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Abstract. Anthracnose, caused by Colletotrichum acutatum, is the most destructive fungal disease of Andean lupin
(Lupinus mutabilis Sweet) in Ecuador and of other lupin species around the world. Symptoms of necrotic spots occur
throughout themain stem, and infection progresses to cause bending of themain stem and lateral branches, resulting in yield
loss. Although there is no known anthracnose resistance, this study aims to assess tolerance of Andean lupin and investigate
lupin–C. acutatum interactions. TwoAndean lupin genotypes, I-450Andino and I-451Guaranguito, were inoculated on the
meristematic section of the main stem, either by spraying or by pipetting C. acutatum spores on to an artificial wound.
Although the twomethodsgave similar results, spraying is thepreferredmethodbecause itmimicsnatural pathogen infection.
Plant-pathogen interactions were assessed at five different phenological stages (leaf stages 2–3, 4–5, 6–7, 8–9, and 10–11)
with three C. acutatum isolates by using a 0–5 scale to assess disease symptoms. In both genotypes, anthracnose symptoms
were greater at early seedling stage (2–3-leaf stage), decreasing significantly in early vegetative phase (6–7-leaf stage) and
increasing again when the flower stage began (10–11-leaf stage). However, the tolerance of these two Andean lupin
genotypes to anthracnosewas not equally expressed at all developmental stages.We recommend, in a breeding program, that
screening for anthracnose first occurs at the 6–7-leaf stage (6 weeks old) and again when flowering starts at the 10–11-leaf
stage (10 weeks old) so that the overall tolerance can be determined. This method could be used in lupin breeding programs
for improving resistance to anthracnose.
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Introduction

The Andean lupin or ‘tarwi’ (Lupinus mutabilis Sweet) is
domesticated and cultivated in South America. It is of
agricultural importance in Ecuador (Peralta et al. 2012) and in
Peru and Bolivia (Jacobsen and Sherwood 2002). Interest in
Andean lupin has recently extended to Europe because of its
nutritional value (Jacobsen and Sherwood 2002). Lupin seeds
are a valuable source of protein, iron, and zinc. Disadvantages
of the Andean lupin are indeterminate growth, high content
of alkaloids and susceptibility to diseases. Research has been
carried out on old world species of lupin but little on resistance
screening and breeding with L. mutabilis, a species native to the
inter-Andean region. A high level of genetic diversity exists
among lupin species (Talhinhas et al. 2003). The principal
biotic factor limiting production of L. mutabilis in Ecuador
and other lupin species around the world is the fungal disease
anthracnose (Elmer et al. 2001; Talhinhas et al. 2002; Thomas
2003), caused by Colletotrichum acutatum (Talhinhas et al.
2002; Falconi et al. 2013). The pathogen infects the main stem
and lateral branches and produces necrotic lesions upon which

orange conidial masses develop (Falconi 2012), resulting in
significant yield reduction (Thomas and Sweetingham 2004).

The National Agricultural Research Institute (Instituto
Nacional de Investigaciones Agropecuarias, INIAP) of
Ecuador maintains a lupin collection of >500 accessions
representing 17 species (Rivera et al. 1998), and of these,
~120 accessions are L. mutabilis. Researchers of the Legume
and Andean Grain National Program (PRONALEG-GA/INIAP)
have been conducting field studies for >15 years aiming at
selecting Andean lupin genotypes with improved agronomic
traits. In this selection process, I-450 Andino (INIAP-450
ANDINO 1999) and I-451 Guaranguito (Peralta et al. 2012)
were chosen as thebest genotypesbecause theyare earlymaturing
(6 months), have uniform white seed, and have almost twice
the yield of other genotypes (INIAP-450 ANDINO 1999; Peralta
et al. 2012). However, I-450 Andino and I-451 Guaranguito are
susceptible to anthracnose.

Anthracnose resistance can be evaluatedwith parameters such
as expression of symptoms, lesion expansion, and amount of
sporulation (Thomas et al. 2008), and the interaction of these
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parameters with plant age affects disease severity (Wastie
1991). Examples of such interactions include: potato plants
and late blight (Phytophthora infestans), where young plants
are susceptible, later becoming more resistant, and then older
plants become susceptible again (Stewart 1990); bean cultivars
inoculated with C. lindemuthianum showing differential
resistance related to the developmental stages of the plants
(Bigirimana and Hofte 2001); and wheat being susceptible
to Septoria tritici at the seedling stage but resistant in the
tillering and flag leaf stages (Gieco et al. 2004). Appropriate
methodologies should be developed to evaluate disease
resistance for each crop–disease system.

