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Abstract
Gramine is an indole alkaloid found in certain grass species. Results of previous studies have diverged as to whether this 
compound might cause resistance to aphids or not. In a breeding program aiming to introduce resistance to the cereal pest 
Rhopalosiphum padi L. in barley, a cultivar has been crossed with the progenitor of cultivated barley, Hordeum vulgare ssp. 
spontaneum, and an  F1-derived population of doubled haploid (DH) lines was screened both for seedling gramine concentra-
tion and resistance to R. padi. The resistance was measured as individual aphid growth in the laboratory. The present study 
aims to determine if there is a genetic relationship between aphid growth retardation and gramine concentration. To do so, 
the lines were genotyped with a 384 SNP oligonucleotide pool assay and QTL analyses were performed for both traits. A 
previously identified aphid resistance locus on the distal part of chromosome 2HS was thereby confirmed, with resistance 
inherited from H. v. ssp. spontaneum, whereas one or more QTL for gramine concentration were potentially indicated on 
chromosome 3H, thus corroborating that the two traits are not linked genetically.
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Introduction

Small grain cereals in temperate regions on all continents 
are hosts of the bird cherry—oat aphid, Rhopalosiphum 
padi L. (Blackman and Eastop 2007). This pest causes direct 
damage via feeding on phloem sap but more seriously the 
aphid is also an important vector for barley yellow dwarf 
and cereal yellow dwarf viruses (Jarosova et al. 2016). Thus, 
it is important to be able to control R. padi and at present 
this is primarily achieved with insecticides. However, con-
trol via host plant resistance is a desirable alternative or 
complement, but this is difficult to breed for since R. padi 
feeding does not cause conspicuous leaf symptoms unlike 
Russian wheat aphid (RWA; Diuraphis noxia Kurdjumov) 

or greenbug (GB; Schizaphis graminum Rondani). Resistant 
barley cultivars have been bred to control these two other 
aphid species, with resistant plants being selected based 
on typical leaf symptoms such as chlorosis (RWA and GB) 
and leaf rolling (RWA), and plant death (RWA and GB) 
(Mornhinweg et al. 2012, 2017). Resistance to R. padi is 
manifested as reduced aphid growth, reduced host accept-
ance or increased plant tolerance. Those quantitative traits 
are cumbersome to measure and consequently there are no 
documented examples of cultivars bred for resistance to R. 
padi. However, there are identified gene sources for resist-
ance to R. padi in cereals such as barley (Porter et al. 1999), 
including accessions of the progenitor of cultivated barley, 
Hordeum vulgare ssp. spontaneum (Weibull 1994a; Åhman 
et al. 2000; Ninkovic and Åhman 2009).

