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HIGHLIGHTS

e Hybridization might alter the host range of weed biocontrol agents.

e No-choice larval tests were conducted with parental and hybrid ragwort flea beetles.
e No change in host range of hybrids was found compared to parents.

e Hybridization did not improve performance on non-target species either.

o If host ranges are similar, hybridization likely poses minimal risk in biocontrol.

ARTICLE INFO ABSTRACT
Keywords: Hybridization can alter the host-specificity and fitness of herbivorous insects when the hybridizing populations
Host shift

are adapted to different hosts. It is less clear what the effects of admixture may be when genetically distinct
populations are crossed that have similar and narrow host ranges. We tested the effects of hybridization between
an Italian and Swiss population of the ragwort flea beetle, Longitarsus jacobaeae, a biocontrol agent for tansy
ragwort, Jacobaea vulgaris, in the USA. Development success, development time, and fecundity of parental and
first- and second-generation hybrids were assessed on the primary host and ten closely related plant species in
no-choice larval transfer experiments. Four of the non-target species supported limited development but none
represented novel host use of hybrids compared to the parents. Development time showed maternal effects on
one of the non-target species where offspring of crosses with Italian mother developed slower. Percent larval
development was significantly greater for one replication of a non-target species, indicating a plant genotype
effect. Overall, hybridization did not result in changes of the fundamental host range or improved performance of
hybrids on non-target species even when some hybrid lineages exhibited hybrid vigor on the primary host. These
findings underscore the reliability of currently-employed host-specificity testing procedures that identify the
fundamental host range of potential agents. Our results also support the newly advocated approach to promote
intraspecific hybridization in biocontrol agents when the parental populations have similar and narrow host
ranges to increase genetic variation and create novel genotypes to facilitate adaptation and persistence in the

Host range evolution
Weed biocontrol
Intraspecific hybridization

new range.
1. Introduction conducted prior to release has proven a very reliable method to assess
the fundamental host range of weed biocontrol agents, that is, the range
In classical biological control the safety of agents is of utmost of species the agent is able to complete development on (Hinz et al.,
importance to ensure that they will not damage populations of any non- 2019, 2020; Schaffner, 2001; Suckling and Sforza, 2014). Only four
target native species in the introduced range. Host specificity testing cases of unpredicted direct non-target effects had been recorded of the
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457 weed biocontrol agent species released until 2008 (Hinz et al.,
2019). Other cases of non-target attack involved non-target species that
were not included in host specificity testing or were predictable based on
results of host-testing (Hinz et al., 2019). In general, less than 1% of
weed biological control agent introductions have resulted in any non-
target effects (Hinz et al., 2019, 2020; Suckling and Sforza, 2014).

Despite the remarkable safety record of weed biological control
agents, an emerging concern is the potential of species for rapid evolu-
tionary change post-introduction that may include host shifts or host
range expansion (Hufbauer and Roderick, 2005; Schaffner, 2001; Van
Klinken and Edwards, 2002). Rapid evolution has been shown in a few
weed biocontrol agents that have adapted to novel environmental con-
ditions by changing cold tolerance or diapause requirements following
release (Bean et al., 2012; McEvoy et al., 2012; Szics et al., 2012b,
2019b). To date there is no evidence for evolutionary change in the
fundamental host range of weed biocontrol agents and only limited
evidence for genetic change in the performance of agents on non-target
species (Van Klinken and Edwards, 2002). However, we know that
herbivorous insect species, particularly species that have relatively
broad host ranges, can evolve rapidly to include new species in their diet
or to increase performance on previously suboptimal hosts. For example,
soapberry bugs (Leptocoris tagalicus Kirkaldy 1908) adapted in less than
50 years to exploit the introduced balloon vines Cardiospermum hal-
icacabum L. and C. grandiflorum Sw. (Andres et al., 2013; Carroll et al.,
2005). Experimental evolution studies in the laboratory using spider
mites (Tetranychus urticae Koch), seed beetles (Callosobruchus maculatus
F.) and flour beetles (Tribolium castaneum Herbst) have also shown that
host use can evolve rapidly (Agrawal, 2000; Fellous et al., 2014; Fricke
and Arnqvist, 2007; Magalhaes et al., 2009; Messina and Durham, 2013;
Messina et al., 2018, 2020; Szfics et al., 2017).