Screening experiments have been conducted to identify
anthracnose-tolerant lupin genotypes in Ecuador (Peralta et al.
2004; Murillo et al. 2006). Visual observations of naturally
infected adult plants suggested that lupin is most susceptible
during bloom (Peralta et al. 2004). Some tolerance inL.mutabilis
has been found after spraying with C. acutatum on 2-week-old
plants (Murillo et al. 2006). In L. angustifolius and L. albus,
two methods of inoculation were used under greenhouse
conditions to identify anthracnose-tolerant plants (Talhinhas
2002). However, the study could not distinguish different
levels of tolerance and there were differences between results
for the field and greenhouse. A reliable method to evaluate
anthracnose resistance in Andean lupin and knowledge about
the appropriate phenological stage to evaluate for resistance are
needed for breeding programs.

To our knowledge, this is the first study to evaluate lupin
anthracnose symptoms, hypothesising that differences in
resistance may be due to phenological stages. The objective of
this study was to elucidate the significance of the lupin growth
stage on anthracnose development caused by C. acutatum.
Because there are no Andean lupin varieties with known
anthracnose resistance, our protocol development was done
with the susceptible I-450 Andino and I-451 Guaranguito
genotypes. The appropriate inoculation method and phenological
stage for testing these genotypes for tolerance should facilitate
evaluation of anthracnose resistance in other genotypes of
Andean lupin.

Materials and methods
Fungal isolates and inoculum production

Inoculation experiments were performed using threeC. acutatum
isolates (Lup1, Lup14, Lup18) collected from three areas with
different environmental conditions in the province of Cotopaxi,
Ecuador: Lup1 (EMBL ITS accession no. JN543059), Lup14
(EMBL ITS accession no. JN543061), Lup18 (EMBL ITS
accession no. JN543063). Morphological and molecular
characteristics of isolates are described in Falconi et al.
(2013). Spores of each isolate were taken from potato dextrose
agar (PDA; Difco, BD Diagnostics, Sparks, MD, USA) slants,
and subcultureswere grownonPetri plates containing autoclaved
PDA. The isolates were incubated for 10 days at room
temperature 20� 28C. Conidial suspensions were prepared by
flooding the surface with sterile distilled saline solution (NaCl
0.8%+Tween 80 0.1%) and gently scrapingwith a glass rod. The
concentration of spores was determined using a hemocytometer

and diluted with sterile distilled saline solution to 2.5� 106

conidia mL–1.

Andean lupin genotypes

The genotypes I-450 Andino and I-451 Guaranguito Andean
lupin were selected for early maturity, productivity, and agro-
morphological characters. They are described in more detail in
Peralta et al. (2012).

Inoculation methods

To establish plants for inoculation, 12 seeds of each genotype
were surface-disinfected in 0.5% NaClO for 5min, rinsed with
water, and sown, four of each in 22-cm diameter pots containing
4 kg of a mixture of sterilised soil–ground pumice–coconut fibre
(1 : 1 : 1). After 15 days, one seedlingwas removed from each pot,
leaving three plants per experimental unit. Seedlings were
grown in a greenhouse with a temperature of 12� 28C night,
20� 28C day with a 12-h photoperiod and relative humidity of
70� 10%.

Two inoculation methods—spraying and micropipetting into
a wound—were evaluated. For inoculation by spraying, ~500mL
of each C. acutatum isolate suspension was sprayed on the
meristematic parts and young stems of lupin plants. A small,
hand-held Venturi atomiser (aerograph) with an air pump was
used. For the secondmethod, an artificial woundwasmadewith a
hypodermic syringe at the apical main stem (the same depth of
2mm for each wound). The spore suspension (25mL) of each
isolate was injected with a micropipette into each wound. The
inoculation area of each plant was completely covered with a
small, black plastic bag for 72 h. A piece of cotton drenched in
sterile distilled water was added to the bags before sealing to
maintain high relative humidity and to promote infection. Plants
at the 4–5-leaf stage were inoculated by the two methods.
A severity scale of 0–5 was used (see Disease evaluation
below) and symptoms were evaluated on the main stem at
26 days after inoculation. The number of resistant plants was
expressed as percentage. The experiment was conducted twice.