If the plant traits causing the resistance are known, then 
the selection of parents in a breeding program could be 
based on those, rather than on aphid performance in time-
consuming aphid tests. There have been studies trying to 
elucidate which morphological (e.g. Tsumuki et al. 1989; 
Moharramipour et al. 1997a) and chemical (e.g. Weibull 
1994b) plant characteristics are responsible for resistance 
to R. padi in barley. Several studies reviewed by Corcuera 
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(1993) have found correlations between concentration of the 
indole alkaloid gramine in diet or plants and aphid responses 
such as reduced ingestion, longevity, fecundity and survival 
rate; with R. padi included among the aphid species stud-
ied. However, there are other studies where no relationship 
between gramine concentration and aphid responses has 
been found (Hautala and Holopainen 1995; Moharramipour 
et al. 1997a, b; Forslund et al. 1998). This was also the case 
when Åhman et al. (2000) attempted to use high gramine 
concentration as a chemical marker for R. padi resistance in 
a breeding program, finding no correlation between gramine 
concentrations and levels of aphid resistance measured as 
reduced aphid growth or reduced host plant acceptance. In 
that study, however, one accession was found, among several 
high-gramine H. v. ssp. spontaneum accessions, which did 
exhibit reduced aphid weight to approximately half of that 
on barley cultivars. This gene source accession denoted H. 
spont. 5 had been crossed with the cultivar Lina, one of the 
few Swedish two-rowed barley cultivars with moderate con-
centrations of gramine (Åhman et al. 2000). A doubled hap-
loid (DH) line population developed from the  F1 of this cross 
is the foundation of a long-term breeding program to intro-
duce aphid resistance into cultivated barley using reduced 
nymphal weight gain when selecting for resistance (Åhman 
and Bengtsson 2019). One reason for using low individual 
aphid weight after feeding for a certain time period on a test 
plant as a measure of plant resistance is that small females 
carry few embryos and are, therefore, expected to have low 
birth rate (Dewar 1977). A population growth simulation 
study has shown that a 20% reduction in R. padi birth rate 
during seedling to beginning of ear emergence is expected 
to reduce the aphid population size by 40% when the popula-
tion is at its peak. Alternatively, if the reduced aphid weight 
is due to longer development time, a 20% prolongation of 
time period until adulthood will reduce the peak population 
size by more than 50% (Wiktelius and Pettersson 1985). To 
validate the phenotyping method used for assessing barley 
resistance to R. padi in the laboratory, a field experiment 
was performed including three DH lines produced after 
three back-crosses (BC) to Lina, three DH lines from “BC” 
to other cultivars, and the four susceptible cultivars used 
as female parents in BC. The field results confirmed that 
the resistance selection method based on individual aphid 
growth was useful in that R. padi density close to population 
peak on the 10 barley genotypes correlated with laboratory 
aphid weight data (Åhman and Bengtsson 2019). Further-
more, a recent study of the effects of the resistance in H. 
spont. 5 compared to a susceptible cultivar, showed reduced 
nymph mass gain and intrinsic rate of population increase 
due to phloem- and mesophyll factors that limit phloem sap 
ingestion in R. padi (Leybourne et al. 2019).

The present study utilizes the  F1DH population from the 
cross between H. spont. 5 and Lina to dissect out the genetic 

control of both aphid growth retardation and gramine con-
centration and determine if there is a relationship between 
them or not.

Materials and methods

Plant material

The aphid resistance source was a Hordeum vulgare ssp. 
spontaneum accession (denoted as H. spont. 5) from Canada 
Park in Israel (Åhman et al. 2000). Anther culture technique 
was used for DH production from the  F1 and the DH lines 
were propagated from DH mother plants in the greenhouse. 
These were kept in perforated plastic bags during flowering 
and seed development to hinder cross-pollination. Eighty-
eight DH lines were tested for aphid resistance and gramine 
concentration at seedling stage.

Aphid tests

Colonies of R. padi were reared on oats in cages in a green-
house, with lighting regime and temperature simulating 
summer conditions. Initially, the rearing was started from 
spring migrants on the winter host, Prunus padus L., ensur-
ing that aphids were free of yellow dwarf viruses (BYDV/
CYDV).

Seeds for test plants were soaked with 0.75%  H2O2 in 
water on filter paper in Petri dishes and kept for 3 days in a 
refrigerator. After 2 days at room temperature in the labora-
tory, seedlings were transplanted to slow-release-fertilized 
(1 dl of 15-4.8-10.8 NPK Osmocote Plus and 15 ml Micro-
max minerals per 50 l) Hammenhög’s potting soil in 10 cm 
diameter plastic pots. One potted plant per DH line was 
placed in each of four white plastic trays (41 × 62 × 11 cm) 
in a random order, each tray representing one replicate. The 
trays were placed in a Conviron growth cabinet E15, CMP 
3244; temperature 22 °C, 16 h light at 220 µmol photons/
m2/s at plant level and minimum 80% RH. After another 
2 days, cylindrical Perspex tubes (2 cm diameter, 5 cm 
high) were slipped over each seedling allowing the plant 
to grow through. The tests started 1 week after transplant-
ing by adding 5 newborn nymphs to each tube cage which 
was then sealed with cotton wool at the top. The nymphs 
were offspring born on oats by alate females collected on 
the walls of the rearing cages the day before. After 4 days, 
the nymphs were weighed singly on a Mettler M3 micro-
balance. Due to space limitation in the Conviron cabinet 
and the time needed for weighing the aphids, all the 88 DH 
lines could not be tested simultaneously. Each of the five 
tests included between 11 and 23 test DH lines together with 
the parental lines cultivar Lina and H. spont. 5. To compare 
between tests, mean weight of up to five recovered aphids 
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was divided by the mean weight for the recovered aphids on 
the control Lina in each replicate, and the mean quota for 
each line was entered in the QTL analysis.