One of the processes that is increasingly recognized as a likely agent
of rapid evolutionary change is hybridization; either between species
(interspecific) or between genetically distinct populations of the same
species (intraspecific) (Dlugosch et al., 2015; Schierenbeck and Ell-
strand, 2009; Stebbins, 1959). Hybridization can promote evolutionary
change, for example by increasing genetic variation thereby facilitating
adaptation to novel conditions or by creating novel genotypes that can
exhibit traits that differ from parental populations (transgressive
segregation) (Arnold, 1997; Rieseberg et al., 2007; Stebbins, 1959).
Hybrids may also exhibit heterosis or hybrid vigor in early generations
due to the masking of deleterious alleles or because of heterozygote
advantage (overdominance) (Edmands, 2002; Lynch, 1991). In biolog-
ical control, hybridization has been reported between imported
biocontrol agents and native species (Davies et al., 2009; Havill et al.,
2012; Naka et al., 2005; Toda et al., 2000; Yara et al., 2000), closely
related species released against the same target (Bean et al., 2013;
Bitume et al., 2017) and conspecifics (Hoffmann et al., 2002; Mathenge
et al., 2010; Messing and Aliniazee, 1988; Sziics et al., 2012a, 2019a),
but the effects of such hybridization on host-specificity have rarely been
investigated. In two cochineal insect species (Dactylopius tomentosus
Lamark and D. opuntiae Cockerell) where host races are common, hy-
bridization between biotypes adapted to different host species resulted
in reduced host specificity of the first generation (F1) hybrids compared
to parental biotypes in both cases (Hoffmann et al., 2002; Mathenge
et al., 2010). Since the hosts of both biotypes were weeds targeted for
biological control hybridization in these systems can be beneficial
because the hybrids can attack both weed species where they occur in
sympatry (Hoffmann et al., 2002; Mathenge et al., 2010). In the case of
D. opuntia where crosses were followed beyond the first generation there
were signs of a reversal to increased host specificity but only in some of
the second generation (F2) individuals, suggesting that the longer-term
impacts of hybridization on host range can be unpredictable (Hoffmann
et al., 2002). Hybridization between three Diorhabda species used to
control invasive saltcedars in the USA also revealed a shift in host
preference towards either the target saltcedar or a non-target Tamarix
species in some of the F2 crosses (Bitume et al., 2017). In this system, the
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different Diorhabda species used in the crosses had differing host pref-
erences even prior to hybridization and were able to develop on the non-
target Tamarix aphylla (L.) Karst (Bitume et al., 2017).

The above laboratory studies show that host-specificity can be
altered by hybridization in cases where the parental populations are
adapted to different hosts. However, in these instances further testing of
hybrids would likely be required under current regulations to ensure the
safety of agents. What remains unclear, though, is whether hybridization
could also change host-specificity of intraspecific crosses in cases where
the parental populations have similar host ranges. Understanding how
hybridization in these cases may alter the fundamental host range and/
or the preference and performance of biocontrol agents on non-target
species is important to ensure that current host-testing practices
remain a good predictor of host range following introduction.

In this study, we assessed the effects of intraspecific hybridization
between two phenotypically distinct and genetically diverged pop-
ulations of the ragwort flea beetle (Longitarsus jacobaeae Waterhouse,
Coleoptera: Chrysomelidae) (Sztics et al., 2011). We tested whether
hybridization would facilitate the inclusion of additional plant species in
the diet or whether it would alter performance of hybrids on non-target
species compared to the parental lineages. Two distinct populations, one
from Italy and one from Switzerland, of the ragwort flea beetle were
introduced to North America to control the invasive tansy ragwort
(Jacobaea vulgaris Gaertn.) (Frick and Johnson, 1973; Littlefield et al.,
2008). Both populations were tested separately for host specificity prior
to release and were found to have very similar and narrow host ranges
(De Clerck-Floate et al., 2010; Frick, 1970; Puliafico, 2003). Following
introduction, hybridization between the Italian and Swiss populations
occurred (Sztics et al., 2019a, 2011). To test the effect of this hybridi-
zation on host specificity, we compared developmental success of larvae
to adult, development time, and fecundity of parental populations with
those of F1 and F2 hybrids on the target plant and on ten closely related
species. We hypothesized that given the similar host ranges of parents,
the fundamental host range of hybrids would not change compared to
the parents. However, because previous studies showed hybrid vigor in
this species (Sztics et al., 2012a, 2019a), we expected that the hybrids
could show increased fitness compared to either parent on non-target
plants.

