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How many generations does it take for phytophages
to colonize invasive plants? Mathematical modeling predictions
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Abstract. Native phytophagous insects are often not adapted to novel chemistry of invasive plants, but over time they begin
to adapt and feed on them. We simulated the spread of a mutant allele that enables phytophages to feed on invasive plant
as effectively as on native plant. This simulation involved two insect populations associated with native and invasive plant
species, with gene flow between them. Fitness was assigned using the Ricker function, which incorporated plant abundance,
insect feeding efficiency, and competition between genotypes. For the mutation to become fixed in fewer than one hundred
generations, invasive plant must be at least as abundant as native one. The effect of invasive plant relative abundance is larger
than that of fitness differences in feeding efficiency of wild type phytophages between plants. The spread of this allele under
natural selection is faster if it has come from standing genetic variation, rather than newly arisen mutation, or, in the latter case,
if there is assortative mating.
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CKOABKO IOKOAEHUII HY)KHO utodaram AAst OCBOEHNSI MHBA3MBHBIX PacTeHmit?
ITporHossl MaTeMaTU4eCKOrO MOAEAUPOBAHMST
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Pestome. AbopureHHble HaceKoMble-GUTOAry YacTo He AQAANTYPOBAHBI K 3alMTHBIM BeljeCTBAM MHBA3UBHBIX PACTEHNIL, HO
yepes3 HEKOTOPOe BPEMsI OHM aAQNTHUPYIOTCS K HUM M HAYMHAIOT MIMTAThCS MHBA3UBHBIMU BrAaMu. [IpoBeAeHO MOAeAMpOBa-
HJ€e PaCIpPOCTPAHEHNSI MYTaHTHOTO aAA€As, KOTOPBIil 03BoAsieT GUTOdAry MUTaTbCsl MHBA3MBHBIM PacTEHUEM TaK XKe 3¢-
(DeKTUBHO, KaK 1 aDOPUreHHBIM PACTEHUEM, B ABYX MOIYASIL{MSX HACEKOMBIX, aCCOLIMUPOBAHHBIX C 0OPUTEHHbIM 1 UHBA3UB-
HBIM BUAQMI PACTEHMIL, C IOTOKOM T'€HOB MEXAY HUMU. AASL OLIEHKM IPUCIIOCOOAEHHOCTY UCIIOAB30BaAK QYyHKLMIO Pukepa
C BKAKOYEHMEM TaKMX (paKkTOpOB, KaK 00uAue pacteHnit, 3pHeKTMBHOCTD MUTAHMS HACEKOMBIX 1 KOHKYPEHLIUSI MEKAY I'eHO-
Tumnamu. VIHBa3MBHOE pacTeHMe AOAKHO OBITh IO KPaiTHEN Mepe TaKIM >Ke MHOTOYMCAEHHBIM, KaK 11 MECTHOE, AAST UKCALMI
MYTaLMM MeHee YeM 3a CTO MOKOAeH!iT. DHdeKT OTHOCUTEABHON YMICAEHHOCTY MHBAa3MBHOTO PACTEHUS CUABHee, 4eM 3 dexT
pasanunit B adpdexTrBHOCTU nuTaHKs GpUTO(ArOB AMKOrO TUIIA Ha Pas3HBIX PACTEHVSIX. PacIpocTpaHeHe 9TOr0 aAAEAS TI0A
AEVICTBYEM eCTECTBEHHOIO 0TOOPa MPOUCXOAUT OBICTPEE, €CAM OH MCXOAHO IPYUCYTCTBOBAA B IOMYASILIMM KaK SAEMEHT IeHe-
TUYECKOI BapUALIMM, A HE MOSIBUACS B PE3yAbTATe BHOBb BO3HMKILEN MYTALMY, UAH, B IOCAEAHEM CAy4ae, eCAY MIMEET MEeCTO
ACCOPTaTMBHOE CIIAPMBAHME.

Karouesvie caroBa: maTeMaTMyecKoe MOAGAUPOBAHUE, AMHAMUKA IIONYASLMYM, OMOAOTMYECKME MHBA3MM, HACEKOMbIe-
durodarn.
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Introduction

Alien plants in secondary ranges are often spared
from the pressure of phytophages [Cappuccino, Carpenter,
2005; Liu, Stiling, 2006], which allows them investing less
resources in defense and more in growth and reproduction.
The enemy release hypothesis uses this fact to explain the
success of invasive species [Blossey, 2011; Heger, Jeschke,
2014]. Over time, native phytophages can adapt to feeding
on invasive species [Carroll et al.,, 2005; Siemann et al,,
2006; Briandle et al., 2008]. However, the duration of this
period varies widely and is impossible to predict.