Gramine analysis

Plants for gramine analysis were grown in the same Convi-
ron cabinet and under the same conditions as for aphid tests 
except that temperature was higher, 25 °C, to accentuate 
gramine-level differences (Hanson et al. 1983). Due to space 
limitations in the growth cabinet, cultures were separated in 
five rounds, described in more detail by Åhman et al. (2000). 
In four of the culture rounds, seedlings of all five test plants 
in each of two replicates were cut just above the apex of the 
coleoptile and stored in a freezer (− 18 °C), from there taken 
to a − 35 °C freezer for 1 day and thereafter freeze-dried 
for three days and then milled. Five mg of this flour was 
mixed with 5 ml of purified water (Millipore) and heated 
in a water bath (70 °C) for 15 min. during which time the 
samples were shaken three times. 200 µl of the supernatant 
obtained after centrifuging at 3000×g for 20 min. was mixed 
with 800 µl of water. From the fifth culture round, freeze-
dried plants were analyzed singly by extracting gramine in 
20 ml of water while shaken in steel tubes with two steel 
bullets at room temperature for 1 h. 750 µl of the supernatant 
was mixed with water 1:1. Each of the two replicates was 
in this test round based on means of 4 plants. The reason 
for using water for gramine extractions rather than other 
less user-friendly and more expensive solvents was that the 
method was intended for routine screenings of thousands of 
lines, if a positive relationship between gramine concentra-
tion and resistance to R. padi was found and gramine-based 
selections were to be used in practical breeding. The single-
plant extraction method would make use of fewer plants for 
phenotyping.

HPLC analysis was performed on a Milton Roy (LDC) 
chromatograph equipped with a  C18, Guard Pak (Waters 
Nova-Pac) pre-column and a 150 mm × 3.9 mm, 4 µm grain 
size  C18 column (Waters Nova-Pac). Twenty µl per sample 
were autoinjected. Eluents were: (A) 10% acetonitrile and 
0.1% triethylamine in water with pH adjusted to 5.5 with 
acetic acid and (B) 50% acetonitrile in water. Gramine was 
eluted with a mixture of 15% A and 85% B at a flow rate 
of 1.5 ml/min. The eluate was analyzed at 218 nm with a 
Milton Roy UV SM 4000 detector. The retention time for 
gramine was ca. 3.1 min. The response factor and linearity 
were determined with gramine from Sigma at a concentra-
tion of 4, 8 and 12 µg/ml.

DNA extraction, SNP genotyping and analysis

For genotyping the population, genomic DNA was extracted 
from each plant of 88  F1DH lines using ~ 100 mg of leaf 

tissue collected from greenhouse-grown plants using the 
Qiagen DNAeasy Plant Maxi Kit (Qiagen, Valencia, CA, 
USA). A standard in-house 384 oligonucleotide pool assay 
(OPA) was used that was based on polymorphisms identi-
fied using Barley OPA 1 and Barley OPA 2 (Close et al. 
2009) with the single-nucleotide polymorphisms (SNPs) 
represented on the OPA selected to maximize polymorphism 
and provide good genome coverage (Muñoz-Amatriaín et al. 
2011). Genotyping was performed using an Illumina Bead-
Xpress at the James Hutton Institute (Invergowrie, Scotland, 
UK) and the results analyzed using the Illumina Genome 
Studio software (Genotyping Analysis Module v1.8.4). The 
graphical genotypes produced were used to double check the 
allele calls manually to verify all recombination breakpoints.

Linkage mapping JoinMap 4 (Kyazma B.V.) was used 
for de novo construction of linkage maps (Van Ooijen 2006) 
using the 223 markers polymorphic in the population. A 
minimum logarithm of the odds ratio (LOD) score of 4 was 
used in the formation of linkage groups. The maximum like-
lihood mapping algorithm was used to determine marker 
order in each linkage group. Recombination frequencies 
were converted to centiMorgans (cM) using Kosambi’s map-
ping function as implemented in JoinMap 4 for visualization.