2. Materials and methods
2.1. Host range of Swiss and Italian L. jacobaeae

The Italian and Swiss populations of the ragwort flea beetle are able
to feed and oviposit on a wide range of plants, but their larval host-range
is limited to a few closely related species within the genera Jacobaea,
Senecio sensu stricto, Packera and Emilia (De Clerck-Floate et al., 2010;
Frick, 1970; Puliafico, 2003). The primary host of L. jacobaeae is tansy
ragwort (Jacobaea vulgaris formerly Senecio jacobaeae: family Aster-
aceae, tribe Senecioneae). This target weed was recently reclassified into
the genus Jacobaea from the genus Senecio sensu stricto (Pelser et al.,
2002, 2007). Development to adulthood has been reported on three
other species from the genus Jacobaea (J. maritima, J. aquatica syn.
S. aquaticus, J. erratica syn. S. erraticus), on three species from the closely
related Packera genus (P. pseudaurea, P. paupercula, P. plattensis), and on
three species from the genus Senecio sensu stricto (S. flaccidus syn. S.
longilobus, S. vulgaris, S. erucifolius) (De Clerck-Floate et al., 2010; Frick,
1970). In addition, one species in the genus Emilia was found to support
larval development to adulthood (Frick 1970). This genus is now
considered a sister genus or part of the genus Packera, and thus is closely
related to J. vulgaris (Pelser et al., 2007). However, the development
success on these non-target plants was lower than on the target weed.



M. Szilcs et al.

2.2. Successful larval development of parental and hybrid lineages of
L. jacobaeae on the primary and non-target hosts

To test the effects of intraspecific hybridization on host-specificity,
we compared the performance of parental and hybrid lineages of
L. jacobaeae on the primary host J. vulgaris and on 10 non-target plant
species (Table 1). Six different lineages of ragwort flea beetles were used
to infest the test plants: 1) Swiss parent, 2) Italian parent, 3) F1 hybrid
where females were Swiss (Swiss F1), 4) F1 hybrid where females were
Italian (Italian F1), 5) F2 hybrid where females were Swiss (Swiss F2),
and 6) F2 hybrid where females were Italian (Italian F2). The number of
replications for the different treatment combinations (11 plant species
x 6 beetle lineages) is shown in Table 1. In general, there were 8 rep-
licates for most treatment combinations, with more replicates for the
primary host and J. maritima, the most closely related species, and fewer
replicates for S. eremophilus because of difficulty growing plants
(Table 1). In addition, the Italian F1 beetle lineage was only tested on
J. vulgaris and J. maritima because there were not sufficient larvae
available for this lineage to test it on all non-target species (Table 1).

The parental beetle lineages were collected either near Delémont,
Switzerland or near Salem, OR (Italian) and were reared in a quarantine
facility in Bozeman, MT. To create first generation reciprocal crosses,
virgin Swiss or Italian females were paired with either Italian or Swiss
males, respectively. The generation emerging from eggs laid by these
crosses was considered F1. The subsequent generation produced by
these F1 beetles constituted the second generation (F2) hybrids, thus no
backcrossing took place to create F2 hybrid lineages. Beetles of parental
and hybrid lineages were reared by keeping adults in clear plastic con-
tainers in groups of 20-50 beetles, which were fed tansy ragwort leaves
inserted in moist foam blocks. Eggs were laid into the foam blocks
during summer and fall and were then kept in a refrigerator at 2-6 °C
over the winter. Eggs were removed from May to June. Upon eclosion,
first instar larvae were transferred onto potted tansy ragwort plants.
Infested plants were kept in cages, and adults emerging within 8-12
weeks were used to start a new generation of rearing.

The primary host and target weed, J. vulgaris, served as a positive
control to quantify development of the beetles. The 10 test plants rep-
resented the genera Jacobaea (n = 1), Senecio sensu stricto (n = 6), and
Packera (n = 3) (Table 1). Most of the species were used in previous host-
specificity tests of either the Swiss or Italian population of the ragwort
flea beetle as part of the approval process for their release in North
America (De Clerck-Floate et al., 2010; Frick, 1970; Puliafico, 2003).
Five of the test plants were previously found to support limited larval
development to adulthood (Table 1). Nine of the test plant species plus
the primary host were grown from seed starting in January 2016 in a
greenhouse at 23Celsius temperature under 16 h light and 8 h dark

Table 1

Biological Control 157 (2021) 104585

conditions. The tenth test species (P. plattensis) was collected near
Bozeman, MT in May 2016, transplanted into pots and kept in the same
greenhouse as the other test plants.

Each potted plant (replication) was infested with 20 first instar
ragwort flea beetle larvae between 18 May and 23 June 2016 as larvae
for the different lineages became available. Larvae were transferred
using a fine paint brush to the root crown and lower petioles of plants
that were all in the rosette stage upon infestation. Each plant was
covered individually with mesh cages prior to pupation (estimated at
4-5 weeks after larval transfer). Adult emergence was checked twice
weekly until 12 Sept 2016. This was 11 weeks following the last larval
transfer and would have allowed the emergence of all adults that
completed their larval development.

