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Abstract

Yield losses caused by pests, including aphids, can be substantial in cereals. Breeding for resistance against
aphids is therefore desirable for enhancing the economic and environmental sustainability of cereal pro-
duction. The aim of our study was to reveal the degree of antibiosis against Metopolophium dirhodum
(Walker) (Homoptera: Aphididae), in four cultivars of spring wheat, Triticum aestivum L. (‘Alicia’, ‘Odeta’,
‘Libertina’, ‘Astrid’), and two cultivars of emmer, Triticum turgidum ssp. dicoccum (Schrank ex Schibler) Thell.
(‘Rudico’, ‘“Tapiruz’) (both Poales: Poaceae) under controlled laboratory conditions. Using age-stage, two-sex
life table, we quantified responses of M. dirhodum to each cultivar and to project population growth. The
spring wheat and emmer cultivars varied in their suitability to M. dirhodum. The cultivar most susceptible to
M. dirhodum was the emmer cultivar ‘Rudico’; the projected population size of M. dirhodum on this cultivar
was one order of magnitude larger than those on other cultivars. The most resistant cultivar was the spring
wheat cultivar ‘Libertina’. Since emmer is commonly used as a gene source for breeding T. aestivum, we ad-
vocate that care be taken to avoid the transmission of genes responsible for suitability to aphids from emmer

to T aestivum.
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Wheat (Triticum aestivum L.) is one of the three major grain crops
worldwide (Deutsch et al. 2018). It is infested by an array of insect
pests that can cause significant yield reductions and increase costs
of crop production (Foster et al. 2017), if the economic injury level
is exceeded (Pedigo et al. 1986). Aphids (Homoptera: Aphididae)
are one of the most important groups of cereal pests (van Emden
and Harrington 2017). They typically exhibit rapid development
and a high reproductive rate due to parthenogenetic reproduction
and telescoping generations (Dixon 2012). Infestation by aphids
negatively influences crop yield (Papp and Mesterhazy 1996,
Klueken et al. 2008), so the control of aphid populations is neces-
sary. Aphids feed on phloem fluids by piercing their stylets through
the plant tissues (Dixon 2012); thus, they are harmful not only
due to the removal of the nutrients but also due to the release of
salivary toxins into the plant, which cause necrosis of the tissues
(Nicholson et al. 2012, Kettles and Kaloshian 2016). Furthermore,
they can also be vectors of plant viruses, including the barley
yellow dwarf virus, which may cause damage ranging from slight
to rapid death of the whole plant (Brault et al. 2010, Dedryver
et al. 2010, Stevens and Lacomme 2017). Yield losses caused by
aphids can be substantial and can exceed 60% under massive in-
festation (Papp and Mesterhdzy 1993, Belay and Araya 2015).

Synthetic chemical pesticides are the most commonly employed
means of controlling aphids in cereals (Dedryver et al. 2010, Dewar
and Denholm 2017), but their use increases the costs of production and
poses environmental risks (Biondi et al. 2012, Pisa et al. 2015, Ozgokee
et al. 2018). The selection of pest-resistant cultivars may lead to reduc-
tions in pesticide use and provide economic benefits to the farmer, even
if only a moderate level of resistance is achieved, which would allow
reduced frequencies or dosages of pesticide applications (Smith 2005).
Insect-resistant cultivars may represent an alternative and allow sustain-
able crop production because of the lack of health and environmental
issues associated with their usage (Ozgokee and Atlihan 2005).

Resistance to insect pests is manifested via multiple mechan-
isms. It is usually classified as antixenosis (plant attractiveness to
herbivores), antibiosis (herbivore performance), and tolerance
(compensation of the plant for herbivore feeding) (Smith 2005).
Like other plants, cereals have natural mechanisms of resistance to
pests, including traits such as a leaf morphology (Roberts and Foster
1983, Papp and Mesterhdzy 1993, He et al. 2011, Dixon 2012,
Saska et al. 2020) and secondary plant metabolites (Niemeyer et al.
1992; Elek et al. 2013, 2014) that can be affected by aphid feeding
(Chandrasekhar et al. 2018) and play important roles in the resist-
ance against aphids.
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Breeding for increased resistance against aphids is desirable for
enhancing the economic and environmental sustainability of growing
cereals. Screening cultivars and genetic lineages for resistance to aphids
should be the first step of this process. Variability in resistance to aphids
has been shown among different cultivars of a same host plant species,
including cereals (Papp and Mesterhdzy 1996, Migui and Lamb 2004,
Klueken et al. 2008, Hu et al. 2016, Girvin et al. 2017, Ajmal et al.
2018, Chandrasekhar et al. 2018). Ancient taxa of the genus Triticum,
including einkorn (Triticum monococcum L.), durum wheat (Triticum
turgidum (L.) ssp. durum (Desf.) Husn.), emmer (Triticum turgidum
ssp. dicoccum (Schrank ex Schiibler) Thell.), wild emmer (Triticum
turgidum ssp. dicoccoides (Korn. ex Asch. & Graebner) Thell.), and
spelt (Triticum aestivum (L.) ssp. spelta (L.) Thel.), provide a rich but
underutilized source of genes for wheat breeding (Mesfin et al. 2000;
Nevo 2001; Avni et al. 2014, 2017); however, knowledge of the resist-
ance of these varieties to aphids is limited.