Some non-native plant species adapt to the new
environment quickly and begin experiencing higher
levels of herbivory, while others experience lower levels of
pressure for many years. For example, alien Piper aduncum
and P. umbellatum (Piperaceae), introduced to Papua New
Guinea less than 50 years ago, had the same species richness
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and abundance of caterpillars as the native P. micropiper
[Novotny et al., 2003]. On the other hand, the non-native
Reynoutria japonica (Polygonaceae), introduced to North
America and Europe in the 18" century, experiences less
herbivory and pathogen attack than the native R. scandens
when comparing leaf damage and herbivore abundance
and diversity [Williams, Sahli, 2016]. Meta-analysis has
shown that the time since introduction of a non-native
plant species is a significant predictor of the enemy release
from phytophages, and recently introduced species tend
to experience less pressure from herbivores, but this effect
diminishes over 50-200 years [Hawkes, 2007].

However not all researches reveal relationship
between time since introduction and herbivory [Carpenter,
Cappuccino, 2005]. Several factors influence the rate at
which reciprocal interactions develop between introduced
plants and native herbivores. Herbivore adaptation to an
introduced plant is facilitated by the presence of native
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plants with similar chemical profiles. Comparing the
chemical profiles of all plants in a community can be a
daunting task, although phylogenetic relatedness can serve
as a proxy of such similarity, with fewer native relatives of
the introduced plant being associated with lower herbivore
accumulation [Connor et al., 1980; Cappuccino, Carpenter,
2005]. In addition, the rate at which alien plants recruit an
assemblage of herbivores depends on the native pool of
phytophagous insects and the balance between specialists
and generalists in the community [Cornell, Hawkins, 2003].
It was shown that the arthropod communities associated
with an annual crop plant species in Japan exhibited an
increasing proportion of family specialists over time since
introduction [Andow, Imura, 1994].

In addition, limited knowledge about the introduction
history of many species, often overlooking herbivores
during the early colonization phases, assessment of the
true distribution of the invasive plant and conduction of
comprehensive studies of herbivore population changes
over time complicate studying local herbivore adaptation
to invasive plants. To address this, mathematical modeling
can be used to study the population dynamics of herbivores.

We built a mathematical model to determine the
conditions under which a mutation allowing more efficient
consumption of the invasive plant can spread in the
specialized herbivore population and how long this process
takes.

wild type ; mutants
p native plant
AuEAM Tvn abopureHHoe pacTeHue MYTAHTE
99% y 99%
AAN AaV aa"
AA Ad ad

invasive plant
MHBa3NBHOE pacTeHne

Fig. 1. Scheme of interactions between phytophages and their host
plants in our model. There are two plant species — native and invasive, and
two ecological races of the phytophage — the wild type and mutants. Each
ecological race is represented by two populations, one feeding on the native
plant, and the other on the invasive plant (beetles from this population are
marked with dots on the elytra). fis the coefficient reflecting the efficiency
of feeding of the phytophage on the plant; for the wild type on the invasive
plant, the coefficient f1 is used, which is lower than f. In each generation,
99% of each population remains on its host plant (solid arrows), and 1% of
the population migrates to an alternative plant (dashed arrows).

Puc. 1. Cxema B3aMMOAEICTBUIT MeXAY puTodaramm u Mx KOPMOBBI-
MM pacTeHMSIMM B Halleil MoAeAr. EcTh ABa BMAA pacTeHuit — aboOpureH-
HO€ U MHBA3MBHOE, 4 TAK)Ke ABE DKOAOTMYEeCKue packl Gpurodara — AMUKOro
TUIa 1 MyTaHTbl. KaXkaast skoAormyeckast paca IpeACTaBA€HA ABYMs I10-
MYASIMSIMY, OAHA 13 KOTOPBIX IUTAETCsI HA d00OPUT€HHOM PACTeHUH, a APy-
rast — Ha VHBAa3MBHOM (XKYKM U3 AQHHBIX IIOIYASILIMY OTMEYEHbI TOUKaMMU Ha
HAAKPBIABSIX). f — KoadduLmenT, oTpaskaomuit 3ppeKTUBHOCTD MUTAHMS
¢duTodara Ha pacTeHMM; AAS AMKOTO THIIA HA VIHBA3VBHOM PaCTEHUM UC-
TOAB3YeTCs KOG QUINEHT f;, KOTOPBIiT HIDKE, YeM f. B KaXKAOM MOKOAHUM
99% Ka>KAOI1 MOIYASILIMM OCTAETCSI Ha CBOeM KOPMOBOM PAacTeHMy (CIIAOLI-
Hble CTPeAKN), a 1% MONyASILIMM MUTPUPYET HA AABTEPHATMBHOE pacTeHue
(IyHKTUPHBIE CTPEAKH).