2.3. Development time and fecundity

To further investigate the performance of the different beetle line-
ages on the non-target plant species we measured development time
(days between larvae transfer and first adult emergence) and the
fecundity of adults emerging from host-specificity tests. Emerging adults
were sexed, and single females were paired with one to two males,
depending on availability. As the Swiss F2 lineage produced mostly fe-
males from the test plant, S. flaccidus, there were not enough males
available to setup mating pairs from that test species. Thus, to measure
fecundity of these females, they were paired with males of the same
lineage that emerged from J. vulgaris. Adults were kept in clear plastic
containers and fed with leaves of the test species from which they
emerged. Floral foam blocks with inserted plant leaves provided
oviposition substrate for females. Egg counts were made on a weekly
basis for a three-month period.

2.4. Statistical analyses

To quantify the effect of beetle lineage on adult emergence, we used
Bayesian hierarchical Poisson regression models with a log-link func-
tion. We constructed models for each of the test plants that had adults
emerge from more than two replicates (S. fremontii, S. flaccidus, and
J. vulgaris). We combined the two F1 crosses and the two F2 crosses
because not all reciprocal crosses were tested on each host plant and
emergence was very low in some of the crosses. The data from
S. fremontii and S. flaccidus were highly zero-inflated, so adult emer-
gence on those plants was modeled with a mixture of the Poisson and
Bernoulli distributions, where the parameter of the Bernoulli distribu-
tion was the probability of a zero that is not accounted for by sampling
variation alone. Significant differences between lineages were deter-
mined by the probability of direction (pd) for the difference between the

Adult emergence of parental (Swiss and Italian), first (F1) and second (F2) generation hybrid L. jacobaeae lineages from the primary host, J. vulgaris and ten closely
related non-target plant species. Cells with double rows indicate beetle lineage and plant species combinations with adult emergence. Numbers at the top are mean
numbers of adults emerging and the standard deviation (SD). Note that for analyses the reciprocal crosses within the F1 and F2 lineages were combined but here non-
model means and SD are shown for each lineage. The number of replications is shown in parentheses and in cells with single rows where no adults emerged. The last
column indicates whether the plant species had been tested in the past to assess host range and the results of those tests. In parentheses, the number of parental

L. jacobaeae that had emerged is shown from non-target plants.

Beetle lineage

Test species Swiss Italian F1 Swiss F2 Swiss F1 Italian F2 Italian Prior host
Jacobaea vulgaris (syn. Senecio jacobaea) 5.8 +3.1 (14) 4.7 + 2.8 (13) 10.4 + 4.5 (10) 6.4 + 2.8 (14) 54+ 25(4) 5.7 +£1.9(11) Yes
Jacobaea maritima (syn. S. cineraria) 14 14 10 0.1 +£0.3(14) 5 0.1 £0.3(10) Yes (>10)
Senecio vulgaris 8 8 4 8 0 4 No

Senecio flaccidus (syn. S. longilobus) 0.4 £ 0.5(8) 8 7 2.4 £5.5(8) 0 0.2+ 0.5 (5) Yes(n=1)
Senecio atratus 8 8 4 8 0 5 No

Packera plattensis (syn. S. plattensis) 8 8 4 8 0 4 No

Senecio riddellii 0.1 +0.4(8) 8 6 8 0 5 Not tested
Senecio fremontii 3.4+ 3.6 (8) 0.5+1.1(8) 0.9 +2.3(7) 1.5+ 2.0(8) 0 3.3 +2.6(4) Larvae
Packera tridenticulata (syn. S. tridenticulata) 8 8 6 8 0 4 Yes (n = 3)
Packera pseudaurea (syn. S. pseudaureus) 8 8 6 8 0 4 No

Senecio eremophilus 5 5 0 5 0 0 Yes (n=4)
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means for all pairwise contrasts on each host plant. Probability of di-
rection can be interpreted similarly to a frequentist p-value, where pd >
0.975 is similar to a p-value < 0.05.

To quantify the effect of beetle lineage and host plant on fecundity
and development time, we used Bayesian hierarchical models. These
data were not zero-inflated because they included only data from
emerged adults. Due to uneven emergence across host plants and line-
ages, these factors were collapsed into one factor with either 11 levels
(beetle lineage and test plant combinations) for fecundity or 13 levels for
development time. Data were mean standardized before model fitting
and inference was made on the standardized estimates. Mean fecundity
or development time on each host plant was calculated by averaging the
estimate for each lineage on that host plant. Probability of direction was
used to determine significance of differences between means.