Lupin developmental stages

To investigate if phenological stages are associated with
anthracnose severity, Andean lupin genotypes I-450 Andino
and I-451 Guaranguito were inoculated with three C. acutatum
isolates, Lup1, Lup14, and Lup18, and anthracnose symptoms
from seedling to flower initiation stage were assessed.
Phenological stages of lupins are referred to in terms of leaf
number, for example, 4-leaf stage (Kettel et al. 2003).
Inoculations were performed at the following developmental
stages: early seedling (cotyledons turn green and 2 or 3 leaves
above epicotyl, 2 weeks old); seedling (cotyledons remain
green and 4 or 5 leaves above epicotyl, 4 weeks old); early
vegetative (cotyledons absent, internode elongation on main
stem, 6 or 7 leaves–internodes, 6 weeks old); vegetative
(internode elongation, 8 or 9 leaves–internodes on main stem,
8 weeks old); and floral initiation (beginning of main stem
flowering, 10 weeks old, 10 or 11 leaves–internodes on main
stem).

Phenotypically healthy seeds of I-450 Andino and I-451
Guaranguito were selected, surface-disinfected and rinsed as
above. The number of seeds per genotype, management, type
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of substrate, and environmental conditions were as described
as for inoculation methods. Sowing was repeated every
2 weeks to obtain the five phenological stages at the same time
after 10 weeks. Pots with seedlings and plants were randomly
distributed in the greenhouse before inoculation. In each
experiment, three pots were used per genotype, each containing
three plants at the five phenological stages. Different stages of
genotypes I-450 Andino and I-451 Guaranguito were inoculated
on the same day, and at the same point, by spraying with each of
the C. acutatum isolates Lup1, Lup14, and Lup18. A non-
inoculated treatment was included as a control. The experiment
was performed twice. Experiments were conducted and managed
as described above.

Disease evaluation and data analyses

Anthracnosewas scored on individual plants byusing a 0–5 scale:
0, no symptoms; 1, small injuries <1mm at the inoculation point
or scars at the meristem region where the pathogen was sprayed,
sporulation absent; 2, central apical stem bent due to infection,
small lesions<5mmdiameter, little sporulation; 3, lesions>5mm
at the inoculation point or at the meristem region, sporulation
evident; 4, large lesion girdling more than half the circumference
of the stem with abundant sporulation; 5, large lesion severing
the stem (adapted from Thomas et al. 2008). In the present study,
we considered small scars with sporulation absent in level 1 as a
resistant reaction, and the bending of the main stem with
sporulation present in level 2 as a susceptible response. Data
were collected 26 days after inoculation.

Data were subjected to analysis of variance (ANOVA) for
inoculation methods and repeated-measures ANOVA for the
phenological stages, and Fisher’s least significant (l.s.d.)
difference test was performed when the ANOVA showed
significance, using the statistical program InfoStat for
Windows (National University of Córdoba, Spain).

Results

Inoculation methods

There were no significant differences between the two inoculation
methods. For genotype I-450 Andino, the resistant reaction was
low, at 9% with spraying and 18%with micropipetting. Genotype
I-451 Guaranguito displayed 23% and 16% resistant reaction with
spraying and micropipetting, respectively (Table 1). On the basis
of these results, spraying was used in the next experiment.

Influence of plant stage on resistance

In order to studywhether the developmental stages affect the level
of anthracnose resistance, isolates Lup1 and Lup14were sprayed
on plants from the two genotypes at five phenological stages.
Most I-451Guaranguito plants inoculatedwith isolate Lup1were

