarcane than sorghum
whereas the Msl5 lineage developed poorly on
sugarcane. In contrast the Ms16 lineage had no
difference in performance between sorghum and
sugarcane. This study supports the existence of host
plant specialization within a MLL of the sugarcane
aphid despite low genetic differentiation [178].

Sugarcane aphid diversity was examined from
collections made on sorghum from seven U.S.
states and one territory in 2015, two years after
the invasion of the sugarcane aphid on grain
sorghum [179]. Genotyping of 46 collected samples
using 52 SSR markers found that a single sugarcane
aphid genotype predominates (45/46 samples) over a
large geographic area on sorghum and supports
that the sugarcane aphid is reproducing asexually
in the U.S. [179]. Furthermore, sugarcane aphid
samples collected from multiple states in 2016 from
sorghum or in 2015 and 2016 from Johnsongrass
were primarily the same predominant genotype
found on sorghum in 2015 [180]. This predominant
genotype was named the US-SCA genotype. This
study confirmed that the US-SCA genotype uses
Johnsongrass as an alternative host [180].

To determine if the US-SCA genotype is a new
genotype or a genotype previously identified,
Nibouche et al. [181] performed a follow-up study
comparing sugarcane aphid samples collected from
2013-2017 in North America with the worldwide
collected samples from 2002- 2009 [177]. They
found that the 2013-2017 samples consist of a
new dominant lineage named MLL-F with a
predominant MLG named Ms50 representing 90%
of the MLL-F samples [181]. Consistent with the
results of Harris-Shultz et al. [179, 180], Ms50 is
a ‘super-clone’ and is the dominant MLG from the
continental U.S., Mexico, Puerto Rico, and Haiti.
This is different from their past study where samples
from the U.S collected from 2007-2009 were only
MLL-D. Of interest, in the 2013-2017 samples,
sugarcane aphids that were MLL-D were only
observed on sugarcane while sugarcane aphids that
were assigned to MLL-F were found on Sorghum
spp. and sugarcane.

4.3. Sugarcane aphid biotypes

Only one study currently addresses sugarcane
aphid biotypes in the U.S. In this study, two host-

specific sugarcane aphid biotypes have been
identified in the U.S. [182]. One biotype was
collected on sugarcane near Bell Grade, Florida
and belonged to MLL-D whereas the other
biotype included a sample that was collected near
Beaumont, Texas on sorghum as well as a sample
collected from Columbus grass from Florida; these
last two samples were identical, using a set of
SSR markers, and both samples belonged to the
MLL-F lineage. When the MLL-D genotype from
sugarcane and the MLL-F genotype from sorghum
were phenotyped using host plant differentials
such as a resistant sorghum AG1201, a susceptible
sorghum KS 585, Johnsongrass and Columbus
grass, the intrinsic rate of increase was significantly
higher for the MLL-F genotype on sorghum,
Johnsongrass, and Columbus grass, than the MLL-D
genotype on these hosts. The primary host for the
MLL-D genotype was sugarcane and, to a lesser
degree, Johnsongrass.

4.4. Species debate

The taxonomic name of the sugarcane aphid has
changed with time and was formerly Aphis sacchari
Zehntner, Longiunguis sacchari (Zehntner), and
Melanaphis pyrarius (Passerini) [167]. Blackman
and FEastop [183] suggested that Melanaphis
aphids found feeding on sorghum or sugarcane
were distinct taxa and should be referred to as M.
sorghi or M. sacchari, respectively. In contrast,
Remaudiere and Remaudiere (1997) [184] considered
M. sorghi as a synonym for M. sacchari.
Nibouche et al. [177] performed genotyping of
sugarcane aphids collected worldwide using SSR
markers and by sequencing the COI fragment and
found no molecular evidence for the separation of
sugarcane aphids into M. sacchari and M. sorghi.

4.5. Sugarcane aphid management

4.5.1. Insecticide use

Insecticidal seed treatments are used to protect
sorghum from sugarcane aphids and provide 3-4
weeks of protection. The products Cruiser
(thiamethoxam), Poncho (clothianidin), Nipsit Inside
(clothianidin), and Gaucho (imidacloprid) had
significantly less sugarcane aphids than the
untreated control until 33 DAP [185].

