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Coevolution is often found in parasite–host interactions, but has not yet been described 
for hemiparasitic plants and their hosts. Root hemiparasites like Rhinanthus alectoro-
lophus perform photosynthesis but also parasitize other plant species, some of which 
(e.g. Plantago lanceolata) may defend themselves against parasite attack by blocking 
the haustoria of the parasites. We grew seedlings of the hemiparasite R. alectorolophus 
and the potential host P. lanceolata from seven grassland sites in a factorial design. To 
detect differences in host defence, we also included hosts from two ‘naïve’ populations 
from regions where the parasite does not occur. R. alectorolophus grew consistently 
larger and had higher fitness with sympatric than with allopatric hosts, suggesting 
parasite adaptation to local host populations. Moreover, R. alectorolophus remained 
smallest with allopatric hosts from the same region and reached intermediate sizes 
with allopatric hosts from other regions or naïve hosts, suggesting host adaptation 
to parasites at the regional scale. Parasite presence reduced the size of the host plants 
already after four weeks, but only that of hosts with ‘experience’ of the parasite, sug-
gesting an early host response. Follow-up experiments confirmed that parasites attach 
to hosts already after four weeks and hosts respond by changing belowground alloca-
tion patterns. However, parasite roots did not preferentially grow towards sympatric 
hosts. Our results suggest that local adaptation to hosts can occur even in generalist 
parasites and does not require specialization on individual hosts. We discuss the role 
of potential mechanisms, including variation in chemical signalling (early) and in host 
defence (late effects).

Keywords: arms race, coevolution, hemiparasite, host choice, keystone species, 
Plantago lanceolate, reciprocal adaptation, Rhinanthus alectorolophus

Introduction

Hemiparasitic plants are capable of photosynthesis, but depend to different degrees 
on the water, nutrients and additional carbohydrates taken up from their host plants 
(Těšitel 2016). They connect to the stems (stem parasites) or roots (root parasites) of 
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their hosts with specialized organs called haustoria (Heide-
Jørgensen 2013). While some parasitic plants are weeds 
causing substantial damage to agriculture (Parker 2012, 
Gressel and Joel 2013), most root-hemiparasites are grass-
land plants, some of which (including Rhinanthus alectorolo-
phus) are regarded as keystone species that suppress dominant 
grass species and increase biodiversity across trophic levels 
(Pywell et al. 2004, Hartley et al. 2015, Korell et al. 2020). 
Most root hemiparasitic plants, including the European 
genus Rhinanthus (Orobanchaceae), are generalists using a 
wide range of host species. For example, excavation of root 
systems has identified haustorial connections of Rhinanthus 
minor to 50 plant species (Gibson and Watkinson 1989) and 
functional haustoria of Melampyrum and Rhinanthus spe-
cies with 14–17 host species (Holá et al. 2017). More than 
20 species have been experimentally confirmed as hosts for 
Melampyrum arvense and R. alectorolophus, including grasses, 
legumes and forbs (Matthies 2017, 2021). Nevertheless, 
plant species differ strongly in their quality as hosts for hemi-
parasites (Hautier et al. 2010, Brown et al. 2021, Matthies 
2021), which is due to differences in the quality and quantity 
of resources supplied (Govier  et  al. 1967, Seel and Jeschke 
1999) and due to differences in host defence, as some species 
are capable of specific mechanisms to block the formation 
of haustoria or their functioning (Rümer et al. 2007, Timko 
and Scholes 2013). Even within parasite species there is varia-
tion among populations (Jonstrup et al. 2016, Sandner and 
Matthies 2017) and among seed families within populations 
(Moncalvillo and Matthies 2023) in the quality of individual 
host species for the parasite. The amount and importance of 
this variability is not yet understood.

Variation in the quality of hosts for different parasite 
populations or genotypes may lead to adaptation of para-
sites to the best hosts. However, hosts can also adapt to avoid 
damage by the parasites. For example, many Sorghum bicolor 
genotypes resistant to the functional holoparasite Striga 
hermonthica are known from Africa, and they are particu-
larly common where the parasite occurs (Rich  et  al. 2004, 
Bellis et al. 2020). Rhinanthus performance has been shown 
to depend on interactions between host and parasite geno-
types (Mutikainen et al. 2000, Rowntree et al. 2011), which 
is a prerequisite for reciprocal adaptation. The selection for 
increasing host resistance and increasing parasite virulence 
can lead to coevolutionary dynamics, resulting in increased 
performance of either parasites or hosts with sympatric 
compared to allopatric partners (Kaltz and Shykoff 1998, 
Greischar and Koskella 2007). However, until now there is 
no evidence for local adaptation of hemiparasites to their 
hosts, because in the few experimental studies hemiparasites 
did not grow better with sympatric than allopatric hosts 
(Lammi et al. 1999, Koskela et al. 2000, Mutikainen et al. 
2000 for the generalist holoparasite Cuscuta).

Different reasons have been proposed to explain the lack of 
adaptation of hemiparasites to their local hosts. For example, 
hemiparasites and their host plants have relatively similar gen-
eration times, which is in strong contrast to microparasites, 
which evolve much faster than their hosts (Mutikainen et al. 

2000). Moreover, the very restricted ability to forage for spe-
cific hosts in diverse grassland habitats may prevent generalist 
parasites from specializing on specific hosts (Mutikainen et al. 
2000, Moncalvillo and Matthies 2023). However, the appar-
ent lack of local adaptation of hemiparasites could also be 
due to differences in the defence mechanisms of host plants. 
All prior studies have focused on interactions of hemipara-
sites with a dominant host species in their communities from 
which defence mechanisms are not known (Lammi et al. 1999, 
Mutikainen  et  al. 2000, Ahonen  et  al. 2006). In contrast, 
coevolution is more likely when a host may evolve an effective 
defence mechanism which has to be overcome by the parasite.

It is difficult to detect coevolution between parasites and 
their hosts. When both species reciprocally adapt to each other, 
patterns of local adaptation may not be visible (Brockhurst 
and Koskella 2013). The dynamic nature of coevolution may 
lead to a geographic mosaic where local adaptation is detected 
only in some years and at relatively local spatial scales (Lively 
1999). To increase the probability to detect local adaptation 
it is thus useful to study it at different spatial scales (Kaltz 
and Shykoff 1998, Greischar and Koskella 2007, Adiba et al. 
2010). Here, we suggest to also study ‘naïve’ host populations 
which have not been in contact with the parasite and should 
thus be less resistant against parasite attack than ‘experienced’ 
host populations. In such comparisons, increased parasite 
performance with naïve vs experienced hosts would indicate 
adaptation of host populations to the parasite, which in clas-
sical tests for local adaptation (parasites grown with sympat-
ric vs allopatric hosts) may be masked by simultaneous local 
adaptation of the parasite (Fig. 1c).