Although it has been suggested that the suitability of crops for
pests increased with domestication (Sotherton and van Emden 1982;
Wise et al. 2001; Lage et al. 2004; Chen et al. 2015a,b), this does
not seem to always be the case for cereals. Analyzing fecundity
of Rhopalosiphum maidis (Fitch) after 4 d of aphid infestation,
Chandrasekhar et al. (2018) showed that wild emmer was more sus-
ceptible to this aphid than durum wheat (T. turgidum ssp. durum
(Desf.) Husnot). Subsequent work using the same cultivars as in
Chandrasekhar et al. (2018) and one bread wheat cultivar revealed
increased fecundity of Rhopalosiphum padi (Linnaeus) under both
of the tetraploid wheat genotypes than the bread wheat, indicating
that the former were more susceptible to aphids (Batyrshina et al.
2020). Conversely, Migui and Lamb (2004) observed partial re-
sistance to aphid infestation, as indicated by decreased fecundity
of Sitobion avenae Fabricius, in a diploid einkorn compared with
tetraploid and hexaploid species of Triticum. The resistance they ob-
served was generally plant species-specific and antibiosis was nega-
tively associated with ploidy level (Migui and Lamb 2003). Kazemi
and van Emden (1992) proposed partial resistance of emmer com-
pared with hexaploid UK varieties based on lowered fecundity of
R. padi at ear emergence, although high susceptibility to aphid in-
festation was observed at the tillering stage. The only assessment of
differences in antibiosis between modern and emmer wheat varieties
to date, based on estimates of population growth of two aphid spe-
cies, was conducted by Sotherton and van Emden (1982). Emmer
exhibited some resistance properties and was of intermediate suit-
ability for S. avenae and Metopolophium dirbodum (Walker) among
the cultivars used. The results to date are not conclusive and are
based on incomplete data on aphid performance.

In this study, we investigate the level of antibiosis to a ser-
ious aphid pests that attacks the leaves of most cereal species,
M. dirbodum (Honek et al. 2018), among six cultivars of two species
of the genus Triticum to identify aphid-resistant cultivars promising
for future breeding. We apply age-stage, two-sex life table theory
(Chi and Liu 1985, Chi 1988, Chi et al. 2020) to assess the popu-
lation development of aphids. This approach has proven robust for
evaluating aphid population dynamics (Saska et al. 2016), including
the level of antibiosis among cereal cultivars (Saska et al. 2020).

Materials and Methods

Host Plant Cultivars

This experiment forms a part of a larger project aimed at evaluating
selected commercial cultivars for future breeding. The selected

cultivars are commercially used in the Czech Republic, and in further
experiments, they will be subjected to various biotic and abiotic con-
ditions. Four cultivars of T. aestivum (‘Alicia’, ‘Odeta’, ‘Libertina’,
and ‘Astrid’) and two cultivars of T. turgidum subsp. dicoccum
(‘Tapiruz’ and ‘Rudico’) were chosen as host plants (Supp Table 1
[online only]). The seed was not treated.

Plant Cultivation

Plants were prepared throughout the experiment using a standard
protocol. Eight plastic 250-ml pots were employed for each cultivar.
The experimental soil consisted of Alfisol and garden substrate in
ratio 8:1. Ten seeds per pot were allowed germinate in a growth
chamber under the controlled conditions of 16-h day (irradiation
intensity of 450 pmol/m?s) and 8-h night, and temperature of 20°C.
The pots were covered with a transparent plastic foil for the first 2-3
d. Plants with fully developed second leaf (Zadoks 12) were used to
initiate the experiment.