The ability to feed effectively on another host plant
can be achieved without decreasing the effectiveness of
the initial host plant’s digestion. So, in the absence of the
invasive plant, this mutation is neutral, and in the presence
of the invasive plant, it is beneficial. Neutral mutation can
reach rather high frequency by genetic drift, which should
facilitate fixation [Kimura, 1968]. The problem of spread of
beneficial mutation was solved by Fisher [1930] in general,
but we are interested in the specific case where we do not
define adaptive value per se. Instead, we model differences
in fitness using the Ricker function, which incorporates the
factors influencing the spread of the mutation.

We hypothesized that the timeframe required for the
spread of a mutant allele within a population is influenced
by the abundance of the invasive species relative to the
native one, differences in herbivore consumption efficiency
of the invasive plant between mutant and wild type, and
the initial frequency of a mutant allele. A high abundance
of the invasive plant creates strong selective pressure,
promoting the spread of the mutation that enhances the
efficiency of consuming the invasive species. The more
effective the consumption of the invasive plant by the
mutant phenotype compared to the wild phenotype, the
more advantageous the mutant allele is, resulting in a
higher selection coefficient. We also hypothesized that
assortative mating should facilitate the spread of mutation,
since it increases the proportion of homozygotes.

Methods

The simulations were performed using the
R programming environment [R Core Team, 2024].

We considered a deterministic model of plant-
phytophage interactions in the presence of a native host
plant and phylogenetically related invasive plant species
affected by one species of phytophagous insect. The
phytophage has two populations associated with these
two plant species, whose sizes are modeled separately.
The phytophage has two ecological races determined by a
single diallelic locus: for a wild type, the feeding efficiency
on the invasive species is lower on the native plant, a
mutant feeds equally effective on both native and invasive
plant species (Fig. 1). Complete dominance is assumed so
wild-type homozygotes and heterozygotes have a wild-type
phenotype and only mutant homozygotes exhibit a mutant
phenotype.

The first stage of the model simulates mating and the
transition to the next generation. The next stage involves
the migration of phytophages between two populations;
during this stage, they disperse across host plants, where
the following stage-feeding-occurs. Phytophage nutrition
and biomass gain are influenced by the host plant’s
abundance. The population size of each genotype on native
and invasive plants is modeled by a separate equation,
resulting in six equations for each stage.

Mating in the model is either panmictic (1.1-1.6) or
fully assortative (1a.1-1a.6).
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The assortative mating is modeled following Li [1976].
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The input to the mating function is the output of a
logistic growth function, based on the modified Ricker
equation [Ricker, 1954], with growth rate determined by
feeding efficiency. This growth function models changes in
the relative fitness of a given genotype, which depends on
plant abundance, insect feeding efficiency on the plant, and
the abundance of other genotypes on the same plant. This
logistic growth of fitness can be interpreted in two ways:
(1) as correlation of feeding efficiency with fecundity during

the mating stage—better-nourished individuals are likely to
produce more eggs; (2) as parthenogenetic reproduction on
the host plant, followed by a round of sexual reproduction
(as seen in aphids) during the mating stage. The Ricker
equation was chosen as it is simple yet effective function
that allows us to account for the necessary parameters:
plant abundance, insect feeding efficiency on the plant,
and competition between genotypes, assuming that the
environment’s carrying capacity is determined by plant
abundance.

G(a) =AY R(N.D(Ax

), D(AatN), D(aaN
G(4a)')=Aa;’" ( (

(N D(4AY),D(Ad)), D
G(aa)=aa) - R(N D(AA”),D(Aa”),D(uajV)),
G(AA{):AA{.Rl(I,D(AA{),D Aa!),D

G(Aa!)=Aa -RI(I,D

where
R(w,x}y,z):exp(f.w_wj,

w

R1 (w,x,y)z):exp[fl W_MJ
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AAYN, Aa), aa” are quantities of wild type,
heterozygote and mutant genotypes on native plant
species at the time ¢, respectively; N is abundance of the
native plant, which also determines the carrying capacity
of the respective herbivore population; AA/, Aa/, aa’ are
quantities of wild type, heterozygote and mutant genotypes
on invasive plant species, respectively; I is abundance of the
invasive plant, which also determines the carrying capacity
of the respective herbivore population; f is a proxy for
feeding efficiency of a phytophage on the plant, for a wild
type on invasive plant f, is used which is lower than f.