We studied coevolution in the interactions between the 
hemiparasite R. alectorolophus and its host Plantago lanceolata. 
This species has been shown to be able to completely block 
the haustoria of R. minor (Rümer et al. 2007). However, a 
recent study found that P. lanceolata from a commercial seed 
supplier was a suitable host for R. alectorolophus from one 
population, while it was a very poor host for parasites from 
another population (Sandner and Matthies 2017), which 
may suggest the evolution of adaptation to P. lanceolata in 
some populations of R. alectorolophus. We collected seeds of 
hosts and parasites in three regions in central Europe from 
grassland sites where both occur, but also included seeds of P. 
lanceolata from sites where R. alectorolophus does not occur. 
By growing pairs of hosts and parasites from different pop-
ulations in a reciprocal design, we addressed the following 
questions: 1) does R. alectorolophus grow better with hosts 
from sympatric than from allopatric populations, suggesting 
adaptation of the parasite to local host populations (Fig. 1a)? 
2) Does P. lanceolata grow better with parasites from sym-
patric than allopatric populations, suggesting adaptation of 
the host to the local parasite populations (Fig. 1b)? 3) Does 
R. alectorolophus perform better with naïve hosts than with 
experienced hosts that have been in contact with the para-
site, suggesting either adaptation of the host (Fig. 1b) or even 
coevolution of both species (Fig. 1c)?

Because first results suggested a stronger growth of para-
sites with sympatric hosts already at a time when they had 
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not necessarily attached to a host, we performed a follow-up 
experiment to study the effect of early connections between 
R. alectorolophus and P. lanceolata on parasite and host root 
traits. Moreover, we exposed parasite seedlings to sympatric 
and allopatric host seedlings in agar plates and asked: 4) do 
parasite seedlings recognize the roots of sympatric host seed-
lings and grow preferably in their direction?

Material and methods

Study species

Rhinanthus alectorolophus is an annual hemiparasite from the 
Orobanchaceae family. It grows in mesic or dry and nutrient-
poor grasslands of central Europe and reaches its northern 
distribution limit in Germany. Seeds of Rhinanthus spp. ger-
minate in the absence of hosts after cold stratification and 
seedlings then form haustorial connections to roots of their 
hosts. Rhinanthus alectorolophus uses a broad range of species 
as hosts, but shows preferences for some species. Although 
on average the species grows better with grasses and legumes 
than with forbs, good and poor host species are found within 
each of these functional groups (Sandner and Matthies 2018, 
Matthies 2021). The quality of a species as a host is also 
known to differ among seed families (i.e. genetic lineages) of 
R. alectorolophus (Moncalvillo and Matthies 2023) and popu-
lations of the parasite (Sandner and Matthies 2017). The yel-
low flowers of R. alectorolophus are pollinated by bumblebees, 

but self-fertilization is possible (Sandner and Matthies 2017). 
Seeds are relatively large (4.8 mg, Sandner and Matthies 
2017) and have a winged margin. In closely related R. minor, 
the terminal velocity of the seeds was found to be rela-
tively low (2–3 m s−1) compared with non-winged seeds of 
similar size of other grassland species (Bullock  et  al. 2003, 
Zhu  et  al. 2022), which allows for some not very efficient 
wind dispersal, but also aids dispersal by mowing machinery 
(Bullock et al. 2003). The seed bank is assumed to be short 
lived (3–5 years, Oberdorfer 2001).

Plantago lanceolata (Plantaginaceae) is a common peren-
nial grassland plant often cooccurring with R. alectorolophus. 
Its distribution is much larger than that of the parasite, and 
it occurs throughout Germany, also in regions where R. alec-
torolophus is not present. Plantago lanceolata is predominantly 
wind-pollinated (Clifford 1962, Oberdorfer 2001), but in 
contrast to the parasite is a perennial with an average lifes-
pan of nearly three years (max = 8 years, Roeder et al. 2017, 
Steiner et al. 2021). The conditional life span of the closely 
related P. media has even been estimated as 28 years (Ehrlén 
and Lehtilä 2002). The soil seed bank is reported to be long-
lived (> 15 years, Oberdorfer 2001).

Because Rhinanthus is insect-pollinated and the seeds are 
large and only dispersed over short distances (Bullock et al. 
2003), gene flow may be very limited in Rhinanthus species in 
comparison to wind-pollinated P. lanceolata. If one calculates 
the mean FST for populations at a distance of less than 100 
km from each other using data for Rhinanthus angustifolius 

Figure 1. Schematic illustration of the expected outcomes of parasite–host coevolution. Bars show the expected differences in parasite (left) and 
host performance (right) when grown with naïve or experienced (allopatric or sympatric) hosts. Note in case (c) when both parasite and host 
adapt to each other that the relative performance of allopatric or sympatric hosts (or parasites) may differ depending on whether the parasite or 
the host adapts faster; the absence of differences between these two groups does thus not necessarily indicate the absence of coevolution.
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by Jonstrup et al. (2018) from Sweden and by Smith et al. 
(2020) for P. lanceolata, one obtains an FST value for P. lan-
ceolata of 0.026 and for R. angustifolius of 0.176, indicating 
stronger genetic differentiation among populations of R. 
angustifolius than among those of P. lanceolata. Moreover, the 
increase in genetic distance between pairs of populations with 
geographical distance is much stronger for R. angustifolius 
than for P. lanceolata (Supporting information).

Study sites

We collected seeds of both species at 3–6 sites in each of three 
regions in Germany and Austria (Supporting information). 
In addition, we collected seeds of Plantago at three sites where 
Rhinanthus does not occur (Fig. 2a). However, as seeds from 
some populations did not germinate at the same time as those 
from the other populations, the experiment finally contained 
plants from eight sites with joint occurrence of host and para-
site and two host-only sites (Table 1). The distance between 
populations within a region ranged from 400 m to 20 km, 
but was < 2 km in most cases. The distance between regions 
was 80 km (NH-RH), 350 km (RH-KW) and 430 km (NH-
KW). The two ‘naïve’ populations of Plantago were separated 
by at least 15 km (Mar) or 250 km (Lun) from the nearest 
R. alectorolophus population ever reported by floristic records 
(BfN 2022), and more than 80 / 350 km from the nearest 
Rhinanthus population used in this study. The floristic survey 
in Germany includes training of volunteers and control of 
data quality to guarantee a comprehensive coverage of the 

country (Bettinger 2013) – species absences in these records 
thus indicate true absences. Although this was excluded for 
the year in which seeds were collected, in previous years other 
parasite species may have occurred in both naïve populations, 
potentially including hemiparasites R. minor, Odontites ver-
nus or pathogenic fungi. As there are hardly any regions in 
Germany where no parasitic plant species occur, we decided 
to include one close and one distant host population that had 
no contact with the studied parasite species during the last 
100 years. At each site, we collected seeds from 20 individuals 
per species and pooled them per population.

