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Abstract

The bird cherry-oat aphid (BCOA, Rhopalosiphum padi) and the Russian
wheat aphid (RWA, Diuraphis noxia) are major pests of barley and wheat,
frequently posing a threat to crop yields. These aphids are managed through
chemical pesticides and cultivars bred for resistance. This study evaluated
morphological and physiological responses of susceptible and resistant bar-
ley (Morex, BCOR001) and wheat (Custer, Dn7) genotypes to individual
and combined infestations of BCOA and two biotypes of RWA: RWAI, and
RWAZ2. Plants were assessed weekly for one month to assess morphological
responses, and CO, assimilation responses were measured using A/Ci curves
14 days after infestation. Aphid infestation significantly reduced several
growth parameters from the first week of evaluation, with susceptible genotypes
showing more pronounced reductions. In contrast, resistant genotypes—
particularly BCOR001—maintained stability in root biomass and aerial dry
weight under most aphid treatments. Gas-exchange analyses revealed that
non-infested plants had the highest assimilation rates, while aphid-infested
plants, especially under attack by aphids feeding on susceptible hosts exhib-
ited notable declines. Interestingly, BCOR001 maintained high assimilation
rates under BCOA infestation, suggesting potential tolerance mechanisms.
Co-infestations by multiple aphid species did not produce additional dam-
age, suggesting that thresholds based on aphid number are sufficient, re-
gardless of species composition. These results emphasize the importance of
evaluating host resistance under co-infestation scenarios and highlight
physiological traits that may contribute to enhanced tolerance in resistant
genotypes.
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1. Introduction

The bird cherry-oat aphid (BCOA), Rhopalosiphum padi L., and the Russian
wheat aphid (RWA), Diuraphis noxia L., are considered important pests of both
wheat and barley, frequently leading to substantial yield reductions [1] [2]. Both
BCOA and RWA feed by inserting their sucking mouthparts into the sieve tubes
of plants to acquire nutrients and water, and allows both species to indirectly trans-
mit plant viruses [3].

The RWA has been reported as a destructive pest of grain plants since its arrival
in the United States in 1986. Within less than a decade, RWA aphids caused an es-
timated $1 billion in economic losses to small grains [4]. Similarly, BCOA is an eco-
nomically significant pest that can reduce wheat yield by up to 62% and is an effec-
tive vector for Barley Yellow Dwarf Virus (BYDV) in small grains [1] [3] [5] [6].

The RWA and BCOA feed on different locations of the plant and adopt distinct
feeding strategies, which in turn elicit specific responses from their host plants [7]
[8]. While BCOA feeding generally does not result in visible damage symptoms,
RWA feeding can induce necrosis and chlorosis on leaves, leaf rolling, stunted
growth, purple discoloration, and prostrate growth, especially in wheat [2] [9]-
[11]. In addition to differences in feeding strategies between the two species, RWA
also exhibits multiple biotypes. These biotypes are primarily characterized by the
resistant or susceptible responses observed in a collection of wheat accessions be-
lieved to carry specific Dn-resistance genes [12]-[14].

The first RWA-identified biotype (RWA1) arrived in the US in 1986 [10]. In
2003, a RWA-resistant hard red winter wheat line Prairie Red, which contains the
Dn4 resistance gene, was discovered to be infested with RWA in several areas of
southeastern Colorado [13] [15]. This was later identified as a new biotype, RWA2
[10]. Among the tested accessions, only 94M370 (Dn7) showed resistance to
RWA2. However, the Dn7 gene is often associated with negative impacts on the
quality of leavened bread products [10].

Several wheat and barley genotypes have been identified and developed to resist
BCOA and RWA biotypes [6] [14] [16] [17]. However, since these resistant gen-
otypes were typically designed to target a single aphid species, and given that BCOA
and RWA can concurrently infest the same host plant [8], it is crucial to investi-
gate the interactions between these two species and their combined impact on re-
sistant and susceptible barley and wheat responses.

The objectives of this work were to evaluate the morphological and physiolog-
ical parameters of susceptible and resistant barley and wheat genotypes, under
combinations of BCOA and RWA1 and RWA2 infestations.
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2. Materials and Methods

2.1. Insect and Plant Materials

The BCOA colonies were initially collected in August 2017 from barley, H. vulgare
fields in Payne County, Oklahoma, United States. Both RWA biotypes were ini-
tially collected in western Colorado. RWA1 colonies were found in wild grass spe-
cies in 2007, while RWA2 was collected from wheat in 2003.

The aphid colonies for the experiments were reared on the “Aberdeen 812” sus-
ceptible barley for the BCOA population and susceptible wheat TAM 101 for the
RWAL1 and RWA2 biotypes. The plants were grown in 4.4 L pots fitted with 45 cm
tall cylindrical Lexan® sleeve cages (SABIC Polymershapes, OK, USA). The cages
were ventilated by covering them with an organdy cloth positioned atop each pot,
which also prevented aphid escape. Seedlings were initiated every two weeks to
ensure colony continuity. These plants were housed in growth chambers equipped
with two T-8 fluorescent lights set to a photoperiod of 16 hours of light and 8
hours of darkness. The temperature was maintained within a range of 25 + 2°C.
The seeds used in the experiments were sourced from the USDA-ARS in Stillwa-
ter, Oklahoma.

2.2. Plant Genotypes

The tested barley genotypes were “Morex,” recognized as a susceptible six-rowed
spring malting barley [18] [19] and the resistant “BCOR001” [20]. For wheat, we
used “Custer”, a susceptible winter wheat genotype [21] and “Dn7” that has shown
resistance to RWA1 and RWA2 [22].

The seeds were planted in Cone-tainers™ (model SC10; S7S Greenhouse Supply,
Tangent, OR) containing media consisting of three layers: potting soil for the first
layer, then fitting clay and sand. Each Cone-tainer™ was fitted with an 8-cm-diam-
eter Lexan sleeve which was ventilated with organdy cloth to prevent aphid escape
and moisture buildup. Two seeds were planted in each Cone-tainer and grown in
a chamber under two T-8 Florescent lights with a photoperiod of 16 hours of light,
8 hours of darkness, and a temperature of 25 + 2°C.