Sorghum fields should be scouted weekly for
sugarcane aphids and then twice weekly once
aphids are detected [186]. For sorghum, the use of
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insecticides is recommended at 50-125 aphids per
leaf [187]. The insecticides Transform (Dow
AgroSciences, Indianapolis, IN, 50% sulfoxaflor),
Sivanto (Bayer CropScience, Leverkusen, Germany,
17.09% flupyradifurone), and Centric (Syngenta,
40% thiamethoxam) reduced sugarcane aphid
numbers at 14 days after treatment (DAT) [188].
Currently two products, Transform and Sivanto,
are used in the U.S. to control the sugarcane aphid
on sorghum for up to 21 DAT with minimal
impact on natural enemies [5]. Both chemicals
penetrate leaves through translaminar movement
[166]. Additionally, in Mexico, foliar-applied
imidacloprid is used for grain sorghum [5].

4.5.2. Cultural practices

Elimination of volunteer plants and the destruction
of weedy hosts could aid in the reduction of the
sugarcane aphid population during the non-growing
season [155]. This is because sugarcane aphid
overwinters on Johnsongrass and volunteer sorghum
in southern regions and more northern locations
are infested by winged aphids carried from southern
regions [166]. Furthermore, mulching with rice
(Oryza sativa L.) or wheat straw is effective in
reducing colonization of aphids [155].

Planting as early as agronomically possible is
recommended to allow plant growth and maturity
before aphids arrive on field crops [189, 166]. One
may need to consider latitude with these
recommendations. In Tifton, GA a 3-year planting
date study was conducted, and 23 sweet sorghum
cultivars were planted each year in April, May,
and June with three replicates [190]. For all three
plantings and for all three years the sugarcane aphid
peak occurred on July 13-15 and the sugarcane
aphid population crash, due to an unknown fungal
entomopathogen, occurred on July 21-29. Plant
damage was less in the June planting as compared
to the April and May plantings. Furthermore, mean
juice Brix (an estimate of sugar concentration) was
higher in the June planting as compared to the earlier
planting dates as the June planting reaped the
benefits of the aphid population crash in the adjacent
plots. Thus, early planting is not recommended in
Tifton, GA but planting dates can be staggered to
take advantage of fungal entomopathogens.

4.5.3. Host resistance and genetic mapping

Host resistance can have a large impact on
sugarcane aphid population dynamics [186]. Host

resistance to the predominant U.S. sugarcane
aphid genotype has been identified from sorghum
lines Tx2783 [90], 0L2042, and SP7715 [171].
0L2042 and SP7715 are owned and were developed
by Chromatin Inc. (Chicago, IL, USA). Tx2783,
originally released in 1984, has resistance to
greenbug biotypes C and E, and sugarcane aphids
in Botswana and Zimbabwe in the mid-1980s [90,
159]. Armstrong et al. (2015) found that it also
has resistance to U.S. sugarcane aphid, with
expression of tolerance and antibiosis. Tx2783 has
a complicated pedigree but includes Capbam, of
Russian origin, and SC110, which has sugarcane
aphid resistance [161]. Additionally, lines
B11055, SC170, Ent62/SADC, R.11143, R.11259
and (SV1*Sima/S23250)-LG15 as well as hybrids
A11055/RTx436 and A11055/RTx437 displayed
sugarcane aphid resistance [161, 191, 170].
Furthermore, a set of forage and grain sorghums
were evaluated for sugarcane aphid resistance and
many were highly resistant [191, 159].

The commercial hybrid DKS 37-07 which is
resistant to greenbug biotypes C and E is also
resistant to the sugarcane aphid [170]. It has been
planted widely since the sugarcane aphid
invasion, as it possesses good yield potential and
has lower aphid population densities when sugarcane
aphids are present [186]. A list of commercially
available sorghum hybrids that are tolerant to the
sugarcane aphid has been compiled and consists
of hybrids that have been confirmed to be tolerant
by wuniversity or federal researchers [192].
Furthermore, international research examining
sugarcane aphid resistance in sorghum lines and
hybrids and the mechanism of resistance has been
compiled [155].

Mapping and identification of sugarcane aphid
resistance genes has been limited. A dominant
gene named Resistance to Melanaphis sacchari
(RMESY) was identified from grain sorghum variety
Henong 16 and was mapped to the short arm of
chromosome 6 using a BTx623 x Henongl6
population [193]. The RMESL1 locus was delimited
to a region of about 126 kb which contains five
predicted genes of which three are leucine-rich
repeat containing proteins.

4.5.4. Natural enemies

Sugarcane aphid infestations on sorghum recruited
natural enemies known to occur on other cereals,
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including Coccinellidae, Syrphidae, Chrysophidae,
Hemerobiidae, and Anthocoridae [168, 5, 169,
186]. Additionally, the predominant parasitoid
that used sugarcane aphid as a host was Aphelinus
sp. varipes group (Hymenoptera: Aphelinidae),
while  Lysiphlebus  testaceipes  (Cresson)
(Hymenoptera: Braconidae) was rarely seen [5,
168]. These natural enemies were not able to
decrease the aphid populations below economic
threshold. Of interest, biological control was
improved significantly on a resistant sorghum
hybrid as compared to a susceptible hybrid [186].