Experimental set-up

For both Rhinanthus and Plantago, 50 seeds from each popu-
lation were placed on several petri dishes on moist filter paper 
and stratified at 4°C for two weeks (Plantago) or four months 
(Rhinanthus). When the seeds of Rhinanthus started to pro-
duce radicles, they were transferred to conditions of fluctuat-
ing temperature and light (12 h light, 15 / 8°C) to produce 
cotyledons.

One seedling each of host and parasite were planted close 
to each other in 0.5- l pots filled with a 1:1 mixture of sand 
and commercial potting soil and placed in a climate cham-
ber (20°C, 14 h lighting by LEDs). Depending on the num-
ber of seedlings available, 3–6 replicates were set up for each 
combination of host and parasite population (333 pots). As 
controls, 3–6 seedlings from each parasite population were 
also grown without a host, and three host seedlings from each 

Figure 2. The study system. (a) Map showing the distribution of the hemiparasite Rhinanthus alectorolophus in Germany (black squares, 
printed with permission from BfN 2022) and the location of the regions where seeds of both host and parasite (red circles) or only host 
seeds (filled smaller circles) were collected, see Table 1. Plantago lanceolata occurs in nearly all German grid cells. (b–c) Images of plants from 
the experiment shortly before harvest showing rosettes of P. lanceolata together with (b) a very small parasite (left of the host), and (c) a large 
and flowering parasite. Parasites are indicated by arrows.
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population without a parasite (397 pots in total, Table 1). 
Plants received every two weeks 20 ml of a fertilizer solution 
(5 g l−1, N:P:K = 14:7:14%, Hakaphos Gartenprofi, Compo, 
Münster, Germany). Of the parasite seedlings, 69% died in 
the first week after planting, but mortality was not related 
to host origin (χ2 = 1.0, df = 3, p = 0.80). Instead, mortality 
differed between parasite populations (χ2 = 45.9, df = 7, p < 
0.001), likely due to genetic differences and differences in the 
age of seedlings at the time of starting the experiments. Dead 
seedlings were replaced over a period of two weeks, except 
for populations with a shortage of germinated seedlings. The 
replacement of seedlings did not influence the final perfor-
mance of the parasites (Supporting information).

After four weeks of growth, the number of leaves of each 
Plantago plant was counted and the length of the longest 
leaf was measured for all hosts and parasites. Six weeks later, 
it was recorded which plants had survived and which were 
flowering, and the above-ground biomass of both species was 
harvested separately, dried for 48 h at 80°C and weighed. 
The pots with the roots were frozen at −20°C. To study the 
connection between host and parasite, the root systems of 
one of the largest parasites and its host were carefully washed 
and microscopic images were taken of serial sections of a large 
haustorium (Supporting information).

Root allocation experiment

To study potential early effects of hemiparasite presence on 
early root growth of the hosts, we grew in a greenhouse 36 
Plantago seedlings with and 36 without a Rhinanthus seed-
ling in 0.5-l pots that were filled with sand to facilitate wash-
ing of the roots (14 h light, SON-T Agro 400W). We used 
host seeds from two naïve and two experienced populations 
and parasite seedlings from three different populations, none 
of which was sympatric to any of the host populations used 
(Supporting information). Parasite and host populations 
were combined in a full-factorial design with three replicates 
for each combination. Plants received every week 20 ml of 
a fertilizer solution (5 g l−1, N:P:K = 14:7:14%, Hakaphos 
Gartenprofi). After four weeks of growth the length of the 
longest leaf of each Rhinanthus and the length and width of 
the longest leaf and the number of leaves of each Plantago was 

measured. The plants were then harvested above ground, the 
roots of both species carefully washed free of soil, checked 
for haustorial connections and separated. It should be noted 
that we could only tell which parasites had attached to host 
roots, but not whether these connections were functional or 
not. Roots of Plantago floating in water were scanned at 600 
dpi using a flatbed scanner with a transparency unit. All plant 
material was dried for 48 h at 80°C and weighed.

Host choice experiment

To test if the increased early size of parasite seedlings with 
sympatric hosts might have been due to the early recogni-
tion of roots from sympatric host populations, we performed 
a host choice experiment in agar following the methods 
described in Sandner et al. (2022), except that closed petri 
dishes (without holes) were used to reduce algal contamina-
tion. We used parasite and host seeds collected in four popu-
lations in northern Hesse (Supporting information). Seeds 
were surface sterilized in commercial bleach (2.6% sodium 
hypochlorite) for 3 min and washed thoroughly with puri-
fied water before vernalization at 4°C (Rhinanthus only) and 
germination. Square petri dishes (12 × 12 cm2) were filled 
with 100 ml agar (0.5%), in which three cuts were made 
to place the roots of a parasite seedling (in the centre) and 
two host seedlings (at 1.5 cm distance at either side). Parasite 
seedlings from each of the four populations were given the 
choice between Plantago seedlings from the same popula-
tion (sympatric, n = 15) or one of the three other popula-
tions (allopatric, each n = 5), resulting in 15 replicates × 4 
populations = 60 petri dishes. To avoid directional effects, the 
sympatric hosts were planted on the right or left side of the 
parasite in equal numbers. Petri dishes were placed at an angle 
of 45° in a growth chamber (19°C, 12 h LED light). After 
seven days, we took orthogonal photos of the petri dishes 
and measured the maximum lateral extent of the parasite root 
system in the direction of the two host seedlings. As there was 
no indication of host choice, which could have been due to 
the removal of beneficial microbes by seed surface steriliza-
tion, we repeated the experiment with host seedlings grown 
from unsterilized seeds from the same populations. The num-
ber of plates was slightly lower in the second experimental 

Table 1. Design of the experiment: Number of replicate pots planted for each combination of host and parasite population. Colours of the 
cells denote sympatric (green), near allopatric (yellow), far allopatric (red) combinations of host and parasite population and naïve host 
populations (pink). Hi2 was not included as a host population due to poor germination of host seeds.

Host region Pop.
Parasite population

No parasiteEis Rös Dün Kle Mil Rie Hi1 Hi2

Host population Northern Hesse (NH) Eis 5 5 3 5 3 5 5 6 3
Rös 5 5 3 5 3 5 5 6 3

Rhön (RH) Dün 5 5 3 5 3 5 5 6 3
Kle 5 5 3 5 3 5 5 6 3
Mil 5 5 3 5 3 5 5 6 3

Kleinwalsertal (KW) Rie 5 5 3 5 3 5 5 6 3
Hi1 5 5 3 5 3 5 5 6 3
Hi2 – – – – – – – – –

Naïve range of host Lun 5 5 3 5 3 5 5 6 3
Mar 5 5 3 5 3 5 5 6 3

No host 5 5 3 5 3 5 5 6
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run, because we were limited by the number of parasite seed-
lings available (9–11 replicates × 4 populations = 40 petri 
dishes). Differences between the two experimental runs must 
be interpreted with caution and may also have been due to 
factors other than sterilization. However, we tried to keep all 
other experimental conditions as similar as possible, except 
for the surface sterilization of the host seeds.