As arguments for the growth function, we use the
abundances of genotypes on the host plant, which depend
on post-mating dispersal. During this dispersal phase,
a minor proportion of phytophages, both wild type and
mutant, leave the host plant and migrate to other plant
species (2.1-2.6).

D(44))=m(A4Y, 44]), 2.1)
D(4a))=M(4a}, Aa)), (2.2)
D(oth) M(a a), aa, ) (2.3)
D(AA! ):M(AA{,AA ) (2.4)
D(Aa})=M(Ad!, A)), (2.5)
D(aaf)zM(cmt’,omt ), (2.6)

where
M, y)=1-m)-x+m-y,

m is a proportion of phytohages migrating to the other
plant species.
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We do not include the down-regulation of plant
abundance by phytophages since insects often do not
significantly affect plant population dynamics [Crawley,
1989]. Despite this, using the Ricker equation, we assume
that the carrying capacity of the environment is determined
by the abundance of the plant. Instead, we ran our model
with different relative abundances of invasive plant.
Initially we also modeled expansion of the invasive plant
outcompeting the native relative, but the results were the
same as when we considered only minor relative abundance
of native plant at the beginning. So we decided to use fixed
proportions of host plant species to investigate the effect of
the relative abundance of the invasive plant on phytophage
dynamics.

Thus, the model has three parameters: 1) difference
in exponential growth between wild type and mutant on
the invasive plant; 2) rate of migration to the other plant
species; 3 relative abundance of the invasive plant.

The initial proportion of a mutant allele on the native
plant was modeled in two ways: a) a new mutation appeared
only in a low proportion of heterozygotes; b) an old neutral
allele which had reached significant prevalence by the
genetic drift with equilibrium genotypes distribution since
it didn’t affect fitness in the absence of the invasive plant.
The initial frequencies of all genotypes on the invasive
plant were considered to be zero, which corresponds to the
absence of phytophages on the invasive plant, which they
had not yet detected.

Since mutant allele is beneficial in the presence of
invasive plant, it would finally replace the wild type allele
after a number of generations, so the question of interest
is the rate of its spread. We categorized possible outcomes
of models in each phytophage population after a number
of generations into three types: the elimination of the
wild-type allele (when its frequency dropped below 0.05),
the elimination of the mutant allele (when its frequency
dropped below 0.05 and wild-type allele predominate
with a frequency of more than 0.95), or the coexistence
of both phenotypes (when the frequencies of both
alleles exceeded 0.05). Different outcomes are possible
in populations from different plants, resulting in nine
theoretically possible combinations.

To examine the effect of the relative abundance
of invasive and native species on a mutant spread, we
increased this relative abundance stepwise by 0.01
from 0 to 1. Additionally, we manipulated the growth
efficiency of phytophages with the wild phenotype on
invasive plants, while keeping the consumption efficiencies
of phytophages with the mutant phenotype on native and
invasive plants (f) constant and equal to 1.7. Specifically,
we varied the fitness cost of wild-type phytophages when
feeding on invasive plants, representing how much less
effectively they convert invasive plant biomass into their
own biomass compared to mutant phytophages. We varied
the fitness of wild phenotype phytophages on invasive
plants (f,) from 0 to 1.7 by 0.01, which corresponded to a
fitness cost range of 0% to 100%, expressed as (f - f,)/f.

To examine the effect of phytophages migration from
one population to the other, we changed its rate in every
direction, using three sets of parameter values. In our
base model we used a symmetrical migration rate: 1% of

phytophages move from the native to the invasive plant and
vice versa. Also, we tested increased symmetrical migration
rate (10% in both directions) and preference of the mutant
phenotype for invasive species (2a.1-2a.6): mutants
migrate from the native to the invasive plant at a 10% rate
and from the invasive plant to the native at 1% rate, whereas
wild phenotypes migrate in both directions at 1% rate.

D(AA,N)zM(G(AA,N), G(AA,’)), (2a.1)
D(Ad)= (G(Aaj“), G(Aa;)), (2a.2)
D(am,N) =M1(G( tN), G(am,’)), (2a.3)
D(A4] ):M(G(AA{), G(AA}’)), (2a.4)
D(4al)=M(G(4a!), G(Aa))), (2a.5)
D(aa ) MZ(G(auf), G(aatN)), (2a.6)
where

Mx,y)=(1-m)-x+m-y,

Mx,y)=1-m) -x+m-y,

M,(x,9) =1 -m)-x+m, -y,

m, is higher than m and reflects a higher migration rate of
mutant phenotype to the invasive plant.

We constructed diagrams to visualize the dependency
of simulation results on the relative abundance of native
and invasive plants, as well as the fitness cost of wild-type
phytophages when feeding on invasive plants.