Aphid “crashes” i.e., when aphids build to extremely
large populations and then suddenly all die, have
been observed for the sugarcane aphid. Aphid
cadavers on sorghum leaves were collected from
two locations in Texas and three locations in
Georgia [194] and the sporulating fungus was
identified as Lecanicillium lecanii (Zimmerman)
Zare & Games, a natural pathogen of aphids and
scales. It is thought that the epizootics of the
fungus originates from fungal spores residing in
the crop soil that are splashed onto the crop foliage
[195]. Successful infection and epizootic initiation
require a temperature between 18-31 °C (temperature
is isolate dependent) and V. lecanii spores require
the humidity to be near saturation in the microhabitat
for successful germination [195].

Entomopathogenic fungi infecting sugarcane aphids
in Mexico have also been identified [196]. The
species associated with sugarcane aphids collected
from South of Tamaulipas were Lecanicillium
longisporum, Beauveria bassiana, and Isaria
javanica. In Guanajuato, the species associated
with the sugarcane aphid were L. longisporum and
B. Dbassiana. Commercial formulations of
entomopathogens exist but often the high levels of
mortality seen for aphids in lab bioassays are
frequently not seen when entomopathogens are
applied to field environments [197].

5. Lessons learned from past invasions for
the current sugarcane aphid invasion

5.1. A limited number of agriculturally
important aphid genotypes have been
dispersed by long range aerial dispersal

Invasive aphids with genotypes that are superior
as agricultural pests have successfully spread

throughout the U.S. and neighboring countries. It
is believed that prevailing wind currents moved
the RWA from Mexico to Texas and once there,
these winds were responsible for dispersing the
aphid to the other U.S. states [108]. Similarly,
greenbug biotype C (discovered in 1968) that is
warm-temperature-tolerant and feeds on sorghum
and wheat, spread to Arizona, Colorado, Kansas,
Nebraska, Oklahoma, South Dakota, and Texas in
a single year [25]. Likewise, the sugarcane aphid
first appeared feeding on grain sorghum near
Beaumont, TX in 2013 and by 2019 reached 25
states and thus covers all sorghum-production
regions of the U.S. and Mexico [158, 159].

Indeed, aphids are among the fastest colonizers in
the animal kingdom [103]. Wellings [198] used
data from RWA and the yellow clover aphid
[Therioaphis trifolii (Monell)] and found the
colonization front moved at a rate of 229 and 235
km/year, respectively. They further suggested that
the rate of colonization of holocyclic species could
be up to an order of magnitude less than anholocyclic
species. Generally, newly colonized areas of
RWA often experience high plant yield losses for
the first few years, after which the RWA becomes a
sporadic pest [103]. It is thought that some type of
ecological balance occurs after a few years.

Another theme seen with invasive cereal aphids is
that a few ‘superclones’ or their derivatives cause
economic problems. Despite many biotypes of the
RWA being found in the U.S., only RWAI1 and
RWA2 were economically important and are also
genetically similar [131, 132]. Similarly, despite
many biotypes of the greenbug being identified in
the U.S. only biotype C, E, I, and K have economic
importance and this set of biotypes are also
genetically similar [54]. Likewise, one major
superclone of the sugarcane aphid has spread
throughout the U.S. feeding primarily on sorghum
and Johnsongrass [179-181].

5.2. The sugarcane aphid may develop
insecticide resistance

Pesticide resistance has been documented for 27
species of aphids [199]. Pesticide resistance in
insects occurs by the evolution of two mechanisms.
The first mechanism is the enhanced production
of metabolic enzymes which sequester or detoxify
the pesticide [200]. These detoxifying enzymes
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include esterases, glutathione o-transferases, and
cytochrome P450 monooxygenases, and the
enzyme production is enhanced by duplication or
amplification of the corresponding genes or
through mutations in the regulating loci of these
genes [201, 200]. Alternatively, mutations can
occur in the genes encoding the detoxifying enzymes
which cause an enhanced ability to metabolize the
pesticide [200]. The second mechanism for insect
pesticide resistance is by the mutation of the
target protein of the pesticide allowing the insect
to be more tolerant of the pesticide or by the
amplification of the insecticidal target gene [200].