2.3. Aphid Infestations

For both experiments, one week old seedlings were thinned to one plant per plot
and infested with a density of 10 aphids adults per plant or 5 aphids adults of each
species for treatments of plants with two aphid species. The plants were infested
with the following treatments: bcoa; rwal; rwa2; bcoa + rwal; rwa2 + bcoa; and a
check (uninfested plants). A camel hairbrush was used to transfer aphids from the

colony to the plant leaves.

2.4. Morphological Responses

Wheat and barley morphological responses were recorded weekly for four weeks,
beginning one week after infestation. For this experiment, we adopted two geno-

types (susceptible and resistant) for each crop (barley and wheat) and six treat-
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ments (five aphid treatments and one control). The experiment was conducted
using a completely randomized design, with five replications, with each plant con-
sidered an experimental unit.

Weekly, five plants of each treatment were used to assess plant growth by meas-
uring plant height from the base of the soil to the tip of the plant (cm). The num-
ber of true leaves was counted, and the plant was clipped and weighed. The root
system was also weighed after the soil was removed to determine aerial fresh weight
(g) and root weight (g). The plant tissues were labeled, placed in envelopes, and
dried in an oven at 50°C for 72 hours before being reweighed, following the meth-
ods described by Limaje er al. [23]. Subsequently, aerial dry weight (g), root dry
weight (g) were measured from the reweighed tissues [23], and total dry weight

(g) were calculated.

2.5. Gas-Exchange Responses

We evaluated the CO, response (A/Ci curves) using one-month-old plants, 14 days
after aphid introduction, with a portable photosynthesis system (model LI-6400, LI-
COR, Lincoln, NE). We used the same treatments as above, with each treatment
having four replications, conducted using a completely randomized design.

We measured CO, assimilation rates in barley and wheat genotypes subjected
to aphid infestations. The measurements were conducted under CO, concentra-
tions ranging from 50 to 1000 ppm, following the sequence: 400, 200, 100, 50, 400,
400, 600, 800, 1000, 2000, and 400 ppm. Light intensity was maintained at 1400
pmol photon m™2s7!, based on the methodology outlined by Paudyal et al. [24]. A
stomatal ratio of one was adopted because the stomatal densities on both the ab-

axial and adaxial surfaces are similar [25].

2.6. Statistical Analysis

A two-way ANOVA was performed to analyze the effect of aphid infestation and
plant genotypes on the morphological parameters of wheat and barley. The statis-
tical analyses were conducted in the R computing environment, utilizing the
“AgroR” package [26]. Before proceeding with the two-way ANOVA, we performed
exploratory data analysis to assess the assumptions of normality of residuals [27]
and homogeneity of variances [28]. When necessary, the data were transformed
using Box-Cox transformation [29]. If, following transformation, the parameters
did not meet the analysis assumptions (normality of residuals and homogeneity
of variances), we conducted a non-parametric analysis using Kruskal-Wallis test
followed by a Dunn post-hoc test (a = 0.05) [29]. The A/Ci curves were plotted
with a polynomial regression model of order 2 in Excel software (Microsoft Office;
Version 2019).

3. Results

Both wheat and barley genotypes showed significant reductions in most evaluated

parameters when infested with aphids, compared to the controls (Tables 1-4). Dur-
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ing the first evaluation, significant interactions between genotype and aphid treat-

ment were observed in barley for the number of leaves [F(5, 48) = 8.75, p < 0.01]
and in wheat for root weight (g) [F(5, 48) = 2.46, p < 0.01] and total dry weight (g)
[F(5, 48) = 2.55, p < 0.01]. Among these interactions, only the susceptible genotypes

(Morex and Custer) showed reductions caused by the aphid treatments. Even when

no significant interaction was observed, parameters such as aerial fresh weight (g)

and aerial dry weight (g) for barley, as well as plant height (cm) and aerial fresh

weight (g) for wheat, were impacted by the aphid treatments (Figure 1).

Table 1. Morphological parameters of barley genotypes “BCO R001” and “Morex” and wheat genotypes “Dn7” and “Custer” after one
week of infestation under different aphid species treatments. Means * 1SE or Median + IQR followed by the same letter, lowercase in

column (within aphid treatment) and uppercase in the line (between plant cultivars), do not differ from each other (a= 0.05).