Aphids

A laboratory strain of M. dirbodum (accession ent019 from the
collection at the Crop Research Institute, Prague, collected in Boh.
centr., Prague-Ruzyné, 1994, H. Havli¢kovd Igt.) maintained on
wheat in a greenhouse under a controlled temperature (20 = 1°C)
and a natural photoperiod, was used in this experiment.

Design of the Life Table Study

Life table data were collected using a group design (Chang et al.
2016), using eight replicated pots per cultivar. The experimental con-
ditions inside the climatic chambers were constant temperature of
21°C and a long-day photoperiod (16:8 [L:D] h). Ten adult apterous
aphids were allowed to produce nymphs overnight and removed the
day after. Only 10 new-born aphids per pot were retained, one per
plant. Host plants with aphids were isolated within a transparent
polyethylene tube. The number of aphids and their instar were re-
corded every day. Molting to a new instar was determined by a
present of exuviae (removed upon finding) and noticeable increase in
body length, and by a presence of cauda in the case of adult females.
Upon reaching adulthood, offspring were counted and removed
daily. To facilitate handling and because of space limitation inside
the climatic chambers, the aphids were transferred to new plants
(prepared as described above) every seven days.

Analysis

The age-stage, two-sex life table (Chi and Liu 1985, Chi 1988)
was used for the analysis of the life table in the computer program
TWOSEX-MSChart (Chi 2020b), taking into account stage differ-
entiation, the variable developmental rate among individuals and
sex to accurately describe the development, survival, and reproduc-
tion of insect populations (Chi et al. 2020). This method is suitable
also for parthenogenetic species (Huang and Chi 2012, Tuan et al.
2016). The group-based life table data were adapted into individual-
based life tables (Saemi et al. 2017), based on which the life table
and population parameters were calculated (Chi and Liu 19835; Chi
1988; Chi and Su 2006; Tuan et al. 2014a,b; Chang et al. 2016). The
SEs of the parameters were estimated using bootstraps with 100,000
re-samplings (Polat-Akkoéprii et al. 2015). Between-cultivar com-
parisons of all parameters were then made using a bootstrap paired
test (Efron and Tibshirani 1993, Mou et al. 2015). The program
TIMING-MSChart (Chi 2020a) was used to project the population
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growth, and 95% Cls of the projected population size after 35 d
were estimated following Huang et al. (2018).

Results
Aphid Life Table

The spring wheat and emmer cultivars varied in their suitability
for M. dirhodum. Mean survival of the nymphs from the initial
cohorts ranged between 79 and 90%, but the differences among
cultivars were not significant (Fig. 1a). Because of variable duration
of development, nymphal stage overlapped with the adult stage, as
shown by the age-stage-specific survival rate (s, ) values (Supp Fig.
1 [online only]). The maximum difference in the mean duration of
nymphal development between any two cultivars was 0.67 d, and
aphids developed significantly faster on the two emmer cultivars
than on the four cultivars of spring wheat (Fig. 1b). Adult longevity
and total longevity did not significantly differ among the cultivars
(Fig. 1c and d).

Fecundity differed by 16.34 nymphs per female between the cul-
tivars most and least resistant to aphids (Fig. 1e), being highest on
Rudico and lowest on Libertina, but the duration of the reproductive
period did not differ significantly among the cultivars (Fig. 1f). The
age-specific survival rates (I ), age-specific fecundities (2 ), net
maternities ([, ), and age-stage-specific life expectancies (e ) are
shown for particular cultivars in Supp Figs. 2 and 3 (online only).
The age-stage reproductive value (v, ) was highest at a similar age for
all cultivars, with emmer cv. Rudico reaching higher values than the
others (Supp Fig. 4 [online only]).

Population growth of M. dirhodum was rapid on all host
cultivars, as shown by the values of the finite rate of increase, A
(Fig. 1g), and intrinsic rate of increase, 7 (Fig. 1h). Both parameters
were significantly highest for Rudico. The other emmer cultivar
was similar to those of the T. aestivum cultivars. The net repro-
ductive rate, R, (Fig. 1i), significantly differed among cultivars,
being highest on Rudico (41.44 nymphs per female) and lowest on
Libertina (28.3 nymphs per female). The mean generation time (T)
significantly differed among cultivars (Fig. 1j), being shortest on
Rudico and longest on Odeta.