Three chains of the MCMC sampler were run for each model. Model
fit was assessed with Bayesian p-values and convergence of chains was
assessed with trace plots. Bayesian hierarchical models were fit using
MCMC sampling in package rjags (Plummer 2018). All analyses were
performed in R version 3.6.2 (R CoreTeam, 2018).

3. Results
3.1. Adult development

Besides the primary host, J. vulgaris, four non-target test plant species
supported complete larval development; one Jacobaea and three Senecio
species (Table 1). No adults emerged from any of the Packera species. On
the primary host, J. vulgaris, the F1 hybrid lineage (mean: 8.5 adults
(7.0, 10.1 95% HDPI-highest density posterior interval) had signifi-
cantly higher emergence than F2 or parental lineages (F2: 6.1 adults
(5.2, 7.1 95% HDPI); Swiss: 5.8 adults (4.7, 7.1 95% HDPI); Italian: 4.9,
(3.7, 6.1 95% HDPI); probability of direction (pd) of the difference be-
tween F1 and each other lineage > 0.996). On average, 4.9-8.5 adults
(24.5-42.5%) emerged for every 20 larvae transferred onto each
J. vulgaris plant across the different beetle lineages (Fig. 1). Only 2 adults
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emerged across all beetle lineages and replications from the species most
closely related to tansy ragwort, J. maritima; one each of the Swiss F2
and Italian F2 hybrid lineages (Table 1). Only a single Swiss adult
emerged from S. riddellii. All the tested beetle lineages were able to
develop on S. fremontii yielding on average 0.01-4.9 (0.07% — 24%)
adults across the different beetle lineages (Fig. 1, Table 1). Swiss and F2
hybrids on S. fremontii had similar emergence (Swiss: 4.9 adults (1.3, 9.8
95% HDPI); F2: 3.9 adults (1.1, 8.1 95% HDPI)) and were significantly
higher than Italian and F1 lineages (Italian: 0.04 adults; F1: 0.01 adults;
pd of each pairwise contrast > 0.999). Swiss beetles and F2 hybrids were
also able to develop on S. flaccidus yielding between 1 and 19 adults total
across replications. This translated to 0.1% — 2.1% mean emergence
rates per lineage (Fig. 1, Table 1). Mean emergence rates of the Swiss
and F2 hybrids lineages, however, were not significantly different from
each other or the other lineages (pd for all contrasts < 0.975) (Fig. 1).

3.2. Development time and fecundity

The development time of the different beetle lineages varied on the
primary host. The Italian lineage took on average 63.2 days (62.8, 63.6
95% HDPI) to develop, which was significantly longer than that of other
lineages (other lineage range: 62.3-62.8 days; pd of each pairwise
contrast with Italian parent > 0.975) except the F2 Italian lineage (62.9
days (62.5, 63.3 95% HDPI), Italian vs. F2 Italian pd = 0.885). F2 Italian
beetles also had significantly longer development time than F1 Swiss
(62.3 days, (61.9, 62.6 95% HDPI); F2 Italian vs. F1 Swiss pd > 0.975).
In general, Swiss beetles and those hybrids where the female was Swiss
tended to develop faster than Italian beetles and hybrids where the fe-
male in the cross was Italian, though not all contrasts are significant
(Italian vs. Swiss: pd = 0.988; F1 Italian vs. F1 Swiss: pd = 0.924; F2
Italian vs. F2 Swiss: pd = 0.922) (Fig. 2). Mean development times
averaged across beetle lineages were overall longer on the two non-
target plant species that yielded more than two adults than on the pri-
mary host (J. vulgaris vs. S. fremontii difference: 0.33 days, pd = 0.96;
J. vulgaris vs. S. flaccidus difference: 1.73 days, pd = 1.0).

J. vulgaris S. fremontii S. flaccidus
A
10.0- A
A
754 B B
o
o B
2
o
5
@ 5.0 1 A
3
< A A
2.54
A
B B A A
0.0 A A
SV\;iSS Itallian FI1 Fl2 SV\;iSS Itallian FI1 Fl2 SV\;iss Itallian FI1 Fl2
Lineage

Fig. 1. The number of adults emerging of parental (Swiss and Italian) and first- and second-generation hybrid lineages (F1 and F2, respectively) from the primary
host, J. vulgaris and two non-target species, S. fremontii and S. flaccidus following transfer of 20 larvae. Reciprocal F1 and F2 hybrids were merged for this analysis (see
methods). Bars indicate 95% highest posterior density intervals around the mean. Letters indicate significant differences between beetle lineages.
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66
65

64
¢ J. vulgaris

4 S. fremontii
. flaccic
63 * S. flaccidus

62

Development Time (days)

61 N

F1Swiss Flltalian  F2Swiss  F2 Italian

Lineage

Swiss Italian

Fig. 2. Development time of parental (Swiss and Italian) and first- and second-
generation hybrid beetle lineages (F1 Swiss, F1 Italian, F2 Swiss and F2 Italian)
on the primary host, J. vulgaris, and on two non-target plant species, S. flaccidus
and S. fremontii. Points are mean development times (days) and lines are 95%
highest posterior density interval. The letter ‘N’ indicates beetle lineage and
host plant combinations that did not yield development or were not tested (F1
Italian on S. flaccidus and S. fremontii).