Plant height Number of Aerial fresh Aerial dry weight  Root d: Total dry weight
& " . Root weight (g) ry weigh . ryl rylw gh
(cm) leaves weight (g) (® weight (g) (®
BCOR BCOR BCOR BCOR BCOR BCOR BCOR
Treatment Morex Morex Morex Morex Morex Morex Morex
001 001 001 001 001 001 001
check 41.14+ 2230+ 400+ 420+ 088+ 040+ 329+ 115 0.12+ 0.06+ 048+ 0.12+ 059+ 0.18+
1.92A 1.16B 0.00aA 0.20aA 0.05aA 0.04aB 0.35A 0.19B 0.01aA 0.00aB 0.08 A 0.01B 0.09A 0.02B
beoa 3948 + 21.16 £ 380+ 280+ 070 021+ 296+ 088+ 0.09+x 004+ 047+ 0.10x 055+ 0.14=%
2.65A 1.35B 0.20aA 0.37bB 0.06bA 0.05bB 029 A 0.12B 0.01aA 0.01abB 0.04 A 0.02B 0.05A 0.03B
rwal 3546+ 20.66+ 420+ 2.00x 069+ 006+ 319+ 065+ 0.08%x 003+ 049+ 007+ 057+ 0.10x
1.51 A 2.03B 0.20aA 0.00bB 0.07bA 0.01bB 090A 0.16B 0.01aA 0.00abB 0.17 A 0.01B 0.18A 0.02B
rwal 36.00 £ 22,56+ 380+ 220+ 081 009+ 235+ 0.74+ 0.09x 004+ 032+ 0.16+ 042+ 0.19%
1.53 A 2.26B 0.20aA 0.20bB 0.11bA 0.01bB 0.19A 0.14B 0.01aA 0.01abB 0.03 A 0.04B 0.03A 0.04B
beoa+rwal 39.88+ 16.02+ 360+ 220+ 074+ 007+ 236+ 081+ 0.09+ 003+ 033+ 009+ 042+ 0.12=*
0.82A 2.13B 0.24aA 0.20bB 0.06bA 0.01bB 024 A 0.18B 0.01aA 0.01abB 0.04 A 0.02B 0.05A 0.02B
beoatrwa2 3594+ 20.34+ 400+ 220+ 070+ 007+ 233+ 124+ 0.08%x 002+ 035+ 009+ 043+ 0.12=*
COa+Iw.
1.84 A 0.88B 0.00aA 0.20bB 0.04bA 0.01bB 030A 0.39B 0.01aA 0.01bB 0.06 A 0.01B 0.06 A 0.01B
<0.01; <0.01; 0.65; <0.01;
Paphid; cultivar; interaction 0.21; <0.01; 0.06 <0.01 <0.01; <0.01; 0.11 0.42; <0.01; 0.38 <0.00; <0.01; 0.96 038 0.49; 0.00; 0.47
1.50; 296.32; 9.55; 126.75; 0.67; 67.93;
F 7.62;425.83; 1.89 1.02; 81.76; 1.09 6.36; 172.98; 0.19 0.90; 84.74; 0.93
2.27 8.75 0.09
DFresiduals 48 48 48 48 48 48 48
'Data transformed using Box-cox method for analysis.
Plant height Number of Aerial fresh Aerial dry weight  Root d: Total dry weight
& " ) . Root weight (g) ry weigh . ryl ry weigh
(cm) leaves weight (g) (® weight (g) (®
Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer
heck 1992+ 1826+ 3.00+ 3.00+ 0.19+ 022+ 034+ 032+ 002+ 0.02+ 003+ 0.03+ 0.05+ 0.05+
chec
0.57 aA 0.82aB 0.00 0.00 0.02a 0.03a 0.03aA 0.02aA 0.00 0.00 0.00 A 0.00B 0.01 aA 0.00 aA
b 19.64+ 1636+ 3.00+ 3.00+ 0.18x 0.14+ 028+ 0.17x 002+ 0.02+ 003+ 0.02+ 0.05+ 0.03+
coa
0.51 aA 0.49bB 1.00 0.00 0.02ab 0.03ab 0.03aA 0.03bB  0.01 0.01 0.00A 0.00B 0.01aA 0.01bB
1 1756 + 16.70+ 3.00+ 3.00+ 0.13+ 0.10 036+ 021+ 002+ 0.01+ 005+ 0.03+ 0.07+ 0.04+
rwa
1.22 bA 0.80bB 0.00 1.00 0.01b 0.02b 0.03aA 0.02abB 0.01 0.01 0.01 A 0.00B 0.01 aA 0.00 abB
) 21.20+ 18.10+ 3.00+ 3.00x 021+ 0.16+ 039+ 027+ 0.03x 002+ 0.04+ 003+ 0.07x 0.04=%
rwa
0.87 aA 0.53aB 0.00 0.00 0.03a 0.02a 0.02aA 0.03abB 0.01 0.00 0.01 A 0.00B 0.01aA 0.01 abB
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Continued
b N 1 18.84+ 1530+ 3.00+x 3.00+ 0.18+ 0.12+ 038+ 030+ 0.02+ 0.0l 0.04+ 0.03+ 0.06+ 0.04+
coa + rwa
1.65abA 1.34bB 1.00 0.00 0.03ab 0.02ab 0.05aA 0.02aA  0.00 0.04 0.00A 0.00B 0.01 aA 0.00 abB
b N ) 1720+ 1680+ 3.00+ 3.00+ 0.13+ 0.15+ 031+ 033+ 002+ 0.01+ 0.03%+ 0.03+ 0.06+ 0.05+
coa + rwa
1.43 bA 0.40bB 0.00 0.00 0.01b 0.01ab 0.03aA 0.02aA 0.00 0.01 0.01 A 0.00B 0.01 aA 0.00 aA
0.11; <0.01;
Paphid; cultivar; interaction 0.03; <0.01; 0.45  0.35 0.11 <0.01; 0.12; 0.24 <0.01; <0.01;0.04 0.38 0.13 0.05 0.32; <0.01; 0.04
F/ 1.93; 10.33;
. 2.76;14.50;0.96 5.58 8.90 4.21;2.56;1.40 4.02; 20.55; 2.46 5.30 8.53 1.20; 19.59; 2.55
Kruskal-Wallis 2.28
DFesiduals 48 5 5 48 48 5 5 48 48

'Data transformed using Box-cox method.? Kruskal-Wallis performed; median + IQR.

Table 2. Morphological parameters of barley genotypes “BCO R001” and “Morex” and wheat genotypes “Dn7” and “Custer” after two
weeks of infestation under different aphid species treatments. Means + 1SE or Median + IQR followed by the same letter, lowercase in

column (within aphid treatment) and uppercase in the line (between plant cultivars), do not differ from each other (a = 0.05).