Data analysis

We differentiated between four types of hosts for each  
parasite population: 1) host originating from the same site 
(= sympatric) as the parasite, 2) host originating from a dif-
ferent site in the same region where the parasite occurs (= 
near allopatric), 3) host originating from a different region 
than the parasite, but from sites where the parasite occurs 
(= far allopatric) and 4) host originating from a site where 
the parasite does not occur (= naïve hosts). We tested the 
effect of host type on the performance of the parasite (leaf 
length after four weeks of growth, biomass at harvest) using 
linear mixed models including parasite population as a ran-
dom factor using the R-package ‘lme4’ (Bates et al. 2015). 
The length of the longest leaf of Rhinanthus is known to be 
a good measure of size as it correlates strongly with parasite 
biomass (Supporting information). Adjusted denomina-
tor degrees of freedom, F- and p-values of the fixed effects 
were determined using Satterthwaite’s approximation using 
the R-package ‘lmerTest’ (Kuznetsova et al. 2017). Pairwise 
differences between different host types were tested with a 
Tukey test using the R-package ‘emmeans’ (Lenth 2023). 
An alternative analysis using a hierarchical ANOVA yielded 
similar results (Supporting information). Parasite biomass 
was log-transformed prior to analyses to meet the assump-
tions of homoskedasticity and normally distributed residuals. 
Survival of the plants was analysed with generalized linear 
mixed models with a logit link and a binomial error distribu-
tion including host type as a fixed factor and parasite popula-
tion as a random factor. For the binomial models, p-values 
were determined by using Wald tests with the R-package ‘car’ 
(Fox and Weisberg 2019).

A multiplicative fitness function was created by calculat-
ing for each combination of host × parasite population the 
mean survival of parasites until harvest and the geometric 
mean of the biomass of surviving parasites. Both values were 
multiplied to represent the mean biomass produced by each 
parasite seedling planted. We used biomass and not flower 
number, because this variable shows a more continuous dis-
tribution and is more useful for the small sample size of 154 
surviving plants, of which only 20 flowered. In annual plants 
(including Rhinanthus), fitness is closely related to plant bio-
mass. Although in the current experiment many medium-
sized parasites did not produce any flowers, this could be 
different under different growing conditions (e.g. more 
light). The effect of host type on the parasite fitness function 
was analyzed by a general linear mixed model including para-
site population as a random factor. Moreover, we used linear 
regression with a quadratic term to test the effect of the (log) 
geographic distance between the sites of origin of host and 

parasite on parasite fitness. For this analysis, distance was set 
to 10 m for sympatric combinations.

As a measure of early host size we used the cumulative leaf 
length after four weeks (number of leaves × length of the lon-
gest leaf ), because it better represented variation in plant size 
than leaf length alone (Supporting information). We used 
general linear mixed models to analyse effects on host perfor-
mance (early leaf size, final biomass). These models included 
parasite presence (yes or no), host naïvety (host population 
with or without the parasite) and their interaction as fixed 
factors. Host population was included as a random factor, 
but it was removed from the analysis of final host biomass, 
because it did not significantly improve the result (likelihood 
ratio test). After restricting the dataset to only experienced 
host populations we used a general linear model with type 
I sums of squares including the contrasts ‘parasite presence’, 
‘sympatric (yes or no)’ and ‘near versus far allopatric’ to test 
if suppression was stronger by sympatric, near or far allopat-
ric parasites. Host leaf length was log-transformed prior to 
analysis to meet the assumptions of homoskedasticity and 
normally distributed residuals.

To test if parasite effects on host size were related to para-
site size, we performed linear regressions of cumulative host 
leaf length on parasite leaf length after four weeks of growth 
and of final log host biomass on final log parasite biomass.

In the root allocation experiment, the scans of the roots of 
Plantago were analyzed using Root Graph (Cai et al. 2015) 
to determine average root thickness and total root length of 
lateral roots. We analyzed the effect of attachment (unat-
tached / attached parasite) on leaf length and biomass of the 
parasite using ANOVAs. We analyzed host traits (shoot and 
root dry mass, root thickness) using ANOVAs with type I 
sums of squares with the factors parasite presence (yes / no) 
and attachment (unattached / attached parasite). Host or 
parasite population were not included as random factors, 
because they did not significantly improve the result (like-
lihood ratio test). Similarly, whether a host population was 
naïve or experienced did not influence any response variable 
except host shoot mass – for this trait we present results of a 
model including parasite attachment × host naivety. We used 
general linear models to analyze the effects of parasite pres-
ence on allometric relationships between log shoot mass and 
log root mass and between lateral root length and total root 
biomass. Similarly, for the subset of plants with a parasite, we 
used general linear models to analyze the effects of attach-
ment of the parasite on allometric relationships.

We analysed the host choice experiment using general 
linear mixed models to test for the effects of sympatric ver-
sus allopatric hosts, sterile versus non-sterile seeds and their 
interaction as fixed factors on the lateral extension of the 
parasite root. The individual petri dish was included as a ran-
dom factor, as was parasite population. The response variable 
(lateral extent of the parasite root system) was square-root 
transformed to meet the assumptions of normally distributed 
residuals and homoskedasticity. We also tested the effect of the 
side (right or left) on which the sympatric host was planted 
and the initial root length of the host seedlings as covariates, 
but both were removed as they were not significant.
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Results

Early host and parasite size (four weeks) and survival

After four weeks of growth, the length of the longest leaf 
of a parasite was influenced by host origin (F3,184.7 = 5.64, 
p = 0.0010). In particular, parasites which grew with hosts 
from the same site (sympatric) were larger than those grown 
with other types of hosts (Tukey test in Fig. 3a). Cumulative 
leaf length of the hosts was reduced only in ‘experienced’ hosts, 
i.e. hosts from sites where the parasite occurs, whereas the size 
of hosts with no experience of the parasite was not affected 
(naïve host × parasite presence, Table 2a, Fig. 3b). Host leaf 
length was not related to parasite leaf length (r2 = 0.006, 
p = 0.299, Supporting information).

Of the established parasite seedlings, 29.4% died until 
harvest. In a generalized linear mixed model, there was some 
evidence for an influence of host type on parasite mortality 
(χ2 = 6.54, df = 3, p = 0.089): Mortality tended to be higher 
with naïve (39 ± 8%, mean ± SE) and sympatric hosts (38 
± 12%) than with far allopatric (20 ± 4%) or near allopat-
ric hosts (25 ± 8%). Only 20 parasites flowered during the 
experiment. However, within each population only the larg-
est individuals flowered, and plant biomass can be assumed 
to be a suitable fitness estimate. In the microscopic analysis of 
haustoria of a large parasite, some cells were destroyed due to 
freezing of the roots. Nevertheless, a continuous xylem bridge 
between host and parasite could be identified (Supporting 
information).