The pattern of development time was similar on S. fremontii and their
primary host. The Italian lineage and F2 Italian (Italian: 63.80 days
(62.98, 64.58 95% HDPI), F2 Italian: 64.70 days (64.10, 65.29 95%
HDPI)) had significantly longer development times than the Swiss, F1
Swiss, and F2 Swiss lineages (range: 62.03-62.45 days; pd of each
pairwise contrast > 0.975). All lineages on S. fremontii had similar
development times to the same lineage on the primary host (pd of each
pairwise contrast less than 0.975), except for F2 Italian which took
significantly longer to develop on S. fremontii (difference: 1.80 days; pd
=1.0) (Fig. 2). On S. flaccidus both the Swiss and F2 Swiss lineages that
were able to develop took longer to complete development than the
same lineage on the primary host (difference Swiss: 2.62 days, pd = 1.0;
difference F2 Swiss: 1.15 days; pd = 1.0).

On the primary host, fecundity differed significantly among beetle
lineages (pd of each pairwise contrast > 0.975), except for F2 Italian and
Swiss (F2 Italian: 338.75 eggs; Swiss: 331.74 eggs; pd of difference =
0.765), which both had significantly lower fecundity than all other
lineages (Fig. 3). On S. fremontii, fecundity for each lineage was lower
than the same lineage on the primary host (pd of all pairwise contrasts =
1.0) (Fig. 3). For S. flaccidus, fecundity could only be measured for the F2
Swiss beetles as this was the only lineage where females emerged.
Fecundity was significantly lower for F2 Swiss on S. flaccidus than for the
same lineage on the primary host (difference: 272.89 eggs; pd = 1.0).

4. Discussion

We did not find evidence that intraspecific hybridization altered the
fundamental host range, or the performance of L. jacobaeae hybrids
compared to parental lineages on non-target plant species. There was
only one instance when hybrid adults did, but parental lineages did not
emerge from a non-target plant. One adult each emerged of F2 Swiss and
F2 Italian hybrids and none for parental lineages from, J. maritima,
which is the closest relative to the primary host, J. vulgaris. While these
emergence rates are extremely low (0.36% and 0.5% of larvae trans-
ferred, respectively) and statistically insignificant, one might argue that
even a single case of full development by hybrids should be cause for
concern. However, in previous host-specificity tests Swiss beetles were
able to develop on J. maritima (De Clerck-Floate et al., 2010) (Table 1),
therefore some emergence was expected from this plant species based on
parental host range and it does not signal use of a new host by hybrid
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4004 +

+ + ’ J. vulgaris
)
(3] + S. fremontii
w 300 A
S. flaccidus
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4

F2 Slwiss

F1 Swiss F2 Italian

Lineage

Swiss Italian

Fig. 3. Fecundity (number of eggs per female) of parental (Swiss and Italian)
and first- and second-generation hybrid beetle lineages (F1 Swiss, F1 Italian, F2
Swiss and F2 Italian) on the primary host, J. vulgaris, and on two non-target
plant species, S. flaccidus and S. fremontii. Points are mean number of eggs
and lines are 95% highest posterior density interval. The letter ‘N’ indicates
beetle lineage and host plant combinations where fecundity could not be
measured due to lack of adult emergence.

beetles.

It is common to see development of a few adults during no-choice
tests on plants that are not accepted as hosts in the field (Schaffner,
2001). No-choice tests, where only a single species, either the target or
non-target plant species, are offered for oviposition or larval develop-
ment (as done here) measure the fundamental host range of species, that
is, the plant species that support full development of a herbivore
(Schaffner, 2001; Sheppard et al., 2005). These tests are very conser-
vative and are often criticized for overestimating possible non-target
effects that may occur in the field where the full range of host-choice
behavior can be exhibited (Schaffner, 2001; Sheppard et al., 2005).
The list of species actually used in nature as hosts is just a small subset of
species included in the fundamental host range and constitute the
realized or ecological host range (Schaffner, 2001; Sheppard et al.,
2005). Our results of very low rates of adult emergence from three of the
non-target species, J. maritima, S. flaccidus and S. riddellii, and the low
fecundity of emerging females indicate that (Fig. 3; Table 1), these
plants are unlikely to be field hosts of either the parental or hybrid
lineages of L. jacobaeae.