Number of Aerial fresh Root weight Aerial d Root d Total dry weight
Plant height (cm)* L . 2 X & R ryz . ry2 Ty weig
leaves weight (g) (g weight (g) weight (g) (g
BCOR BCOR BCOR BCOR BCOR BCOR BCOR
001 Morex 001 Morex 001 Morex 001 Morex 001 Morex 001 Morex 001 Morex
heck 4558 + 3314+ 480+ 400+ 142+ 092+ 283+ 436+ 020% 0.14+ 0.64+ 099+ 081+ 1.12+
chec.
3.44aA 2.88aB 0.37abA 0.45aB 0.20a 0.38a 0.73aA 0.42aA 0.05a 0.05a 0.17aB0.10aA 0.19aB 0.11 aA
b 4624+ 2216+ 480+ 340+ 1.16+ 020+ 291+ 1.70+ 0.15+ 0.04+ 049+ 036+ 0.66+ 040+
coa
2.54 abA 1.35abB 0.20 abA 0.24aB 0.42a 0.18 ab 0.57 aA 0.23 abB 0.04a 0.02b 0.10aA0.05bA0.10 abA 0.06 bA
1 3560+ 2320+ 420+ 2.00+ 059+ 0.06+ 215+ 1.06x 0.09+ 0.04+ 036+ 023+ 045+ 0.27+
rwa
520bA 1.72bB 0.20bA 0.00bB 0.45b 0.02b 0.45aA 0.26 A 0.01b 0.01b 0.08 aA0.05bA0.07 abA 0.05 bA
) 3784+ 2126+ 400+ 200+ 022+ 0.04+ 152+ 067+ 009+ 0.02+ 027+ 0.16+ 036+ 0.19+
rwa
1.63bA 2.42bB 0.00 bA 0.00bB 0.17b 0.02b 0.43 aA 0.33bB 0.02b 0.00b 0.08 aA0.09 bA 0.08 bA 0.09 bA
4368+ 21.78+ 520+ 200+ 1.22%+ 0.05+ 286+ 0.89+ 0.15x 0.02+ 0.49% 022+ 0.64x 031+
bcoa + rwal
2.86 abA 1.92 abB 0.20 aA 0.00bB 0.33a 0.02b 0.38aA 0.18bB 0.06a 0.01 b 0.07 aA 0.05 bB0.08 abA 0.09 bB
b N 2 3584+ 2084+ 420+ 180+ 023+ 0.04x 222+ 0.83%x 008+ 0.03x 040+ 0.18x 049+ 0.26+
cOoa rwa.
6.87bA 1.08bB 0.20bA 0.20bB 0.05b 0.03b 0.77aA 0.17bB 0.00b 0.02b 0.15aA0.04 bA0.15 abA 0.07 bA
<0.01; <0.01; <0.01; <0.01; <0.01; 0.12;
Paphid; cultivar; interaction ~ 0.01; 0.00; 0.36 0.00 0.00 0.01 0.07 <0.01; 0.02; 0.04
<0.01 0.02 0.02
. 14.67; 240.00; 10.63; 2.58;
F/Kruskal-Wallis 3.22; 82.40; 1.13 6.88 18.09 20.78 6.28;13.36;3.04 15.79 10.10 6.96 11.49;5.81;2.51
DPFesiduals 48 48 5 5 48 5 5 48 48
'Data transformed using Box-cox method. ?Kruskal-Wallis performed; median + IQR.
Number of Aerial fresh Aerial d Root d. Total d. eight
Plant height (cm)’ v ) . , Root weight (g) ] ry2 . Y ) ryzw &
leaves weight (g) weight (g) weight (g) (g)
Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer
heck 3556+ 3438+ 4.00+ 400+ 046+ 040% 0.42+ 042+ 0.05+ 0.04+ 0.04+ 0.04%+ 0.10 0.09+
chec
1.79 2.87 0.00a 0.00a 0.09a 0.02a 0.05a 0.04a 0.02a 0.02a 0.04 0.01 0.03a 0.03a
b 29.78+ 2350+ 3.00+x 3.00+ 0.19+ 0.18%+ 0.30+x 0.23+ 0.02%+ 0.02+ 0.03+ 0.02+ 0.05+ 0.04+
coa
2.77 0.71 0.00b 0.00ab 0.07b 0.0l1a 0.02b 0.03b 0.01b 0.0lab 0.02 0.01 0.02ab 0.01a
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Continued
1930+ 1724+ 3.00% 3.00+ 0.02+ 0.11+ 027+ 0.19+ 0.03+ 0.02+ 0.03+ 0.03+ 0.05+ 0.04+
rwal
1.58 0.51 0.00b 1.00b 0.01b 0.03b 0.04b 0.05b 0.01ab 0.01ab 0.02 0.02 0.04ab 0.03a
) 2422+ 1922+ 3,00+ 3.00+ 0.04+ 0.17+ 027+ 025+ 0.03+ 0.02%+ 0.02+ 0.01+ 0.05+ 0.04+
rwa

2.22 2.55 0.00b 0.00ab 0.01ab 0.05ab 0.04b 0.05b 0.01ab 0.0lab 0.02 0.02 0.01ab 0.05a

1788+ 1774+ 3.00+ 3.00+ 005+ 0.11+ 021+ 024+ 0.02+ 001+ 0.02% 001+ 004+ 0.05+
0.95 2.19 0.00b 1.00b 0.05ab 0.03b 0.04b 0.03b 0.0l1b 0.0lb 0.04 0.01 0.0lb 0.0la

bcoa + rwal

1946+ 2032+ 3.00+ 3.00+ 0.10+ 0.13+ 021+ 026+ 0.02+ 0.02+ 0.02+ 0.01+ 0.04+ 0.05=+
0.60 1.06 0.00b 0.00ab 0.03a 0.06ab 0.02b 0.02b 0.01b 0.0lab 0.03 0.01 0.01ab 0.0la

bcoa + rwa2

Paphid; cuttivar; interaction 0073 0.90; 0.10 <0.01 0.03 <0.01 <0.01 <0.01;0.57;0.47 0.01 0.03 0.18 0.31 0.04 0.17
F/Kruskal-Wallis  2.18; 0.02; 1.96 18.11 12.51 18.26 2148 7.60;0.32;0.93 14.15 1255 7.66 594 1190 7.76
DFresiuals 48 5 5 5 5 48 5 5 5 5 5 5

'Data transformed using Box-cox method for analysis. *Kruskal-Wallis performed; median + IQR.

Table 3. Morphological parameters of barley genotypes “BCO R001” and “Morex” and wheat genotypes “Dn7” and “Custer” after three
weeks of infestation under different aphid species treatments. Means + 1SE or Median + IQR followed by the same letter, lowercase in
column (within aphid treatment) and uppercase in the line (between plant cultivars), do not differ from each other (a = 0.05).