In our model, the extinction of phytophage populations
on one of the plants is impossible, since they are replenished
through migration. However, the successful colonization
of the invasive species depends on the propagation of the
mutant allele. Without the spread of the mutant allele,
natural selection would favor mechanisms that prevent the
transition of wild type phytophages to the invasive plant.
That is why we considered the probability of fixation of the
mutant allele after different time intervals in populations
under different parameters.

Results

Panmictic mating. The dynamics of genotype
frequencies shows that spread of the mutant allele in
the majority of parameter sets is faster on invasive than
on native plant (Fig. 2). Under these specific model
parameters (relative abundance of the invasive plant to the
native is 1 : 1; the wild phenotype fitness on the invasive
plant is 15% lower than on the native plant; initial Hardy-
Weinberg equilibrium in the population with mutant allele
frequency 0.1), we observed the coexistence of the mutant
and wild phenotypes in both populations during the first
150 generations. However, after 200 generations, the wild-
type allele was eliminated in the population living on the
invasive plant, while both alleles remained present in the
population living on the native plant. Remarkably, after
500 generations, the mutant allele became fixed in both
populations, indicating its advantage over the wild-type
allele.
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In the case of a newly arisen mutation (the initial
frequency of mutant homozygotes is zero and heterozygotes
are extremely low), our simulations show that after
200 generations, the mutant allele can reach a frequency
greater than 0.05 only in the population inhabiting the
invasive species (Fig. 3, lower row). This outcome is
observed when the relative abundance of the invasive plant
is very high, and the wild-type phenotype experiences a
significant fitness cost when feeding on invasive plants.
However, after 500 generations, the mutant allele can
achieve enough frequency not only on the invasive plant
but also on the native plant, potentially displacing the wild-
type allele from both plant types. To attain these states, a
high relative abundance of the invasive plant and substantial
differences in fitness between the two phenotypes are
still required. When there are very large differences in
fitness between the mutant and wild-type alleles, and the
abundance of the invasive plant is not sufficiently high,
the spread of the mutant allele slows down, apparently due
to the limited environmental capacity, which constrains
rapid population growth.

If the genotype frequencies in a native plant population
initially follow Hardy-Weinberg equilibrium, three possible
scenarios can occur. When there is minimal fitness
difference between the phenotypes, or when the relative
abundance of invasive plants is low, both phenotypes

Initial genotypes
frequencies
on the native plant /
McxoaHble YacToThl
reHoTUMNoB
Ha abopureHHoM
pacTeHun

100 generations
100 nokoneHwuin
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Difference in fitness on the invasive plant
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Fig. 2. Dynamics of allele frequencies over 500 generations. Relative
abundance of the invasive plant is 0.5. The wild phenotype fitness on the invasive
plant is 1.45 (15% fitness loss), the fitness of the mutant on both invasive and
native, as well as the feeding efficiency of the wild phenotype on the native
plants, is 1.7. On the invasive plant initial genotype frequencies are zero.

Puc. 2. AuHamuka 4yactor asseren 3a 500 moxoaenmit. OTHOCU-
TeAbHasl AOAs MHBAasMBHOro pactenus cocraBasier 0.5. DddekTuBHOCTD
MUTAaHKA AUKOTO peHOTHITa Ha MHBAa3MBHOM pacTeHnu cocraBaseT 1.45 (ro-
Tepsi pucnocobaeHHoCTH Ha 15%), 5bPeKTUBHOCTD MUTAHMS MyTaHTa Ha
VHBa3MBHOM U a00PUTre€HHOM PACTEHMSIX, @ TAKXKeE 3P HEKTUBHOCTD IUTAHNUS
AMKOTO (peHOTMIIA HAa abOPUTEHHOM pacTeHUM coctaBasior 1.7. Ha uHBa-
3MBHOM PaCTEeHMM HaYaAbHbIE YACTOTBI T€HOTUIIOB PABHBI HYAIO.

coexist on both plant species. Only in the narrow range
of nearly identical abundances of both plant species the
wild-type allele is eliminated on the invasive plant while
both phenotypes still coexist on the native plant. Lastly,

500 generations
500 nokoneHui

[ coexistence of two alleles
cocylyecTBOBaHMe fiByX annenei

[l predominance of the wild allele
npeotnafaHue annens AMKoro TMna

| [l predominance of the mutant allele
npeo6nagaHne MyTaHTHOro annens

0.25

[ predominance of the mutant allele
on invasive plant
and coexistence of two alleles
on native plant/
npeobnagaHve MyTaHTHOTO annens
Ha WHBa3MBHOM pacTeHnn
1 COCYLLeCTBOBaHNE ABYX MOPd
Ha aBopUreHHOM pacTeHnn