QTL interval mapping was performed using MapQTL 
5 (https ://www.kyazm a.nl/index .php/MapQT L/; accessed 
on 6 March 2019) with a subset of the SNP genotypic data 
to provide full-genome coverage with minimal redundancy. 
Permutation tests with 10,000 permutations were used to 
establish the LOD thresholds. Restricted multiple QTL map-
ping (rMQM mapping) was used to search for further QTLs 
after taking into account the most significant ones.

Results

The cross between the cultivar Lina and H. spont. 5 exhib-
ited polymorphism at 223 out of the 384 SNP loci on the 
OPA assay, with 24, 32, 31, 29, 47, 33 and 27 SNP distrib-
uted on the chromosomes 1H, 2H, 3H, 4H, 5H, 6H and 7H, 
respectively (Fig. 1). The coverage of the genome was near 
complete with the mapped polymorphic SNPs representing 
94.4% of consensus genetic map (Muñoz-Amatriaín et al. 
2011).

Mean aphid weight on the 88 DH lines varied between 
64 and 176% of that on cultivar Lina (Fig. 2). QTL analysis 
detected a significant QTL on the very distal part of chro-
mosome 2HS associated with the SNP 11_11059 at 0 cM 
with a LOD score of 4.7 (Fig. 3) explaining 24.9% of the 
variance in aphid weight relative to that on the control Lina, 
and with the H. spont. 5 allele associated with the lower 
aphid weight (Fig. 3).

Mean gramine concentration in seedlings of the DH 
lines varied between 13 and 24 mg/g dry weight (Fig. 4). 

https://www.kyazma.nl/index.php/MapQTL/
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Parent Lina’s mean values varied between 9 and 12 and 
those of parent H. spont. 5 between 15 and 23 in the five 
test rounds. The lowest parent values were from the sin-
gle-plant-extraction test, indicating that this extraction 
procedure was less efficient. However, there was variation 
between the eight DH lines subjected to this extraction 
method too, with means ranging from 13 to 20 mg/g dry 
weight (Fig. 4). QTL analysis of gramine concentrations 
in the DH population detected multiple peaks between 
100 and 140 cM on chromosome 3H at maximum LOD 
scores of 2.3, below the LOD significance level at 2.8 
determined by permutation tests (Fig.  5). The region 
associated with this non-significant QTL showed higher 
gramine values to be associated with the H. spont. 5 
alleles.

Discussion

Gramine occurs in certain species of Hordeum but also in 
a few other grass species such as Phalaris arundinacea L. 
and Arundo donax L. (Kokubo et al. 2017). Many barley 
cultivars contain no or just trace amounts of gramine in 
seedlings whereas others contain moderate levels, as does 
the cultivar Lina (Hanson et al. 1981; Forslund et al. 1998; 
Åhman et al. 2000; Larsson et al. 2006). Concentrations 
in the wild progenitor of cultivated barley, H. v. ssp. spon-
taneum, also vary. The range was 5–23 mg/g dry matter 
in a set of 157 different accessions (Åhman et al. 2000); 
however, none was found with no or just trace levels of 
gramine. Relatively high levels were also found in the four 
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Fig. 1  Genetic linkage maps of the seven barley chromosomes based on 223 SNP that were polymorphic in the Lina × H. spont. 5  F1DH popula-
tion including 88 DH lines. Cumulative genetic distances in cM are to the left and OPA names to the right of each map
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accessions of H. v. ssp. spontaneum studied by Hanson 
et al. (1981) as well as those studied by Moharramipour 
et al. (1999).

Gramine biosynthesis starts from tryptophan, with 
3-aminomethylindole (AMI) and N-methyl-3-aminometh-
ylindole (MAMI) further down in the pathway (Gross et al. 
1974). Based on comparisons between two cultivars, Ari-
mar and Proctor; with and without gramine accumulation, 
respectively; Hanson et al. (1983) proposed that gramine 

synthesis may be dependent on a single gene of impor-
tance for converting tryptophan to a precursor of AMI. In a 
follow-up study, Leland et al. (1985) included a third culti-
var, Morex, also without gramine. This cultivar is in addi-
tion deficient in a specific N-methyltransferase (NMT), 
essential for the conversion of AMI to MAMI and MAMI 
to gramine (Larsson et al. 2006), whereas Proctor is not.  F1 
offspring from crosses between the two gramine-free cul-
tivars and Arimar had mid-parent gramine concentrations. 