susceptible at all developmental stages. Two of 18 plants were
resistant at the 2–3-leaf stage, increasing to three at the 4–5-leaf
stage and five at the 6–7-leaf stage plants. However, the number
of resistant plants decreased to two again at the 8–9-leaf and
10–11-leaf stages. I-450 Andino displayed the same trend. One
plant was resistant at the 2–3-leaf stage, increasing to three at the
4–5-leaf and 6–7-leaf stages, and decreasing to two and nil of 18
plants at the 8–9-leaf and the 10–11-leaf stages (Fig. 1a). I-451
Guaranguito showed a similar trend when inoculated with
C. acutatum isolate Lup14. There were two resistant plants at
the 2–3-leaf stage, increasing to four at the 4–5-leaf stage and
sevenat the6–7-leaf stage.However, thenumberof resistantmain
stems decreased at the 8–9-leaf and 10–11-leaf stages (three
resistant plants of 18 plants at both stages). I-450 Andino
displayed a similar tendency. One plant was resistant at the
2–3-leaf stage, increasing to three at the 4–5-leaf and five at
the 6–7-leaf stages, decreasing to three at the 8–9-leaf stage and
one of 18 plants at the 10–11-leaf stage (Fig. 1b). In general,more
plants showed non-sporulating lesions at the 6–7-leaf stage
than at other developmental stages. Anthracnose symptoms
were particularly noticeable during flowering. Although I-450
Andino and I-451Guaranguito were susceptible genotypes, the
6–7-leaf stage showed several resistant main stems for both
genotypes.

Additional screening tests were conducted to investigate
whether phenological stages are associated with anthracnose
symptom development in Andean lupin. I-450 Andino and
I-451 Guaranguito were inoculated with the three C. acutatum
isolates Lup1,Lup14, andLup18. In general, disease severitywas
greater at the younger stage and at 10–11-leaf stage than at the
4–5-leaf, 6–7-leaf and 8–9-leaf stages. Disease severity was
significantly (P = 0.05) higher on young plantlets at the 2–3-
leaf stage and on plants that had begun flowering (10–11-leaf
stage) than at the other phenological stages. The three isolates
were least pathogenic at the 6–7-leaf stage (Table 2). This may
suggest that resistant genes are expressed differentially at
different plant ages, affecting pathogenicity of C. acutatum.

Discussion

Anthracnose resistance of lupin is not equally expressed at
all developmental stages. Genotypes were susceptible in early
stages (2–3-leaf and 4–5-leaf stages) and resistant at the 6–7-leaf
stage, followed by a susceptible reaction at the vegetative and
beginning of flowering stages (8–9-leaf and 10–11-leaf stages,
respectively). Studies by Pastor-Corrales et al. (1995) separated
CIAT’s bean (Phaseolus vulgarisL.) collection into four different
groups: cultivars for which seedlings are highly anthracnose-
susceptible but adult plants are resistant; cultivars resistant at
all stages of growth; cultivars moderately resistant; and cultivars
moderately susceptible at all stages of growth. In our study,
differences in disease severity were observed for the two lupin
genotypes inoculated with three isolates at the five phenological
stages (Table 2), consistent with the findings of Bigirimana
and Hofte (2001) that certain bean cultivars (e.g. Prelude)
were resistant to anthracnose after the primary leaf stage but
susceptible in young, 8-day-old seedlings. In all our experiments
conducted under the same environmental conditions, 6–7-leaf
plants (6 weeks old) exhibited lower disease severity, supporting

Table 1. Percentage of anthracnose-resistant plants of two Andean
lupin genotypes

No significant differences by least standard difference at P= 0.05

Genotypes Inoculation methods
Spraying Micropipetting into a wound

I-450 Andino 9 8
I-451 Guaranguito 23 16
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the hypothesis that inoculated 6-week-old plants are less
susceptible to C. acutatum infection than plants at other
phenological stages.

This plant response reflects the current situation of susceptible
genotypes of Andean lupin in Ecuador (Peralta et al. 2004) and
resistant and susceptible cultivars of L. angustifolius in Australia
(Thomas and Sweetingham 2004; Thomas et al. 2008), where
epidemicsof lupin anthracnoseprogressedmore slowly inplotsof
intermediate-aged plants, dramatically increasing during
flowering. This might be caused by stage-specific resistance
genes. Some of these genes might not be expressed in late
developmental stages. Our results regarding changes in disease

susceptibility during the life cycle of the plant contribute to a
viable management option for Andean lupin production in
areas of high anthracnose risk in Ecuador and to efficient
management of lupin anthracnose around the world. Early
growth, vegetative growth, and the beginning of flowering are
the stages when lupin is most susceptible to anthracnose, and
during these times, the plants need protection through the
application of chemical fungicides.