Parasite and host size at harvest (10 weeks)

The biomass of the surviving parasites depended on the type 
of host population (F3,136.2 = 3.35, p = 0.021). Parasites were 
largest when grown with hosts from the same site (sympatric) 
and smallest when grown with hosts from another site within 
the same region (Tukey test, Fig. 3c, Supporting informa-
tion). These differences in the size of parasites were not the 
result of truncation of parasite size due to differential mortal-
ity, as the pattern remained qualitatively the same when the 
analysis was restricted to the largest parasite of each combina-
tion of host × parasite population (Supporting information), 
although this was not significant due to the strongly reduced 

statistical power (F3,50.77 = 1.87, p = 0.147). Similarly, when 
the analysis was restricted to the four parasite populations of 
which plants survived in all factorial combinations, the effect 
of host origin on parasite biomass was similar as presented 
in  Fig. 3c, but less statistically significant (F3,76.6 = 2.74, 
p = 0.049, Supporting information). The multiplicative fit-
ness function (average biomass produced per parasite seed-
ling planted) was influenced by host type (F3,61.3 = 3.19, 
p = 0.030) and showed a pattern very similar to that pre-
sented for biomass (Supporting information). Parasite fitness 
showed a quadratic relationship to the geographical distance 
between the sites of origin of host and parasite (r2 = 0.128, 
p = 0.009, Fig. 4).

Hosts were 16.3% smaller in the presence of a parasite, 
and this effect was similar for hosts from naïve or experienced 
populations (Table 2b, Fig. 3d). In an analysis restricted to 
experienced hosts, suppression tended to be stronger for sym-
patric than allopatric hosts (F1,133 = 3.41, p = 0.067), but did 
not differ between near and far allopatric hosts (F1,133 = 0.114, 
p = 0.736). Larger parasites had a stronger effect on host size 
than smaller parasites, but the variation explained was low 
(r2 = 0.032, p = 0.033, Supporting information).

Root allocation experiment

After four weeks, 17 of the 36 Rhinanthus seedlings had 
attached to the roots of their host. Attached parasites had 
larger leaves (F1,34 = 20.84, p < 0.001, Fig. 5a) and higher 
biomass (16.1 ± 1.8 mm vs 10.2 ± 1.7 mm, F1,34 = 5.85, 
p = 0.021) than unattached parasites. Host shoot mass after 
four weeks of growth was not influenced by parasite pres-
ence or attachment (both F1, 69 < 2.49, p > 0.119). However, 
there was a significant interaction between the effects of 
host naivety and parasite attachment on host shoot mass 
(F1, 68 = 4.40, p = 0.040). The shoot mass of naïve hosts was 
suppressed by the attachment of parasites, while the shoot 
mass of experienced hosts was not affected (Fig. 5b). In con-
trast, the interaction of parasite presence and host naivety 
was not significant (F1, 68 = 2.08, p = 0.154). Host root 
mass was reduced in the presence of a parasite (F1, 69 = 8.10, 
p = 0.006), but did not differ between hosts with attached 
or not attached parasites (F1, 69 = 0.027, p = 0.869, Fig. 5c). 
Host naivety did not influence root mass and was thus not 
included in the models.

In a general linear model, host root mass increased with 
host shoot mass (Table 3a). The presence of a parasite reduced 
root mass, but also changed the slope of the allometric rela-
tionship (p = 0.028, Fig. 6a), as root mass was more strongly 
reduced in larger hosts. Average thickness of primary or lat-
eral roots of the hosts was not influenced by parasite presence 
(both F1, 68 < 0.71, p > 0.40), but was lower in hosts with 
attached parasites (primary root thickness: 0.460 ± 0.006 
mm versus 0.424 ± 0.013 mm, F1, 68 = 5.48, p = 0.022, lat-
eral root thickness: 0.235 ± 0.003 mm versus 0.221 ± 0.006 
mm, F1, 68 = 4.25, p = 0.043). The total length of the lateral 
roots of a host increased with its root mass and this increase 
was stronger in the presence of a parasite (Table 3b, Fig. 6b). 

Table 2. Results of general linear mixed models of parasite presence, 
experience of the host with the parasite (‘naïve host’) and their inter-
action on host performance (log-transformed cumulative leaf length 
after four weeks or host biomass after 10 weeks). Host population 
was included as a random factor in the analysis of early host size, 
see material and methods.

df1
(a) 4 weeks (b) 10 weeks

df2 F p-value df2 F p-value

Naive host 1 9.9 2.54 0.142 165 0.18 0.672
Parasite 

presence
1 206.2 0.19 0.662 165 4.27 0.040

Parasite × 
Naive host

1 206.2 4.48 0.035 165 1.85 0.175
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In separate analyses of plants with a parasite, the responses of 
the hosts (slopes of the relationship between root mass and 
shoot mass and between root length and root mass) did not 
differ between hosts with attached or unattached parasites 
(both F1,32 < 0.94, p > 0.341).

Host choice experiment

Parasites did not generally grow in the direction of sympatric 
or allopatric hosts. There was an interaction between the two 
experimental runs (differing in host seed surface sterilization) 
and sympatric vs allopatric host origin (Table 4): Parasites 
grew more strongly towards sympatric host roots only in the 

experiment in which seeds had not been surface sterilized 
(Fig. 7a–b).

Discussion

Rhinanthus grew largest and had the highest multiplicative 
fitness with hosts from the same site, suggesting local adapta-
tion of the parasite to sympatric hosts. However, the relative 
quality of different types of allopatric populations as hosts 
changed over time. They were of similar quality after four 
weeks, whereas at harvest the near allopatric hosts (from a dif-
ferent site in the same region) were of particularly low quality 

Figure 3. (a–b) Early size (4 weeks after planting) and (c–d) biomass at harvest (10 weeks after planting) of the parasite R. alectorolophus (a, c) 
and its host P. lanceolata (b, d). (a) Length of the longest leaf of the parasite when grown with hosts from sites where the parasite does not occur 
(‘naïve’, N), from sites with a parasite in a different region (‘Allopatric – far’, AF), from sites in the same region (‘Allopatric – near’, AN), and 
from the same sites as the parasite (‘Sympatric’, S). (b) Effect of parasite presence and origin of parasite population on cumulative leaf length 
of P. lanceolata from populations where the parasite occurs (‘experienced hosts’) or is absent (‘naïve hosts’). (c) Biomass of parasites grown with 
different host types at the end of the experiment. (d) Biomass of different types of hosts grown with and without a parasite at the end of the 
experiment. Means ± 1 SE from models including parasite (a, c) or host population (b) as random factor. Note log-scale for host leaf length 
and parasite biomass. Numbers in the figures indicate the number of replicate plants per group. In (a) and (c), groups with different letters are 
significantly different (p < 0.05) based on a Tukey test. In (b) and (d), asterisks indicate a significant effect of the factor ‘parasite presence’ and 
its interaction with host naivety on host size in linear models, see Table 2 and of the contrast ‘sympatric vs allopatric’, *, p < 0.05; (*), p < 0.10 
. Blue horizontal lines in (a) and (c) indicate the mean ± 1 SE of the size of parasites grown without hosts for comparison.
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for the parasites. The interaction between parasite and host 
can be understood by comparing patterns of parasite size and 
host suppression. Effects of sympatric and allopatric para-
sites on host size also changed over time, suggesting differ-
ent mechanisms involved. We will first discuss separately the 
patterns of host and parasite performance observed after four 
and ten weeks, before we discuss the potential mechanisms 
involved in more detail.