Fig. 2  Distribution of the 88 
 F1DH lines in the Lina × H. 
spont. 5 population based on 
mean aphid weight after four 
days on the test plant in percent 
of that on plants of the suscepti-
ble control Lina. Initially, there 
were five newborn nymphs 
released on each of four plants 
per line

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Aphid weight relative to Lina (%)

0

2

4

6

8

10

12

14

16

18

20

22

N
o.

 o
f D

H
 li

ne
s

Fig. 3  Chart of the LOD score 
obtained from interval mapping 
of aphid weight on chromosome 
2H in the Lina × H. spont. 5 
 F1DH population. SNP designa-
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significance obtained by permu-
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A two-gene model was tested in the  F2-generation from the 
cross between Morex and Arimar, but the offspring seg-
regated in a 1:3 ratio (no gramine:full gramine synthesis) 
suggesting that the two genes are tightly linked (Leland 
et al. 1985). The bimodal 1:1 distribution of gramine data 

in the Steptoe/Morex DH population studied by Yoshida 
et al. (1997) supports this conclusion.

Moharramipour et  al. (1999) studied other crosses 
between low-level and high-level gramine parents and 
found evidence of both a mono- and a di-gene model with 

Fig. 4  Distribution of the 88 
 F1DH lines in the Lina × H. 
spont. 5 population based on 
seedling mean concentration 
of gramine. Turquoise = line 
data from two replicates, with 
five plants in each extracted 
together; yellow = data from 
eight of the lines, represented 
by two replicates with four sin-
gly extracted plants in each
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obtained from interval mapping 
of gramine concentration in 
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chromosome 3H in the Lina x 
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additional minor genes controlling the gramine concentra-
tions in gramine-containing plants at adult stage. They found 
partial dominance for lower levels of gramine in their studies 
of adult plants. On the contrary, crosses with the moderate-
level Lina and the high-gramine H. spont. 5, as well as with 
several other H. v. ssp. spontaneum accessions, resulted in 
bias towards higher levels of gramine in seedlings (Åhman 
et al. 2000), suggesting that parents contributed partly differ-
ent alleles for high-gramine concentration in seedlings. Both 
of the parents are known to express the NMT protein (Lars-
son et al. 2006). The present QTL analysis of the Lina × H. 
spont. 5  F1 DH population, indicates that there may be genes 
on chromosome 3H controlling gramine concentrations in 
seedlings.

The present study also confirms a position of a locus 
for R. padi resistance distally on the short arm of barley 
chromosome 2H indicated in earlier studies using the same 
Lina × H. spont. 5 barley population, but analyzed with other 
molecular marker systems (Louise O’Donoghue, unpub-
lished; Åhman and Bengtsson 2019). The allele for aphid 
resistance at this QTL on 2HS was derived from the wild 
H. spont. 5 parent and we found no support for a genetic 
linkage between this aphid resistance and QTL for gramine 
concentration since loci controlling the phytochemical trait 
were potentially indicated on chromosome 3H.

In the effort to introgress the aphid resistance from the 
wild barley source H. spont. 5 into cultivated barley, DH 
lines with a minor resistance effect have been found despite 
that they do not contain the 2HS resistance QTL (Åhman 
and Bengtsson 2019). When a  BC2F1 DH population origi-
nating from a  BC1F1 DH line lacking the marker associated 
with the H. spont. 5 resistance QTL on 2HS was analyzed, a 
QTL for R. padi resistance was found on 3H in a pericentro-
meric position at 76 cM, with the resistance allele contrib-
uted by Lina (Cheung et al. 2010). However, this QTL was 
not evident in the present study using the  F1 DH population 
from the same pedigree, potentially due to the limited size 
of the mapping population.

Interestingly, the present study does indicate potential 
QTL for gramine concentration on 3H albeit below the LOD 
threshold for significance. However, this region is on the 
long arm of this chromosome and appears to derive from 
the H. spont. 5 parent so there is no genetic support for a 
relationship between high-gramine concentration and seed-
ling resistance to the aphid R. padi in this barley breeding 
material. Although the QTL for gramine concentration did 
not reach significance threshold, positive alleles at gramine-
controlling loci were expected from both parents given ear-
lier work comparing the phenotype across a range of barley 
germplasm (Åhman et al. 2000).