One of the non-target hosts, S. fremontii supported development
consistently across all tested beetle lineages, but the hybrids did not
have higher emergence rates or fecundity compared to the parental
beetle lineages on this host. In contrast, on the primary host hybrids
performed better than parents, with F1 hybrids showing the highest
emergence rates and F2 hybrids laying the most eggs (Figs. 1, 3); a
pattern also found in an earlier study (Szlics et al., 2012a). These results
suggest that hybrid vigor exhibited on the primary host does not
necessarily translate into improved performance on a suboptimal host
plant, or at least not in the first two generations of hybridization.

These findings are not entirely surprising given the diversity of re-
sponses intraspecific hybrid herbivores can show on novel or suboptimal
host plants. For example, intraspecific hybrids of T. castaneum flour
beetles performed better both on the natal (wheat) and a novel (corn)
host compared to parental lineages over seven generations of an
experimental evolution study (Szlics et al., 2017). However, similar
hybrids of the same flour beetle populations did not show hybrid vigor in
the first generation compared to parental lineages when the natal host
environment was manipulated to become more challenging by reducing
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its nutrient content (Szlics et al., 2014). In the seed beetle C. maculatus
performance of hybrid and parental lines was similar initially on a novel
host (lentil) with less than 5% survival of F1 larvae, but over five gen-
erations of selection the performance of hybrid lineages improved at a
much higher rate than that of parental lines (Messina et al., 2020). The
same C. maculatus hybrids also performed better on a different novel
host (pea) after five generations of selection compared to parental
populations (Messina et al., 2020). It should be noted though that the
magnitude of improvement on the novel hosts in survival and growth
rates varied depending on which geographically distinct populations
were crossed, a pattern that is common and likely stems from initial
differences in performance of parental populations on various novel
hosts (Messina and Durham, 2013; Messina et al., 2018, 2020).

Development time of different beetle lineages on S. fremontii showed
maternal effects in that the Italian parent and those crosses where the
female was Italian took longer to complete development than lineages
where the female was Swiss (Fig. 2). Maternal effects, stemming from
the environment experienced and the genotype of the mother, are
common in insect herbivores and are known to influence life history
traits and to contribute to adaptation to novel hosts (Mousseau and
Dingle, 1991; Mousseau and Fox, 1998; Newcombe et al., 2015; Van
Asch et al., 2010). Life history and fitness traits of intraspecific hybrids
are often intermediate between the parental lineages because many life
history traits are governed by additive genetic variance, but maternal
effects are common in early crosses where the phenotype of hybrids
resembles more the maternal host (Carroll et al., 2001; Dingle et al.,
1982; Mathenge et al., 2010; Messina and Slade, 1997). For example, F1
hybrids between two biotypes of D. tomentosus used for biological con-
trol of Cylindropuntia cacti showed maternal effects both in host speci-
ficity and in fitness traits (Mathenge et al., 2010). Maternal effects in egg
diapause, egg size and adult aestivation of F1 and F2 hybrids had been
detected in a prior study of L. jacobaeae on the primary host (Sztics et al.,
2012a), and our results show that maternal effects associated with life
history traits can be present on suboptimal host plants.

On the non-target test plant S. fremontii, which supported beetle
development, the emergence rates of parental and hybrid lineages were
similar (Swiss to F2 and Italian to F1) (Fig. 1). In contrast, S. flaccidus
presents a somewhat unique case because 20 F2 hybrid individuals of
mixed sexes emerged from this non-target plant but only three F2 males
of the Swiss parental line. This could be biologically important because
in this case the emerging F2 adults, in theory, have the potential to
produce a new generation but not the Swiss parental lineage. However,
further investigation of the emerging F2 beetles revealed that they had
very low fitness; only half of the emerging females laid any eggs and egg
production was less than 5% compared to what the same lineage could
produce on its primary host. What is notable for this test plant is that
almost all F2 adults (16 of the 20) emerged from a single plant (repli-
cation). All the other plants produced either none or only one adult
which indicates a strong genotype effect of the plant and not a genetic
effect related to hybridization of the herbivore. It is well-established that
plant genotype can affect host quality, resistance and tolerance to her-
bivory and even the population dynamics of herbivore populations
(Cronin and Abrahamson, 1999, 2001; Strauss and Agrawal, 1999; Un-
derwood and Rausher, 2000). It appears that one of the S. flaccidus
plants used in experiments had reduced resistance or differed in some
other trait(s) that affected plant-herbivore interactions. It is well known
that plants in the Senecio and Jacobaea genera are defended by toxic
pyrrolizidine alkaloids but Longitarsus species are adapted to these sec-
ondary chemicals and their performance is generally unaffected by
variation in alkaloid profiles or concentrations (Dobler et al., 2000; Kirk
et al., 2012; Vrieling et al., 1993). Regardless of the underlying mech-
anism that allowed development of beetles, the significant reduction in
fecundity of emerging females indicates that S. flaccidus is a suboptimal
host for L. jacobaeae that is unlikely to support viable beetle populations
in the field on the long term.