Plant height  Number of Aerial fresh . , Aerial dry Root dry Total dry
X ) i ,  Root weight (g) i 1 : 1 . 1
(cm) leaves weight (g) weight (g) weight (g) weight (g)
BCOR BCOR BCOR BCOR BCOR BCOR BCOR
001 Morex 001 Morex 001 Morex 001 Morex 001 Morex 001 Morex 001 Morex
heck 51.80+ 3140+ 6.00+x 6.00+ 220+ 088+ 485+ 246+ 033+ 0.12%+ 1.15%+ 040+ 150+ 0.54+
chec
1.00a 1.80a 0.00a 0.00a 0.08a 0.39a 142a 0.34a 0.06a 0.0la 0.06a 0.05a 0.17a 0.06a
49.50 £ 21.00+ 6.00+ 3.00+ 1.64+ 0.10x 416+ 0.75+ 023+ 0.04+ 064+ 0.12+ 088+ 0.16
bcoa
420a 2.70b 1.00a 1.00ab 0.42ab 0.12ab 0.90a 0.30ab 0.02 ab 0.01 ab 0.26 ab 0.01 ab 0.17 ab 0.02 ab
rwal 4220+ 22.00+ 400+ 2.00+ 0.14+ 0.04f+ 207+ 023+ 010+ 0.02+ 033+ 0.04+ 043+ 0.06%
A
480a 4.70b 1.00b 0.00b 0.05b 0.01b 2.12b 0.14b 0.06b 0.02b 044b 0.05b 0.50b 0.07b
rwa2 52.80 + 2520+ 6.00+ 2.00+ 232+ 0.04+ 6.22+ 042+ 036% 003+ 1.26%+ 0.08+ 1.63+ 0.11+
A

1490a 1.40a 0.00a 0.00b 0.54a 0.0l1b 2.60a 0.06ab 0.09a 0.01b 0.76a 0.03ab 0.68a 0.03 ab

44.60 £ 2200+ 4.00+ 2.00+ 066+ 004+ 263+ 044+ 012+ 003+ 038+ 0.09+ 050+ 0.11+

b 1
coa+rwa 800a 6.00b 1.00b 0.00b 074ab 001b 1.55b 0.19ab 0.04b 0.01b 0.11b 0.03ab 0.22b 0.03 ab

48.00 £ 2250+ 4.00+ 2.00+ 028+ 004+ 267+ 043+ 015+ 003+ 046+ 0.08+ 061+ 0.12+
13.50a 3.90b 1.00b 1.00b 1.04ab 0.02b 0.15b 0.07b 0.03ab 0.01b 0.09 ab 0.02 ab 0.14 ab 0.02 ab

bcoa + rwa2

Puaphi; cultivar; interaction ~~ 0.34 0.02 0.01 <0.01 <0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.01
F/Kruskal-Wallis  5.68 13.38 14.52 14.52 18.42 16.00 15.72 16.37 19.88 17.69 16.84 15.10 1836 1542
DFesiduals 5.0 5 5 5 5 5 5 5 5 5 5 5 5 5
'Kruskal-Wallis performed; median + IQR.

Plant height  Number of Aerial fresh Root weight () Aerial dry Root dry Total dry
(cm)! leaves? weight (g) weight (8 weight (g) weight (g) weight (g)

Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer

40.50 £ 43.70+ 6.00+ 500+ 073+ 064+ 056+ 046+ 0.05+ 007+ 0.02+ 0.05+ 0.07+ 0.12+
140a 1.60a 1.00a 0.00a 0.05a 0.25a 0.05a 0.03a 0.05a 0.03 0.01 0.0la 0.06a 0.05a

check

31.10£ 2290+ 4.00+ 3.00x 029+ 021+ 025+ 024% 0.02+ 0.03% 0.02% 0.03+ 0.04*= 0.06=*
3.80a 2.20a 0.00ab 0.00b 0.02ab 0.09ab 0.04b 0.04b 0.0lab 0.01 0.01 0.01ab0.02ab 0.02 ab

bcoa
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Continued
1 16.50 + 15,50+ 3.00+ 3.00+ 0.03+ 0.02+ 0.13+ 0.12+ 0.03+ 0.02+ 0.02+ 0.02+ 0.04+ 0.04 +
rwa
W 2.80b 230b 0.00b 0.00b 0.06b 0.01b 0.03b 0.01b 0.01ab 0.01 0.01 0.01b 0.0l1ab 0.01b
rwa2 18.00 £ 19.00 £ 3.00+ 3.00+ 0.08%x 0.03+ 0.16+ 0.13+ 0.02+ 0.02+ 0.01+ 0.02+ 0.03+ 0.05%
Wi

10.70b 2.40a 0.00b 0.00b 0.02b 0.01b 0.03b 0.02b 0.0l1b 0.01 0.01 0.01b 0.02b 0.02ab

22.60+18.00+ 3.00+ 3.00+ 0.08+ 0.02+ 010+ 0.14+ 0.03+ 0.02+ 0.02+ 0.02+ 005+ 0.04+

b + 1
coatrwa 520b 2.30b 0.00b 000b 006b 001b 002b 002b 00lab 001 001 001b 0.02ab 0.01b

20.60 = 1430+ 3.00+ 3.00+ 004+ 003+ 0.12+ 0.14+ 001 0.02% 0.06+ 0.02+ 0.08+ 0.04+

b + 2
CoaTIWAZ  400b 2.30b 0.00b 0.00b 008b 002b 002b 00lb 001b 001 002 00lb 0.0la 0.01b
<0.01;
Pui o sion <001 <001 <001 <001 <001 <001 5% 002 <001 006 001 003 001 <001
. 58.37;
F/Kruskal-Wallis 1800 2150 2082 2146 2032 2177 077 1338 1904 1045 1428 1271 1532 18.00
DFresiduats 5 5 5 5 5 5 48 5 5 5 5 5 5 5

'Data transformed using Box-cox method for analysis. *Kruskal-Wallis performed; median + IQR.