Interactions between host and parasite after four 
weeks

Parasite seedlings growing together with sympatric hosts were 
larger than those growing with allopatric hosts already four 
weeks after planting. Leaf length of Rhinanthus species at this 
age is usually a very good predictor of parasite performance 
and final biomass (Matthies 2021), and the larger early size 
of parasites with sympatric hosts thus suggests local adapta-
tion of parasites (Kaltz and Shykoff 1998). In our follow-
up root allocation experiment 50% of the parasites had 
already attached to the host roots after four weeks of growth. 
Moreover, attached parasites were significantly larger than 
unattached parasites, suggesting that in our main experiment 
more parasites grown with sympatric than with allopatric 
hosts were attached after four weeks.

At the same time, the cumulative leaf length of hosts was 
reduced in the presence of a parasite, which is usually inter-
preted as host suppression by the parasite (Ameloot  et  al. 
2005, Matthies 2021). However, there was no match between 
the effects of host type on parasite size and on host suppres-
sion: sympatric hosts where not suppressed more strongly than 
allopatric hosts, and hosts from naïve populations (i.e. from 
regions where the parasite does not occur) were not suppressed 
at all. Similarly, in the root allocation experiment, not only 
the successful attachment, but the mere presence of a parasite 
reduced host root mass after four weeks. This suggests that 
the reduced size of the potential hosts at this early stage was 
not a result of host suppression by the parasite. Instead, expe-
rienced hosts (sampled from sites where the parasite occurs) 
may have recognized the presence of Rhinanthus and started a 

Figure 4. Relationship between multiplicative fitness of the parasite 
(biomass produced per seed sown) and the distance between the site 
of origin of host and parasite. Symbols show means for combina-
tions of host and parasite population. Distance was set to 10 m for 
sympatric combinations. Distances > 50 km correspond to host 
plants from populations in other regions and from naïve host popu-
lations in Fig. 2. Note log-scale for distance.

Figure 5. Effects of parasite attachment in the root allocation experiment on host traits after four weeks of growth together. (a) Effect of 
attachment to the host on the length of the longest parasite leaf. (b) Effect of attachment of a parasite on the shoot mass of Plantago seed-
lings from populations experienced with the parasite or not (naïve hosts). (c) Effect of parasite presence and parasite attachment on the root 
mass of seedlings of Plantago. Means ± 1 SE. Asterisks in (c) indicate significance (p < 0.01) of the factor ‘parasite presence’ in the ANOVA, 
see text for details. Numbers in brackets indicate the number of replicate plants. 
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response involving a reduction of their aboveground biomass. 
Such a response might be an induced defence mechanism that 
incurs costs on plant growth, as suggested by induced defences 
against herbivores (Redman et al. 2001, Ahonen et al. 2006, 
Moncalvillo and Matthies 2023). Alternatively, plants may 
have changed their patterns of biomass allocation to compen-
sate for a potential loss of water and nutrients to the parasite. 
In the root allocation experiment, Plantago did not sim-
ply increase its root mass fraction as is typically observed in 
response to nutrient deficiency (Poorter et al. 2012). However, 
the production of less root mass with a similar total length of 
lateral roots in the root allocation experiment suggests that 
hosts respond to the presence of a parasite by producing more 
fine roots to increase nutrient uptake.

The results of the root allocation experiment highlight a 
difficulty in research on root-parasitic plants: the uncertainty 
about attachment to the host root. Parasite attachment (i.e. 
the formation of haustoria to a host root) had different effects 
on several host traits than the mere presence of a parasite, but 
had to be determined destructively by washing the entire root 
systems. Moreover, attachment does not imply that the con-
nection to the host is functional (Rümer et al. 2007, Holá et al. 
2017). Although successful attachment to a host may be 
deduced from an increase in parasite size and leaf greenness 
(Klaren and Janssen 1978), it is not possible without destruc-
tive root sampling to determine whether a parasite has unsuc-
cessfully attempted to form connections to a host or not.

Interactions between host and parasite after ten 
weeks

After ten weeks of growth, patterns of local adaptation 
had changed. Parasites were still largest when grown with 

sympatric hosts, but they were smallest when grown with 
hosts from another site in the same region and intermedi-
ate when grown with hosts from another region or with 
naïve hosts (Fig. 3c). A similar pattern was found for para-
site multiplicative fitness, which was lowest when grown with 
hosts from intermediate geographic distances. Another study 
reported differences in the performance of parasites with near 
vs far sympatric hosts (Adiba et  al. 2010), but in that case 
parasite performance changed monotonically with distance 
between host and parasite populations. To our knowledge, 
a bimodal pattern of parasite performance with relatedness 
to the hosts has not been reported before. It might suggest 
that not only the parasite adapts to its host, but the hosts also 
show some adaptation to the parasite (Fig. 1c, with the para-
site adapting faster). The resulting pattern was a decreasing 
parasite performance with increasing familiarity to the hosts, 
except for parasites grown with hosts from the same site. The 
corresponding pattern of stronger suppression of sympatric 
than allopatric hosts was only marginally significant (Fig. 3d). 
We cannot be completely sure that hosts are locally adapted 
to the parasite, but we find this the most likely explanation of 
the bimodal pattern of parasite performance.

Plantago lanceolata has been found to be able to com-
pletely block haustoria of the closely related parasite R. 
minor (Rümer et al. 2007), although our results indicate that 
this defence is not absolute and can be overcome by some 
Rhinanthus. The relatively good performance of parasites with 
naïve hosts and the strong suppression of their biomass after 
10 weeks may suggest that naïve hosts are less capable of such 
a defence. In contrast, hosts from the same region might be 
best adapted to recognize the attack by familiar parasite geno-
types and block the formation of haustoria. Parasites even 
tended to be smaller with near-allopatric hosts than without 

Table 3. Results of general linear models of the effects of parasite presence on the allometric relationship between (a) log root and log shoot 
mass and (b) lateral root length and root mass of the host Plantago. 