Each plant pathosystem requires the development of its
own methodologies for assessing disease symptoms in order
to identify resistant cultivars. Most studies on anthracnose
resistance either in young seedlings (Thomas et al. 2008) or at
the time of podset (Adhikari et al. 2008) assess the disease
severity on the lupin main stem. Because the apical main stem
is themost susceptible organ (Talhinhas 2002; Thomas 2003), the
observed differences in this study are mainly due to the response
of the lupin apical stem organs in which inoculation took place.
Similar disease symptoms in the two Andean lupin genotypes
were observed by using the two inoculation methods tested
(Table 1). The most common means by which Colletotrichum
species penetrate plant surfaces is directly through plant cuticles
or via natural openings (Bailey et al. 1992). Spraying mimics the
natural situation where spores are splashed by rain and wind
from infected lupin seedlings or stubble (Thomas 2003) and the
spores penetrate directly or through hydathodes and stomata.
The infectionprocess inColletotrichum is characterisedbya short
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Fig. 1. Effect of developmental stages on resistance to anthracnose in two Andean lupin genotypes, I-450
Andino (light grey bars), I-451 Guaranguito (dark bars). Bars represent the average l.s.d. (P = 0.05) at each stage:
(a) C. acutatum isolate Lup1, (b) C. acutatum isolate Lup14; n= 18.

Table 2. Anthracnose disease severity at five phenological stages of
Andean lupin following inoculation by three isolates of Colletotrichum

acutatum
Within columns, means followed by the same letter are not significantly

different by least standard difference at P= 0.05

Plant stage Lup1 Lup14 Lup18 Av. anthracnose

2–3-leaf 3.21c 2.33bc 2.33b 2.62
4–5-leaf 2.13a 1.80ab 1.76ab 1.89
6–7 leaf 1.09a 1.07a 1.24a 1.13
8–9-leaf 1.12a 1.12a 1.89ab 1.37
10–11-leaf 3.60c 2.85c 3.71c 3.38
Mean anthracnose 2.23 1.83 2.18 2.07
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biotrophic phase. At this point, cells of the two organisms are in
close contact, followed by a necrotrophic phase (Esquerré-
Tugayé et al. 1992). However, for some diseases, infection
through wounds is essential (Agrios 2005); thus, the inoculum
was pipetted in to an artificial wound. When using the artificial
wounding method, the biotrophic phase of the pathogen does
not exist. Vargas et al. (2012) hypothesised that the switch
from biotrophic to necrotrophic lifestyle of C. graminicola
in maize enables the fungus to evade the response of the
plant immune system and allows full fungal pathogenicity. In
our study, spraying and pipetting the inoculum produced similar
disease symptoms, suggesting that wounding is not essential
for infection by C. acutatum. Therefore, we consider that
inoculation by spraying may be more appropriate to
investigate lupin anthracnose because it better reflects natural
infection.Andean lupinbreedinghasbenefited from the extensive
collection of genetic material in areas of traditional cultivation.
Most breeding efforts have focused on earliness, productivity,
and adaptation to different environmental zones; however,
developing anthracnose-resistant Andean lupin varieties is
also important. Our data provide basic information to assist a
breeding program to develop anthracnose-resistant genotypes
in the Andean lupin collection. In our opinion, the most
reliable protocol is by spraying a mixture of C. acutatum
isolate as a preliminary selection of the large population. We
recommend scoring at the most resistant stage (6–7-leaf stage,
6weeks old) andconfirmat themost susceptible stage, 10–11-leaf
stage (10weeks old) to identifymaterial with improved response.
Ten-week-old plants that are still alive may be considered
tolerant. Selection of plants based on the evaluation of disease
resistance at only one stage could result in the loss of progeny
that, at other stages, could possess favourable resistant genes.
Resistant plants must be selfed to promote homozygosity and
anthracnose assessed on the offspring. Because of the high level
of outcrossing of Andean lupin, no homozygous cultivars exist in
Ecuador, but efforts should be made to create homozygous
resistant cultivars. If homozygous material and good levels of
resistance were available, it would be feasible to do quantitative
trait locus analysis and create mapping populations.
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