Table 4. Morphological parameters of barley genotypes “BCO R001” and “Morex” and wheat genotypes “Dn7” and “Custer” after four
weeks of infestation under different aphid species treatments. Means + 1SE or Median + IQR followed by the same letter, lowercase in
column (within aphid treatment) and uppercase in the line (between plant cultivars), do not differ from each other (a = 0.05).

Number of  Aerial fresh  Root weight  Aerial dry Root dry Total dry
leaves? weight (g)! (g)? weight (g)? weight (g) weight (g)

BCOR Morex BCOR Morex BCOR Morex BCOR Morex BCOR Morex BCOR Morex BCOR Morex
001 001 001 001 001 001 001

Plant height (cm)!

5848+ 3566+ 6.00+ 700+ 173+ 0.87+ 348+ 164+ 044+ 0.18+ 152+ 025+ 193+ 041=*

heck
chee 1.62aA 2.52abB 1.00a 2.00a 0.48aA 0.20aA 1.72a 0.66a 0.03a 0.09a 0.58 aA 0.05aB 0.62 aA 0.08 aB

5526+ 2254+ 5.00%+ 200+ 053+ 0.05+ 1.53+ 040+ 0.19+ 0.03+ 060+ 0.07+ 0.79+ 0.10*

beoa 2.19abA 1.80bB 0.00ab 1.00b 0.14 abA 0.01 bB 1.20 ab 0.24 ab 0.05 ab 0.01 a 0.13 bA 0.03 bB 0.15 bA 0.03 bB

4324+ 2336+ 4.00+ 200+ 0.12+ 0.05+ 1.05%+ 021+ 0.08+ 0.03+ 027+ 0.10x 037% 0.12+

1
rwa 1.82cA 1.96bB 0.00b 0.00b 0.02 cdA 0.00bB 0.30b 0.05b 0.01 ab 0.01 a 0.04 bA 0.04 bB 0.04 bA 0.04 bB

4378+ 1960+ 400+ 200+ 0.13+ 0.05+ 0.86* 0.17+ 0.08+ 0.03+ 037+ 0.05+ 0.48=* 0.08 +

2
fwa 429cA 221bB 1.00b 1.00b 0.04 cdA 0.01bB 0.12b 0.11b 0.06ab 0.02a 0.16 bA 0.01 bB 0.15 bA 0.01 bB

4476+ 2488+ 500+ 200+ 040+ 0.06+ 123+ 030+ 0.13+ 0.03+ 046+ 0.05+ 0.60% 0.08 +

b + 1
COBTIWAL 4 94bcA 1.34abB 1.00ab 1.00b 0.18 bcA 0.01 bB 0.48 ab 0.17 b 0.07 ab 0.01a 0.05bA 0.01 bB 0.07 bA 0.01 bB

36.68+ 22.72+ 4.00%+ 200+ 0.08x 0.05+ 0.84+ 037+ 0.07+ 0.03+ 038+ 009+ 045+ 0.12=*

b 2
COAFTTIWAZ ) 83cA 1.65bB 1.00b 0.00b 0.01dA 0.01bA 0.38b 0.02ab 0.01b 0.01a 0.07 bA 0.01bB 0.07 bA 0.01 bB

<0.01;<0.01;  <0.01; <0.01;

Paphid;cullivar;imeraction <001) <001> 0.03 0.03 <0.01 <001’ <001’ 0.04 0.02 <0.01 <0.01 0.32 0.22 0.15

. 8.07; 137.62;  13.20; 181.08;
F/Kruskal-Wallis 11.26;211.07;2.75 12.32 18.59 24,90;62.32;4.18 13.17 18.45 19.23 5.89

1.46 1.70
DFresiuals 48 5 5 48 5 5 5 5 48 48
'Data transformed using Box-cox method for analysis. °Median + IQR
Plant height (cm)! Number of Aer.ial fresh  Root weight Ae'rial dry R(.)ot dry T(‘)tal dry
leaves! weight (g)! (g)! weight (g)!  weight (g)* weight (g)!

Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer Dn7 Custer

3560+ 3240+ 5.00% 400+ 029+ 041+ 0.16+ 0.16+ 004+ 0.04+ 0.03+ 0.04% 0.06*+ 0.06=*
5.30a 5.10a 0.00a 0.00a 0.14a 0.13a 0.07a 0.08a 0.01a 0.0l1a 0.03 0.03 0.01la 0.0la

check
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Continued
b 1900+ 1650+ 200+ 3.00x 0.03+ 0.03x 0.07+ 0.06+ 0.02+ 001+ 0.01+ 0.01+ 0.02+ 0.02%
coa
2.70 b 2.00b 1.00b 0.00b 0.02ab 0.01b 0.02ab0.02ab0.00ab 0.00a 0.01 0.01 0.01b 0.00b
1860+ 1730+ 200+ 2.00x 0.02+ 0.02%x 0.04+ 0.05+ 0.02%+ 0.02+ 0.02+ 0.02+ 0.03+ 0.02%
rwal
1.00 b 1.30b  0.00b 1.00b 0.00b 0.01b 0.02b 0.05b 0.00ab 0.00a 0.01 0.01 0.01b 0.00b
1800+ 1750+ 3.00f 3.00x 0.02+ 0.02%x 0.04+ 0.07% 0.01x 002+ 0.01+ 0.02+ 0.03+ 0.03%
rwa2
0.80 b 470b 0.00b 0.00b 0.01b 0.01b 0.01b 0.01ab 0.00b 0.0l1a 0.01 0.01 0.01b 0.01b
2050+ 16.00+ 3.00+ 3.00+ 0.03+ 0.02+ 0.03%+ 0.03+ 0.02+ 0.01+ 0.02+ 0.01+ 0.03+ 0.02%
bcoa + rwal
1.80b 0.00b 0.00b 1.00b 0.00ab 0.00b 0.02b 0.02b 0.00ab 0.00a 0.01 0.01 0.01b 0.00b
20.00+ 1350+ 3.00+ 2.00+ 0.02+ 0.02+ 0.05% 0.03+ 0.02+ 0.01+ 0.02+ 0.01+ 0.03+ 0.02%
bcoa + rwa2