Similar to our results, there was no support for a genetic 
relationship between gramine concentration (Yoshida et al. 
1997) and aphid resistance (Moharramipour et al. 1997b) 

in a DH population derived from a cross between cultivars 
Steptoe and Morex. In this population, a single major effect 
locus for gramine concentration was found at the centromere 
region of 1H (formerly denominated as chromosome 5) that 
corresponds to the position of the NMT gene missing in 
Morex (Lee et al. 1997; Larsson et al. 2006). Loci control-
ling aphid resistance were also found in this population 
(Moharramipour et al. 1997b); one in the centromeric region 
of chromosome 2H as well as one in the long arm of 1H, 
distant from the gramine QTL on this chromosome. The 
aphid data were collected in field trials from 1994, 1995 and 
1996 and the aphid species composition varied. When R. 
padi dominated in 1996, no QTL for aphid resistance were 
detected, indicating that the QTL on 1H and 2H potentially 
harbored genes acting in resistance to one or more of the 
other aphid species, which were predominantly Rhopalosi-
phum maidis Fitch, but also Sitobion akebiae Shinji and GB.

Using a DH population derived from another cross, Har-
rington/TR306, two aphid resistance QTL were mapped to 
the distal end of the short arms of chromosomes 1H and 7H 
(formerly denominated as chromosome 1; Moharramipour 
et al. 1997c). The aphid data were collected in field trials 
from 1994 and 1995 when R. maidis predominated but R. 
padi was also present. The region of this QTL on 1HS con-
tains the aphid induced protease inhibitor CI2c (Wei et al. 
2002) that has been the subject of over-expression studies in 
barley (Losvik et al. 2018), since it was one of four candidate 
genes for R. padi resistance from H. spont. 5 suggested by 
Delp et al. (2009). Interestingly, the behaviour and perfor-
mance of R. padi were not affected by changes in the expres-
sion of CI2c, whereas the behaviour of another aphid species 
(Myzus persicae Sulzer) was altered (Losvik et al. 2018).

QTL analyses and genome-wide association mapping of 
RWA resistance in barley have revealed several responsible 
loci; among them loci on chromosome 2H and 3H (Nieto-
Lopez and Blake 1994; Mittal et al. 2008, 2009; Tocho et al. 
2012, 2013; Dahleen et al. 2015). The RWA resistance loci 
on 2H is at 27 and 39 cM (Mittal et al. 2008; Mittal et al. 
2009, respectively), 18 and 20 cM (Dahleen et al. 2015), 
70–96 cM (Tocho et al. 2012) and at 70–96 cM for GB 
resistance as well (Tocho et al. 2013) and thus not at the 
same locus as the present QTL for R. padi resistance. The 
RWA resistance locus on 3H is at around 147 and 108 cM 
(Mittal et al. 2008 , 2009, respectively) and 136 cM (Dahl-
een et al. 2015), potentially within the region of the gramine 
QTL in our study. Resistance to GB was also located in that 
region of 3H, at ca. 140 cM, but the suggested candidate 
resistance gene is a nucleotide-binding site—leucine-rich 
repeat gene (NBS-LRR; Azhaguvel et al. 2014).

Several NBS-LRR sequences (R-genes) are located in 
the 0–6 cM QTL for R padi resistance at 2HS (Åhman and 
Bengtsson 2019). This locus also harbours other candidate 
genes for resistance such as genes involved in ethylene 
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signalling, a cysteine-rich receptor-like protein kinase gene 
(R-gene) and a laccase gene potentially involved in lignifi-
cation (Åhman and Bengtsson 2019). Ongoing R-gene cap-
turing experiments in breeding lines with and without the 
2HS resistance haplotype from H. spont. 5 will hopefully 
help reveal whether it is likely that such genes are involved 
in causing the 2HS-related resistance to R. padi. Mean-
while, the substantially denser SNP array used in the study 
by Åhman and Bengtsson (2019) than in the present study 
has revealed several new SNP markers distally at chromo-
some 2HS, markers that are presently being used in practical 
breeding for resistance to R. padi to partly substitute for the 
cumbersome aphid resistance phenotyping method based on 
reduced nymphal weight.
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