B predominance of the wild allele
on native plant
and coexistence of two alleles
on invasive plant /
npeobnagaHvie annens AVKoro Tina
Ha aBopUreHHOM pacTeHun
1 coCyLecTBOBaHME ABYX MOPd
Ha NHBa3UBHOM pacTeHNN

0.75 1.00

Ratio of invasive plant
[lons UHBa3WBHOTO pacTeHns

Fig. 3. Influence of the invasive plant’s relative abundance and the decrease of wild type phenotype feeding efficiency on the invasive plant relative to

the feeding efficiency on the native plant on the ratio of the allele frequencies after 100, 200, and 500 generations at different initial genotype frequencies
(the upper and the middle rows correspond to different variants of the Hardy-Weinberg equilibrium, the lower row corresponds to a rare mutation in the
heterozygote). On the invasive plant initial genotype frequencies are zero. The feeding efficiency of the mutant on both invasive and native plants, as well as
the feeding efficiency of the wild phenotype on the native plant, is 1.7. Asterisks indicate the states reflected in Figure 2.

Puc. 3. BAusinue AOAM MHBAa3MBHOI'O PAaCTE€HUA U YMEHbILIEHUA 5(1)Cl)eKTl/[BHOCTM TIUTAHUA AUKOTO Cl)eHOT]/ll'la B CpaBHEHUM C BCPCPEKTMBHOCTI)]O TIUTAHUA
Ha a0OPUreHHOM PAaCTEeHMM Ha COOTHOLIEHNE YacTOT aAAeAelt mocae 100, 200 1 500 OKOAEHMIT PU PasAMYHBIX HAYAABHBIX YaCTOTaX I€HOTUIIOB (BEpXHME
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BAa3VMBHOM PAaCTEHUM HAYAAbHbI€ YaCTOTbI T€HOTUIIOB PAaBHbI HYAIO. 3¢¢€KTV[BHOCT]) NUTaHUA MYTaHTA HA MHBAa3VIBHOM 1 a60ereHHOM pacTeHusAX, a TaKXxe
9 dEKTUBHOCTD MUTAHUS AMKOTO (peHOTUIIA Ha A6OPUIeHHOM PACTEHUM COCTABASIOT 1.7. 3Be3A0UKaMM OTMEYEHbI [IapAMETPbl, OTPa)KEHHbIE HA PUCYHKe 2.
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Fig. 4. Influence of the invasive plant’s relative abundance and the decrease of wild type phenotype feeding efficiency on the invasive plant relative to the
feeding efficiency on the native plant on the ratio of the allele frequencies for a model with assortative mating after 20, 30, and 50 generations at different initial
genotype frequencies (the upper row corresponds to the Hardy-Weinberg equilibrium, the lower row corresponds to a rare mutation in the heterozygote).
On the invasive plant initial genotype frequencies are zero. The feeding efficiency of the mutant on both invasive and native, as well as the feeding efficiency
of the wild phenotype on the native plant, is 1.7.
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HOM 1 a0OPUT€HHOM PAaCTEeHMsIX, @ TAKKe 3PHEKTUBHOCTb MUTAHMS AMKOTO (peHOTUIA Ha abOPUreHHOM pacTeHun cocTaBasier 1.7.

100 genetarions 200 genetarions 500 genetarions

100 NOKONeHui 200 roKoneHui 500 roKoneHu [0 coexistence of two alleles .
COCYLLiECTBOBaHME /BYX annernein

[l predominance of the wild allele

0.75 npeobnagaHve annensi AnKoro Tuna

[l predominance of the mutant allele
npeo6nagaHne MyTaHTHOrO annens

[ predominance of the mutant allele
on invasive plant

and coexistence of two alleles
0.00 025 050 075 100 on native plant /
1.00 npeobnagaHne MyTaHTHOro annens
Ha VHBa3MBHOM pacTeHun
1 COCYyLLeCTBOBaHUE ABYX MOpd
Ha abopureHHoM pacTeHum
[l predominance of the wild allele
on native plant
and coexistence of two alleles