(a) Log root mass (b) Lateral root length
Source of variation df F p-value Source of variation df F p-value

Log shoot mass 1 247.36 < 0.001 Root mass 1 50.55 < 0.001
Parasite presence 1 4.14 0.046 Parasite presence 1 2.75 0.102
Shoot mass × parasite 1 5.04 0.028 Root mass × parasite 1 7.33 0.009
Residual 68 Residual 67

Figure 6. Effects of parasite presence on root traits of the host Plantago in the root allocation experiment. (a) Allometric relationship between 
root mass and shoot mass of hosts grown with (open symbols) or without the parasite Rhinanthus (filled symbols). Note log-scales of the axes. 
(b) Relationship between total lateral root length and root mass of the host. In both graphs slopes differ significantly, see Table 3.
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a host, suggesting suppression by Plantago via competition or 
allelopathy. However, sympatric parasites may have been able 
to overcome the host defence because they may have evolved 
faster, which we will discuss later in more detail. A strong 
interaction due to an evolutionary ‘arms race’ with high local 
adaptation of both host and parasites within populations is 
also supported by the tendency of higher mortality of par-
asites with sympatric than allopatric hosts – parasites were 
either adapted and grew relatively large, or the host was better 
adapted and the parasite died. However, it is important to 
note that the increased average size of parasites with sympat-
ric hosts was not just an effect of truncation by differential 
mortality, but remained qualitatively the same when the anal-
ysis was restricted to the largest parasites of each combination 
of parasite × host population, or when a multiplicative fitness 
function combining mortality and biomass was analysed.

Possible mechanisms of host–parasite interaction

The mechanisms involved in the interaction between both 
species remain to be unravelled. It is likely that differences in 
the ability of induced defence between Plantago populations 
play a role, for example, when naïve hosts are less capable 
of a defence than host populations from the same region as 

the parasites. A defence may include blocking haustoria by 
host cell fragmentation, as has been described for P. lanceo-
lata (Rümer et al. 2007), or other morphological or chemical 
responses (Timko and Scholes 2013, Jhu and Sinha 2022). 
Although many parasites were not significantly larger than 
parasites grown without a host, in large hosts we found fully 
developed, functional haustoria, which – together with the 
large size of some parasites in pots with Plantago – illus-
trates the suitability of some Plantago genotypes as a host for 
some parasites. Variation among host genotypes in defence 
is known from some arable crops attacked by parasitic weeds 
(Goldwasser  et  al. 1999, Rich  et  al. 2004). Host specific-
ity of parasites has often been linked to genetic differences 
among host and parasite lineages (Botanga and Timko 2006, 
Bellis et al. 2020), but environmental parental effects or epi-
genetic mechanisms have been suggested as an additional 
mechanism to explain host preferences of hemiparasites 
(Adler 2003) or the ability of parasitic weeds to quickly adapt 
to different crop species (Bruce and Gressel 2013). We used 
seed material collected in the field to include both genetic 
and environmental parental effects, although separating 
the two would be very interesting for a deeper mechanistic 
understanding of the interactions found.

Because of the very early positive effects of sympatric hosts 
on parasite size at a time when hosts were not yet consistently 
suppressed in their growth, we suspected that also differences in 
host recognition may be involved. Hemiparasites are known to 
recognize suitable host species by chemical cues (Yoder 2001, 
Mutuku  et  al. 2021), and host choice experiments in agar 
suggest that Rhinanthus can already at a very early stage grow 
more strongly in the direction of certain species than others 
(Sandner et al. 2022). Parasites might thus recognize Plantago 
from sympatric populations earlier as potential hosts and form 
haustorial connections, while parasites growing with other 
host populations continue to search for suitable hosts, thus 

Table 4. Results of a linear mixed model of the effects of two experi-
mental runs (differing in whether host seeds were surface sterilized 
or not), sympatric versus allopatric origin of the host seedlings and 
their interactions on the lateral extension of the Rhinanthus root 
system grown in agar in petri dishes after seven days. Petri dish and 
parasite population were included as random factors.

Fixed factor dfnom dfdenom F p-value

Experimental run 1 95.3 0.41 0.522
Sympatric host 1 98.0 0.20 0.654
Sympatric × 

Experiment
1 98.0 4.94 0.029

Figure 7. Host choice experiment. Lateral extent of the root system of Rhinanthus seedlings grown between two Plantago seedlings derived 
from (a) seeds that were surface sterilized (n = 60), and (b) seeds that were not sterilized (n = 40). Seeds originated from either allopatric or 
sympatric populations. Lines and error bars show means and standard errors for the sympatric × sterilization (experimental run) effect 
(compare Table 4). (c) Image of a petri dish with a parasite seedling grown for seven days between two host seedlings, illustrating how the 
lateral extent of the parasite root system was measured.
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allocating more resources to below-ground growth. However, 
this expectation was not confirmed in our host choice experi-
ment. There was only slightly stronger root growth in the 
direction of sympatric hosts when host seeds were not surface 
sterilized (as in the main experiment), an effect that vanished 
when host seeds were surface sterilized, suggesting an effect of 
the microbiome. Microbiota can be transferred from seeds to 
the soil (Abdelfattah et al. 2023). Microbes of the seed sur-
face are removed by surface-sterilization, leaving only endo-
phytic communities (Azarbad et al. 2022). It is possible that 
parasites in our experiments recognized not sympatric hosts, 
but sympatric microbes carried with the host seeds. Moreover, 
host seedlings can produce root exudates as a specific reac-
tion to the presence of certain microbes (e.g. strigolactones in 
response to mycorrhizal fungi), and parasitic plants can recog-
nize these exudates to find a suitable host and form haustoria 
(Bouwmeester et al. 2007), a process that may be prevented 
by host seed sterilization. However, the early preference for 
sympatric Plantago seedlings was so weak that it is unlikely 
to explain the differences in parasite fitness observed in our 
experiment. Alternatively, hosts which were able to recognize 
the presence of parasites from root exudates may have been 
more likely to avoid contact with parasite roots or to start a 
defence reaction.