Sivanto and Transform are used to control the
sugarcane aphid and are in Insecticide Resistance
Action Committee (IRAC) subgroup 4D (butenolides)
and 4C (sulfoximines) insecticides, respectively
[5]. Sivanto has a longer residual than Transform
[202, 166] and both pesticides now have a U.S.
Environmental Protection Agency Fungicide and
Rodenticide Act (FIFRA) full Section 3 federal
registration. Furthermore, all the seed treatments
used for sugarcane aphid control are in IRAC
subgroup 4A (neonicotinoids).

The application of two insecticides in the same
IRAC group used over a wide area yearly (for
more northern states) or continually (for more
southern states) may select for aphids with
pesticide resistance. Both Sivanto and Transform
act as post-synaptic nicotinic acetylcholine
receptor agonists [203]. Multiple applications of
these two chemicals over large areas with a single
clonal genotype present may cause the selection
of aphid genotypes with resistance to Sivanto or
Transform. For greenbug, biotype C resistance to
organophosphorous insecticides was first seen in
1973, five years after the 1968 outbreak [25, 38].

5.3. Host resistance: use of hybrids with single-
gene resistance may be risky

The use of mainly one or two sources of resistance
to the major biotype over a large geographical area
can cause a loss of host resistance when a new
biotype develops. In 1980 at least 90% of the
sorghum acreage in the U.S. was planted with
hybrids with greenbug biotype C resistance derived
from ‘Shallu Grain’ and ‘KS30’ [89]. These lines
were thought to share S. virgatum as a source of
resistance and the mechanism of resistance was

tolerance [85]. This selection pressure may have
resulted in the development of highly related
biotypes via the mutation process. Failure to use
multiple resistance genes often shortens the lifespan
of host resistance. Starks et al. [89] expressed the
outcome of the failure to use multiple resistance
genes when they stated, “Years of painstaking
research have been nullified by the development
of the new biotype, and effective commercial use
of resistance that has been widespread in sorghum
and barley has been largely eliminated.”

The mechanism of host resistance is thought to
impact the evolution of pathogen/insect resistance
to the host. Cultivars with tolerance resistance are
often more stable than cultivars with antibiosis
resistance [204]. Inheritance of aphid resistance
can be monogenic or polygenic, and most host
resistance genes that have major qualitative effects
encode a class of proteins that are nucleotide binding
and contain leucine-rich repeats [3]. Resistance
genes in plants to aphids are often located in the
same plant chromosomal region which is also the
case for pathogen resistance genes [3]. The use of
monogenic resistance genes in cultivars is not
recommended, as for some aphid species with
time and wide deployment, there has been a loss
of host resistance when the host contains a major
resistance gene [3]. For more durable resistance,
cultivars should have multiple resistance genes in a
single cultivar, which is often called gene pyramiding,
or cultivars should have resistance that is controlled
by multiple quantitative trait loci [3, 205].

5.4. Agronomically important biotypes may
change with time

From the RWA and greenbug invasions of the
U.S. the agronomic biotypes are genetically related,
and the biotypes change with time. The RWAI
and RWA2? are related as are greenbug biotypes C,
E, I, and K. Thus, with one predominant genotype in
the U.S. of the sugarcane aphid, one can expect
that mutation and selection will be acting upon
this clonal population resulting in new biotypes.

5.5. Classical biological control is not recommended

Classical biological control, the introduction of
exotic natural enemies to suppress the populations
of an invasive pest species, is not recommended
for sugarcane aphid management as it is uncertain
if the classical biological control efforts against
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RWA and greenbug contributed substantially to
their control [17]. Although the classical biological
control approach has easy marketability with the
public, as it avoids pesticide use and suggests that
lasting agricultural benefits are possible, there can
be undesirable side effects to the release of exotic
natural enemies [206]. Colares et al. [169] noted that
the preadaptations of many resident predators and
parasitoids to utilize a new prey/host may require
a period of evolutionary adaptation to be biological
control agents. Ecosystems can resist and assimilate
invasive pests [206]. Indeed, natural enemies
including Coccinellidae, Syrphidae, Chrysophidae,
and Anthocoridae were all recruited to sorghum that
was infested with sugarcane aphids [186].

6. Conclusion

From the previous aphid invasions of greenbug
and RWA in the U.S., several themes become
apparent that directly apply to the recent sugarcane
aphid infestation. ‘Superclones’ (and in some
cases their mutants) of all three aphid species that
thrive in agricultural landscapes spread by aerial
dispersal in the U.S. causing devastating impacts
on many cereal crops. Furthermore, the use of
multiple insecticides with varying modes of action
and the use of hybrids with multiple resistance
genes may prevent or increase the time for new
biotypes of the sugarcane aphid to develop. Lastly
since classical biological control had limited
success for the greenbug or RWA it is not
recommended for sugarcane aphid management.
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