0.25 0.50 0.75 1.00

0.50

Difference in fithess on the invasive plant

Pa3Huua B npncnocobneHHOCTV Ha MHBA3MBHOM pacTeHUn

on invasive plant /

npeobnasaxve annens AuKoro Tuna
Ha abopureHHoM pacTeHum

1 COCYLLIeCTBOBaHUE ABYX MOpd

Ha WHBA3NBHOM PacTeHUn

0.00 025 050 075 100 000 025 0.50 075  1.00 000

Ratio of invasive plant
[lonsa nHBa3MBHOTO pacTeHns

Fig. 5. Influence of the invasive plant’s relative abundance and the decrease of wild type phenotype feeding efficiency on the invasive plant relative to the
feeding efficiency of the native plant on the ratio of the allele frequencies for a model with panmictic mating after 100, 200, and 500 generations at different
initial genotype frequencies with different modes of mutant migration (the upper row corresponds to 10% of the mutant population changing host plant,
the lower row corresponds to 10% of the mutant population switching to the invasive plant from the native, and 1% from invasive to native). Initial genotype
frequencies on the native plant are AA = 0.81, Aa = 0.18, aa = 0.01. On the invasive plant initial genotype frequencies are zero. The feeding efficiency of the
mutant on both invasive and native plants, as well as the feeding efficiency of the wild phenotype on the native plant, is 1.7.
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the elimination of the wild-type allele can occur on both
plant types when the frequency of the invasive plant
exceeds 50%, almost irrespective of fitness difference. The
probability of the third scenario tends to increase with
the number of generations.

Assortative mating. In the case of fully assortative
mating, fixation of the mutant allele occurs across
the entire range under consideration within just
50 generations. Assortativity plays a crucial role in
accelerating the emergence of mutant homozygotes and
the spread of the mutant allele within both populations
when a new mutation arises (Fig. 4, lower row). The
behavior of the model under assortative mating becomes
independent of the initial state of the populations as early
as 20 generations — initial equilibrium frequencies and a
newly arisen mutation lead to identical results.

Rate of migration to the other plant species. The
spread of the mutant allele accelerates with increased gene
flow between the two populations, i.e. a higher migration
rate between two plant species (Fig. 5, upper row). This
nearly eliminates the scenario in which the wild-type allele
is eradicated on the invasive plant while both phenotypes
still coexist on the native plant. In other words, if the mutant
allele becomes fixed in the population on the invasive plant,
it quickly establishes itself in the population on the native
plant as well, facilitated by gene flow.

And if there is asymmetric migration, where mutant
phytophages preferentially choose invasive plants distinct
outcomes can be observed depending on the relative
abundance of the invasive plant (Fig. 5, lower row). At high
relative abundances of the invasive plant, the mutant allele
reaches fixation on both plant species. When the relative
abundances of invasive and native plants are comparable,
the mutant allele prevails in the phytophage population on
invasive species, while both alleles coexist on the native
species phytophage populations. If the relative abundance
of the invasive plant is low, after 100 generations, both
alleles coexist in both populations. However, over time,
the wild allele becomes prevalent first in the phytophage
population on the native species, while both alleles coexist
in the phytophage population on the invasive species, but
then in both phytophage populations.

Discussion

In our model, the presence of the mutant allele does
not reduce the fitness of phytophages on a native plant,
so it actually enables the expansion of the trophic niche,
representing a conditionally beneficial mutation. However,
the spread of this advantageous mutation still depends
on several conditions. So, we can discuss the role of the
studied factors in terms of their effects on the tempo of the
spread of the mutant allele.

Time. First of all, in most simulated conditions, the
process of mutation fixation typically requires a large
number of generations. Even 500 generations may not be
sufficient for fixation of a newly emerged mutation within a
panmictic population. The generation time of insects varies
considerably among species, with many insects exhibiting
univoltine or semivoltine life cycles [Numata, Shintani,
2023], i.e. with generation time of one year or even less,

respectively. Even in multivoltine species, the expected
number of generations per year is generally limited to no
more than five in temperate climates [Buckley et al., 2017].
Considering these factors, it becomes apparent that it can
take approximately 100 years for the spread of a pre-existing
mutation, and the appearance of such a mutation itself can
require a certain amount of time. This helps explain the
observed period of low pressure of phytophages, which can
extend from 50 to 200 years [Hawkes, 2007].

It should be noted that these studies show an increase
in diversity or abundance of native insects on invasive
plants, but this does not necessarily mean that these insects
have already adapted to this plant [Gassmann et al., 2006].

Furthermore, it is important to note that host shift to
a new plant can influence the number of generations per
year. For instance, Choristoneura rosaceana (Harris, 1841)
(Lepidoptera: Tortricidae) exhibits a univoltine or bivoltine
cycle depending on the host plant, and a low-quality diet
can favor diapause induction, leading to a univoltine life
cycle instead of a bivoltine one [Hunter, McNeil, 1997].
This obviously should increase the spread of mutation,
favoring use of invasive plant.