The effects of intraspecific hybridization on host use and host range
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evolution of herbivorous insects depend on a multitude of factors
including the origin of parental populations and their historical host use,
the identity of closely related species overlapping in distribution with
the primary host, maternal effects, the genotype of potential host plants
and the hybrid class (Cronin and Abrahamson, 1999; Messina and
Durham, 2013; Messina et al., 2018; Mousseau and Fox, 1998; New-
combe et al., 2015; Strauss and Agrawal, 1999). Experimental evolution
studies show that hybridization can facilitate evolution and can lead to
adaptation on marginal or novel host species, and that hybrid vigor can
improve performance of early generation hybrids on both natal and
novel hosts (Agrawal, 2000; Fellous et al., 2014; Fricke and Arnqvist,
2007; Magalhaes et al., 2009; Messina and Durham, 2013; Messina et al.,
2018, 2020; Szfics et al., 2017). While experimental evolution studies
are invaluable to elucidate mechanisms of evolutionary change, they
have limited utility for assessing the potential risks intraspecific hy-
bridization may pose in biological control agents under natural field
conditions. Experimental evolution experiments usually start with
hundreds or thousands of individuals and maintain strong selection
pressures over multiple generations by restricting all individuals to the
novel host and by inhibiting gene flow between individuals developing
on the primary host and those emerging from a novel host. For example,
many populations of C. maculatus are unable to survive on the novel
lentil host and when adaptation of either parental or hybrid lines was
achieved it required replicate starting populations of 2500 beetles each
and many of those replicates still went extinct (Messina et al., 2018,
2020). The types of selection pressures that result in self-sustaining
populations of hybrid or parental lineages on novel hosts in laboratory
experiments would be unlikely to occur in nature in biological agent
populations.

There are very few examples from natural populations when hy-
bridization facilitated host range expansion to a novel host. In Australia,
the native soapberry bug (L. tagalicus) expanded its realized host range
to include the introduced balloon vine Cardiospermum halicacabum v.
halicacabum in their diet (Andres et al., 2013). Andres et al. (2013) found
that the soapberry bug populations attacking the annual C. halicacabum
are hybrids between two subspecies of the soapberry bug with a novel
phenotype that has long beaks and high beak and body length ratios.
However, even this example does not represent the scenario we set out
to test because the soapberry bug subspecies that crossed had been
adapted to different hosts. We were interested in whether intraspecific
hybridization between herbivores that are adapted to the same host
would lead to host range expansion or better performance on non-target
plants because this question has great relevance for the practice of
biological control.

Intentional hybridization between genetically distinct populations of
biological control agents has newly been advocated as an approach that
could facilitate adaptation to changing environmental conditions, in-
crease establishment success, persistence and possibly impact of
biocontrol agents (Szlics et al., 2019b). Longitarsus jacobaeae provides a
good example for the positive effects of hybridization whereas hybrid
beetles were shown to have higher densities and greater impact on larger
J. vulgaris plants in the field (Sziics et al., 2019a). However, the lack of
data on how host-specificity may evolve in hybrids can hinder wide-
spread adoption of this approach. Here we provide an example where
intraspecific hybridization did not change the fundamental host range of
an herbivorous insect, neither did it increase performance on non-target
hosts. We also could not find any well-documented examples from the
wider insect herbivore literature or from other biocontrol systems for
host range evolution of intraspecific hybrids where the parents have
similar host ranges. Long-term data on hundreds of biological control
releases did not find evidence for evolution of the fundamental host
range either (Van Klinken and Edwards, 2002). All of the above in-
dicates that the likelihood of change in host-specificity that would result
in population level negative impact on non-target species is likely
negligible if weed biocontrol agent populations were to hybridize that
are shown to have similar and narrow host ranges during host-specificity
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testing.
5. Data statement

Upon acceptance data will be available in Mendeley Data.
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