2.00b 1.00c 0.00b 0.00b 0.00b 0.01b 0.00b 0.02b 0.00ab 0.00a 0.01 0.01 0.01b 0.00b
Puaphid; cultivar; interaction 0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 0.07 0.76 0.09 <0.01;0.50; 0.61

F/

. 16.20 21.12 18.32 1698 16.66 18.74 17.48 19.69 14.79 10.12 2.58 9.51 7.33;0.47;0.73
Kruskal-Wallis

DFresiduals 5 5 5 5 5 5 5 5 5 5 5 5 48

'Kruskal-Wallis test performed; median + IQR.
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Figure 1. Growth response [aerial fresh weight in (g)] of barley and wheat cultivars to aphid infestation during 4 weeks of
infestation. Means + 1SE followed by the same letter do not differ from each other (a = 0.05).

For these parameters, barley aerial fresh weight (g) was equally impacted by
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aphid infestations, regardless of the type of treatment or barley genotype, with the
reductions ranging up to 20% of the mass for BCOR001 and up to 80% for Morex.
A reduction in aerial dry weight (g) was observed only in the susceptible Morex,
with the plants under BCOA + RWA2 infestation showing a significant reduction
of about 66%. For wheat, both genotypes showed reductions in plant height (cm)
and aerial fresh weight (g) under rwal infestation; however, they were not im-
pacted by infestations of rwa2.

In the second evaluation, conducted two weeks after infestation, significant inter-
actions were observed only in barley, for the number of leaves [F(5, 48) = 6.88, p <
0.001], root weight (g) [F(5, 48) = 3.04, p = 0.02], root dry weight (g) [F(5, 48) =
2.96, p = 0.02], and total dry weight (g) [F(5, 48) = 2.51, p = 0.04]. In general, Morex
plants had a significant reduction of about 50% in the number of leaves, when in-
fested with either RW A biotypes and their combination with BCOA. This reduction
also affected other parameters, such as aerial fresh weight (g) and root weight (g), in
which plants had reduction up to 95% and 85%, respectively. However, in the re-
sistant genotype BCORO01, the same pattern was not observed, showing no reduc-
tion in root fresh or dry weight (g) when infested with any aphid treatment.

In wheat, although no significant interactions were observed, the aphid effect
was noted on almost all other morphological parameters in both genotypes, except
for plant height [cm; F(5) = 2.18, p = 0.07] and root dry weight [x*(5) = 7.66, p =
0.18 and x*(5) = 5.94, p = 0.31 for Dn7 and Custer, respectively].

On the third evaluation, no two-way ANOVA tests were performed because
assumptions were not met except for root weight (g) on wheat. The aphid treat-
ments, however, impacted all evaluated parameters. Differential responses between
genotypes were observed in the plant height for barley, where the resistant geno-
type BCOAO0O01 was similar to the control (x*(5) = 15.68, p = 0.34), and very dif-
ferent than susceptible Morex (x*(5) = 13.38, p = 0.02). Differential responses were
also observed in the wheat root dry weight (g) where the resistant Dn7 showed
reductions but no significant differences (x*(5) = 10.45, p = 0.06) compared to its
counterpart Custer (x*(5) = 14.28, p = 0.01).

After four weeks of infestation, significant interactions were observed in barley
for plant height (cm, F(5, 48) = 2.75, p = 0.03] and aerial fresh weight [g, F(5, 48)
=4.18, p = 0.04]. Interestingly, aerial dry weight (g) was not significantly reduced
in either barley or wheat resistant genotypes [x*(5) = 10.12, p = 0.07 and x*(5) =
9.50, p = 0.09 for Morex and Custer respectively]; while root dry weight (g) was
not impacted in either wheat genotypes [x*(5) = 2.58, p = 0.06 and X*(5) = 9.50, p
= 0.09 for Dn7 and Custer respectively].

Assimilation rates (umol CO, m2s™') generally increased with higher intercel-
lular CO, concentration (Ci) across all treatments. However, the susceptible and
resistant barley and wheat genotypes exhibited varying efficiencies in CO, assim-
ilation, as reflected by their distinct curves (Figure 2 and Figure 3). As expected,
the non-infested treatment (check) consistently showed the highest assimilation

rates at all CO; levels in both genotypes for barley and wheat, while aphid infesta-
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tion reduced the assimilation rate. However, the magnitude of reduction differed
significantly.

For wheat, the susceptible genotype Custar experienced the strongest reduc-
tions in assimilation rate under single-aphid infestations, RWA1 and RWA2, fol-
lowed by BCOA + RWA2 and BCOA (Figure 2(A)). Plants under BCOA + RWAL
showed a moderate reduction. Interestingly, in the resistant genotype Dn7, the
lowest curve was observed in the BCOA treatment, whereas the other treatments
fell in the middle range, with no distinct differences between them (Figure 2(B)).

The susceptible barley Morex had the lowest curve under BCOA + RWAL in-
festation, while all other aphid treatments impacted the assimilation rate simi-
larly, especially under high CO, concentrations. Notably, in the resistant gen-
otype BCOR001, the response of plants under the BCOA treatment was similar to
the check, followed by RWA2, BCOA + RWA2, BCOA + RWA1, and RWAL.

@ check
(A) Custar (S) @ bcoa
...... Arwal

------- Arwa2

@ bcoa+rwal

@ bcoa+rwa2

40 60 80 100 120

Intercellular CO, concentration (Pa)

@ check
(B) Dn7 (R) -
Arwal
................. e
@ bcoa+rwal

@ bcoa+rwa2

40

60 80 100 120

Intercellular CO, concentration (Pa)

Figure 2. Assimilation rate (umol CO2 m2s™') versus intercellular CO: concentration (Ci) in
pascals (Pa) susceptible “Custar” and resistant “Dn7” wheat genotypes evaluated 14 days post-
infestation with different aphid treatments.
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Figure 3. Assimilation rate (umol CO, m™2s™") versus intercellular CO; concentration (Ci) in
pascals (Pa) for susceptible “Morex” and resistant “BCOR001” barley genotypes evaluated 15
days post-infestation with different aphid treatments.