Stronger adaptation of parasites to local hosts than 
vice versa

At local scales (i.e. within our geographical regions), we found 
patterns of parasite (but not host) local adaptation. Why does 
the parasite win the arms race at the population scale? Firstly, 
models of coevolutionary dynamics predict that local adapta-
tion of the parasites is more likely to be found when they have 
shorter generation times and higher gene flow than their hosts 
(Gandon et al. 1996, Kaltz and Shykoff 1998). In line with 
this hypothesis, Rhinanthus as an annual plant with a short-
lived seed bank may evolve local adaptation more quickly than 
Plantago, which is potentially very long-lived, has an average 
lifespan of nearly three years (Roeder et al. 2017, Steiner et al. 
2021), and a long-lived seed bank. However, the gene flow 
between populations is certainly higher for the common wind-
pollinated host Plantago than for the more rare and bumble 
bee-pollinated parasite. This is supported by studies report-
ing 5–10 times higher genetic differentiation between popu-
lations of the related parasite R. angustifolius (Jonstrup et al. 
2018) than between populations of P. lanceolata (Smith et al. 
2020) at similar geographic distances (Supporting informa-
tion). Higher gene flow (or ‘migration rate’) among host than 
parasite populations has been proposed to facilitate local adap-
tation of the host (Kaltz and Shykoff 1998, Mutikainen et al. 
2000, Roth et al. 2012), because it would speed up the spread 
of newly acquired host-resistance alleles and thus give the host 
an advantage in the arms race. However, in the specific sys-
tem, the higher gene flow among host populations may even 
slow down local adaptation, as parasites are absent in most 
Plantago populations and gene flow among populations may 
dilute adaptation of the host.

Secondly, the selection for adaptation to local genotypes of 
the interaction partner may be much stronger for the parasite, 
which has to reproduce within one season and whose fitness 
depends strongly on access to a suitable host, than for the 
perennial host. Our result is thus in line with other studies sug-
gesting that local adaptation is more often found in parasites 
(including herbivores) than their hosts (Garrido et al. 2012). 
The mean suppression of host size (i.e. virulence) of 16% was 
similar to the mean suppression of 25 different host species 
by Rhinanthus in similar pot experiments (−19%, Matthies 
2021). It should be noted that the situation in the current 
experiment of a parasite seedling encountering a Plantago 
seedling is different from the situation in natural populations, 
where Rhinanthus seeds germinate during winter and attach 
to their host roots in early spring, likely encountering large 
perennial host individuals. The effect of parasites on older 
Plantago may thus be different from that found in our study.

The fitness advantage for Rhinanthus of being able to use 
Plantago as a host is difficult to estimate. Plantago occurs in 
most parasite populations, but it always grows in a matrix 
including more suitable host species (i.e. most grass and 
legume species and several forbs, Matthies 2021). Most 
parasites unable to attack Plantago will thus have no prob-
lem to grow and reproduce, which might limit adaptation. A 
meta-analysis concluded that local adaptation is less likely in 
parasites with broader than those with narrower host ranges 
(Lajeunesse and Forbes 2002). However, other plant spe-
cies are not only potential hosts for hemiparasites, but also 
competitors for light (Matthies 1995), and competition with 
non-hosts may thus lead to the competitive exclusion of good 
host species. There may thus be a strong selective advantage 
for hemiparasites not to specialize on one or few host species, 
but to use (and suppress in size) neighbours of all species. In 
natural grasslands, hemiparasites often attach to several host 
species simultaneously (Holá  et  al. 2017). In populations 
where Plantago is common, it may thus be an advantage for 
Rhinanthus to use this species as one of several hosts, and thus 
reduce competition for light by Plantago. R. alectorolophus 
is known to reduce the biomass of Plantago even in multi-
species mixtures where better hosts are also present (Sandner 
and Matthies 2018). Moreover, hemiparasites receive different 
compounds from different host species, and a mixed diet has 
been found to increase the performance of hemiparasites com-
pared to growth in monocultures (Marvier 1998, Sandner and 
Matthies 2018, but see Matthies 1996). It is thus possible that 
the ability to use Plantago as one of several hosts increases the 
performance of Rhinanthus in host mixtures.

Can generalist parasites adapt to individual host 
populations?

Our results do not support the predictions of a geographic 
mosaic of local adaptation (Lively  et  al. 1999) that due to 
fluctuations during coevolutionary dynamics, parasite local 
adaptation is found only in some years or populations, but 
not others. We could not test for differences in local adapta-
tion among populations due to the low number of surviving 
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parasites, but our results suggest that similar patterns are 
found in all populations (Supporting information). This find-
ing shows that predictions from host-parasite models based on 
specialized parasites may only to a limited degree be applied 
to hemiparasite–host systems. In classical models, increasing 
selection for defended host-genotypes leads to a decline of 
formerly virulent parasite genotypes until re-adaptation has 
taken place (Lively et al. 1999). In contrast, Rhinanthus geno-
types unable to use Plantago may remain in the population 
using only other host species. This could allow the parasites 
to also adapt to the more resistant Plantago genotypes, either 
genetically via mutation and recombination, or via epigen-
etic mechanisms. Such adaptation may take place over sev-
eral generations if the ability to use Plantago as one of several 
hosts increases parasite performance. Once connected to one 
or several good host species, Rhinanthus can produce new 
roots and haustoria to repeatedly probe different host- and 
non-host species for their suitability. The ability to use mul-
tiple hosts simultaneously is a special feature of parasitic plants 
and most similar to plant-herbivore interactions (Pennings 
and Callaway 2002), except that herbivores have to move 
between different host plants. While herbivorous insects will 
likely spend most of their time on suitable food plants, larger 
vertebrates are known to eat many different plant species, 
which may e.g. facilitate detoxification of secondary metabo-
lites (Freeland and Janzen 1974, Marsh et al. 2006). Over the 
lifespan of the parasite, the constant probing of new potential 
host species can lead to the association of certain host cues 
with host quality, which might possibly even be transmitted to 
future generations. Adaptation of Rhinanthus to Plantago may 
thus also include trans-generational plasticity (Herman et al. 
2012), e.g. if epigenetic mechanisms help the parasites to rec-
ognize Plantago as a host species and attach to it earlier, as 
has been found for host choice by Bicyclus anynana butterflies 
(Gowri et al. 2019). The role of genetic and epigenetic effects 
on host specificity in hemiparasitic plants should be addressed 
in future experiments (Bruce and Gressel 2013).

In conclusion, in contrast to earlier studies we found evi-
dence for local adaptation of a hemiparasite to one of its host 
species. This may be due to the existence of defence mecha-
nisms in Plantago that have to be overcome by Rhinanthus, 
while former studies used good and likely undefended host 
species. In contrast to parasite local adaptation in other para-
site–host systems, this adaptation does not involve specializa-
tion of the generalist hemiparasite on this relatively poor host 
species. Similar processes may be found in parasite–hosts sys-
tems involving other hemiparasitic Orobanchaceae, but also 
holoparasitic plants like Cuscuta which may simultaneously 
attach to different host species (Koch et al. 2004). In such sys-
tems, simultaneous local adaptation of both partners may be 
possible, and coevolution with host species may thus take place 
even without specialization on individual species and increase 
the ability of the parasites to use many species in a mixed diet 
and control their abundance in the host community. Our 
results support the notion of Rowntree et al. (2011) that the 
interactions between hemiparasites and their hosts depend 
on the genetics of hemiparasite and hosts, which may have 

implications for the conservation of rare hemiparasites as well 
as the effects of hemiparasites on plant community structure.
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