Variable resistance resulted in prominent cultivar differences in
the population size projected for 35 d (Fig. 2a). The population size
was projected to be considerably larger for the least resistant cultivar
(Rudico) and ca. 10 times greater for this cultivar than for the most
resistant cultivar (Libertina). The projected population size was ap-
proximately 50.5 thousands individuals for Rudico, 25.6 thousands
for Tapiruz, 26 thousands for Alicia, 23.8 thousands for Astrid,
18.4 thousands for Odeta, and only 13.7 thousands for Libertina
(Fig. 2b). The population growth curves, on a logarithmic scale, ap-
proach linearity after ca. 35 d (Fig. 2a), suggesting that the popula-
tions would approach a stable age-stage distribution in the case of
unlimited resources.

Discussion

Our experiment demonstrated variable degrees of antibiosis of
young spring wheat and emmer cultivars to M. dirhodum, consistent
with the outcomes of previous studies. Of the cultivars included in

our study, spring wheat Libertina was the least susceptible for aphid
development and reproduction, while the emmer cultivar Rudico
was the most susceptible one.

The projected population size of M. dirhodum after 35 d was
two to three times larger on the emmer cultivar Rudico than on the
other cultivars. The high intrinsic rate of increase on this cultivar
was caused by the very short developmental time and high fecundity
of the aphids. The other emmer cultivar used, Tapiruz, yielded a pro-
jected population size comparable to those of the susceptible spring
wheat cultivars. Our results are supported by those of Kazemi and
van Emden (1992) and Migui and Lamb (2003, 2004) and indicate
that some emmer cultivars, at least during early phases of growth,
can be highly susceptible to other species of aphids. Other studies
found that emmer was more resistant to aphids than modern wheat
cultivars (Sotherton and van Emden 1982); however, as these studies
were based on incomplete data, their results are not fully comparable
with ours. Our study is the first study to follow the entire life table
of an aphid on emmer.

However, care is warranted in drawing conclusions for several
reasons. Different levels of antibiosis can be exhibited against a par-
ticular aphid species, as shown for Sitobion avenae (Fabricius) and
M. dirhodum (Sotherton and van Emden 1982), where differences in
antibiosis between cultivars were generally smaller for M. dirbodum
than for other species studied. Susceptibility to aphids also varies
with the growth stage of the crop (Kazemi and van Emden 1992,
Klueken et al. 2008), so differences among studies can result from
study differences in the phenological stage of the plant. In a com-
parison of ancient and modern varieties, the level of antibiosis in
ancient varieties did not differ among the growth stages, whereas
modern varieties showed a decreased level of antibiosis at ear emer-
gence (Sotherton and van Emden 1982). The use of combinations of
different cultivars of host plants in the field can significantly reduce
aphid occurrence (Ninkovic et al. 2002). To determine whether a
crop cultivar is resistant to aphids, testing is required under changing
temperature and humidity conditions similar to those in the field
(Atlthan et al. 2017) and during different seasons in field conditions
(Hu et al. 2016). Such testing is important because interannual vari-
ability in antibiosis has been reported (Hu et al. 2016). Assessment
of plant tolerance to aphids is also important (Havli¢kova 1997, Hu
et al. 2016).

In conclusion, among the studied cultivars, the emmer cul-
tivar Rudico was the most susceptible to aphids. The most prom-
ising resistance source appears to be the spring wheat cultivar
Libertina, which was significantly more unfavorable for aphids
than the other cultivars. Although more resistant cultivars may
not assure that the pest populations will be always kept below
the economic injury levels, it at least provides a less favorable
environment for the aphid pests, with respect to the population
growth rate (Atlihan et al. 2017). Emmer is a rich genetic resource
for wheat improvement that has been extensively studied (Nevo
2001) but might have weak potential to resist pests, especially
during the early growth stage (Sotherton and van Emden 1982,
Chandrasekhar et al. 2018, Batyrshina et al. 2020; this study). We
therefore advocate that great care be taken to avoid the transmis-
sion of genes responsible for suitability to aphids from emmer, as
the gene source, to T. aestivum.
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Fig. 1. The life table and population growth parameters for Metopolophium dirhodum reared on four cultivars of Triticum aestivum (open circles: Alicia [ALI],
Odeta [ODE], Libertina [LIB], Astrid [AST]) and two cultivars of Triticum turgidum subsp. dicoccum (closed circles: Rudico [RUD], Tapiruz [TAP]). Vertical bars
represent s.e. estimated with 100,000 bootstrap resamplings. Cultivars assigned with the same letters were significantly not different from each other (the paired
bootstrap test). The values + SE of all these parameters are presented in SuppTable 2 (online only).
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Fig. 2. The population projections (log, [n+1]) of Metopolophium dirhodum reared on four cultivars of Triticum aestivum (Alicia [ALI], Odeta [ODE], Libertina
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