4. Discussion

Although previous studies have identified and reported barley and wheat geno-
types resistant to a single aphid species [6] [14] [18] [30]-[32] and multiple aphid
species [9] [17], to the best of our knowledge, this is the first study to compare re-
sistant and susceptible barley and wheat genotypes under simultaneous BCOA
and RWA1 or RWA2 infestations.

In this study, we observed differences between wheat and barley responses to
BCOA, RWA1, and RWA2 within the first week of infestation. However, the dif-
ferences within aphid treatments (BCOA, RWAI1, RWA2, BCOA + RWAI, and
RWA2 + BCOA) were noted for either susceptible or resistant genotypes of barley
and wheat.

As anticipated, differential responses between resistant and susceptible culti-
vars were observed within one week of infestation by the aphid species for which
resistance was selected. Cross-resistance was also noted in resistant cultivars. The

resistant barley cultivar BCOR001 showed no impact on the number of leaves or
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aerial dry weight (g) regardless of aphid species or combination, in contrast to the
susceptible cultivar Morex, which experienced a reduction in the number of leaves
across all aphid-infested treatments. In contrast, during the first week, no impact
from aphid feeding was observed on the number of leaves, and aerial and root dry
weight was noted for either wheat genotype. Number of leaves, as well the plant
dry weight are important parameters in cereal crops for early growth stages be-
cause they directly corelate with grain yield [33].

In our experiment, we also observed differential responses to aphid infestation
between crops. Although previous work has reported that wheat infested with
aphids tends to experience a more rapid reduction in fitness compared to barley
[9], our results showed that aphid-infested wheat genotypes exhibited reductions
in the number of leaves, root weight (g), and aerial dry weight (g) only after two
weeks. In contrast, barley showed reductions in number of leaves and aerial fresh
weight after just one week of infestation. Previous studies have observed reduc-
tions in barley aerial fresh and dry matter accumulation in aphid-infested plants
within two days of infestation [30]. The differential responses between crops
might be explained by the speed of the plant’s response to stress.

Although Dn?7 is reported to be resistant to RWA1 and RWA2 [13] [14], mor-
phological responses in our treatments did not demonstrate clear resistance. In
general, all aphid treatment equivalently reduced some parameters in Dn7, espe-
cially at three and four weeks after infestation.

Both susceptible and resistant genotypes of barley and wheat exhibited higher
photosynthetic assimilation rates under non-infested (check) conditions, suggest-
ing that aphid feeding negatively impacted photosynthetic efficiency. Addition-
ally, the A/Ci curves revealed distinct physiological responses between susceptible
and resistant genotypes.

The susceptible wheat genotype Custer exhibited a relatively uniform reduction
in assimilation rate across different CO, concentrations. In contrast, the resistant
genotype Dn7 showed a partial reduction in assimilation rate under treatments
with RWA1, RWA2, and their combinations with BCOA, when compared to the
BCOA treatment alone, which resulted in the lowest assimilation rate across all
CO; concentrations. Interestingly for barley, the resistant genotype BCOR001 un-
der BCOA infestation maintained assimilation rates comparable to the check un-
der high CO, concentrations. This suggests a potential tolerance mechanism that
allows compensation or recovery of photosynthetic capacity in response to BCOA
feeding at elevated intercellular Ci levels [34]. The resistant barley’s ability to
maintain high assimilation under BCOA infestation could be linked to efficient
ribulose-1,5-bisphosphate (RuBP) regeneration and CO; fixation, processes that
are directly linked to photosynthetic performance and, consequently, crop yield
[35].

The findings of this study confirm that aphid infestation, whether by BCOA,
RWAL, RWA2, or their combinations, results in significant reductions in mor-

phological and physiological parameters in both barley and wheat. However, the
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magnitude and timing of the impact varied considerably between resistant and
susceptible genotypes, supporting the hypothesis that plant genotype plays a crit-
ical role in controlling host responses to aphid stress.

Contrary to our expectations, combinations of aphids on susceptible varieties
did not cause more damage than single aphid species, suggesting that Economic
Injury Levels (EILs) do not need to distinguish aphid species. Resistant cultivars
generally responded similarly to single or combination treatments suggesting the
existence of cross-resistance. The observation suggests that EILs can be standard-
ized across different aphid species, which simplifies pest management protocols
and reduces the complexity of monitoring and intervention strategies. Farmers
can implement a unified economic threshold, streamlining decision-making pro-
cesses and potentially lowering management costs.

It is important to note that aphid density was not controlled during the four-
week evaluation period of our experiments, resulting in variability in the number
of aphids per plant. It is likely that each treatment experienced different popula-
tion growth rates of the species used. This variability may have impacted wheat’s
tolerance capacity, as both aphid density and feeding duration are known to in-
fluence plant tolerance [34]. To better understand these interactions, future stud-
ies should include species-specific life table analyses to assess the impact of single
and combined aphid infestations on different barley and wheat genotypes [8]. Ad-
ditionally, the variability in aphid density highlights the dynamic nature of pest
populations. IPM strategies should incorporate regular monitoring and adaptive
management practices to respond to fluctuating pest pressures, considering the
differences in aphid population growth in different genotypes. This could involve
periodic sampling and adjusting control measures based on real-time data, ensur-
ing that interventions are both effective and economical.

Additionally, our results highlight the importance of evaluating plant resistance
not only through visual symptoms but also through physiological parameters, in-
cluding CO, assimilation and dry weight retention. Finally, the variable response
of Dn7 under uncontrolled aphid densities indicate that resistance can be over-
come under complex infestation dynamics, reinforcing the need for integrated

pest management (IPM) approaches alongside the adoption of resistant geno-

types.
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