High relative abundance of the invasive plant.
Despite the fact that in our model a mutation that
enhances the ability to feed on an invasive species does not
reduce fitness on a native plant, the spread of the mutant
form is slow at low relative abundance of the invasive
plant, particularly within the native plant population.
Our modeling scenarios consistently demonstrate that
replacing the wild type allele requires the invasive plant to
be at least as abundant as the native species. Our model
assumes constant abundances of the native and invasive
species, but in reality, it is highly plausible for the invasive
species to spread extensively over time [Petrosyan et al.,
2023], potentially resulting in the complete replacement
of native species [Vasilyeva, Papchenkov, 2011; Vervoort,
Jacquemart, 2012]. Our model allows us to suggest that host
shift to alien species is possible only after it has effectively
outcompeted the native relative.

Differences in fitness between mutant and wild type
alleles. In our model, we assume that the wild phenotype
has a lower ability to consume the invasive species,
which is a plausible assumption considering that native
insects are generally not adapted to novel plant chemistry
[Cappuccino, Arnason, 2006; Lind, Parker, 2010]. Most
forest insects perform worse on novel host trees [Bertheau
et al., 2010]. However, in our model, we specifically focus
on the appearance or distribution of the mutant phenotype
that is capable of consuming both the invasive and native
species equally. We consider the efficiency of consumption
as a fitness component, as it directly affects the rate of
population growth. A decrease in fitness when transitioning
to a new plant can manifest as increased mortality [Faccoli,
2007; Kirichenko et al., 2008], decreased reproduction rate
[Roininen, Tahvanainen, 1989], or impaired development
[Keena, 2003]. The coefficient ’f’ used in our model can
encompass all these fitness effects. Thus, the difference in
the efficiency of invasive species consumption between the
mutant and the wild phenotype determines the utility of
the mutation and consequently influences its rate of spread.

According to our simulation results, the difference
in feeding efficiency has a lesser impact on the spread of
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the mutant allele compared to the relative abundance
of the invasive species. However, when the difference in
the efficiency of consumption of the invasive species is
minimal, the spread of the mutation is typically hindered.

Such slight decreases in fitness are more characteristic
of polyphagous insects, while specialized insects may
experience more dramatic changes in fitness upon host shift
to a new plant. In a meta-analysis of forest insect fitness on
novel and ancient host tree species, it was found that the
difference in fitness between ancient and new host trees
was significant for monophagous insects, moderate for
oligophagous insects, and non-significant for polyphagous
insects [Bertheau et al., 2010]. On the other hand, it is
unlikely that a single mutation can fully restore fitness on
an invasive plant to the level observed on a native plant,
especially in cases with substantial differences in fitness
between the two host plants. However, there are examples
in nature when a single mutation has led to significant
adaptations. For instance, a single amino-acid substitution
in the Na*, K*-ATPase of the Danaus plexippus (Linnaeus,
1758) confers insensitivity to the cardenolide ouabain
found in one of its host plants [Holzinger, Wink, 1996].
Another example is the adaptation of the polyphagous
aphid Myzus persicae (Sulzer, 1776) to tobacco due to
overexpression of CYP6CY3, resulting from the expansion
of a dinucleotide microsatellite in the promoter region and
a recent gene amplification, which arose as a recent, single
evolutionary event [Bass et al., 2013].

Initial genotype frequency. The initial distribution
of genotype frequencies has the strongest influence on the
simulation results. In our model, the rapid and successful
spread of a mutant allele is feasible only if it has already
attained a substantial abundance in the initial population
and the respective locus is in Hardy-Weinberg equilibrium,
as the mutant allele does not affect fitness on the native
plant and can freely spread within that population.

There are empirical examples demonstrating
the presence of pseudo-neutral variability in natural
populations, where individuals carry deleterious mutations
with habitat-specific fitness effects [Kreslavsky-Smirnov,
1987; Kreslavsky, 1994]. One well-studied example is
Lochmaea capreae (Linnaeus, 1758), where a particular
allele causes mortality in homozygotes living on birch
(Betula) but develops normally on willows (Salix). This
allele does not confer any adaptive advantage on willow.
Homozygotes of the alternative allele and heterozygotes,
on the other hand, can develop successfully on both birch
and willow [Kreslavsky, 1994].

Theoretical models suggest that loci that impact fitness
in one habitat while being neutral or nearly neutral in others
can potentially contribute to sympatric speciation [Kreslavsky,
1994; Kawecki, 1997]. However, in our model, we did not
observe a situation where one allele became fixed on one plant
while the other allele became fixed on the other plant. This
outcome is explained by the gene flow between populations
and the lack of reproductive barriers in our model.

Assortative mating. Assortative mating can facilitate
the rapid spread of mutant alleles within a population
[Parsons, 1962]. In our model, we used fully assortative
mating, which significantly accelerated the spread of the
mutant allele; however, such strict assortativity is rarely
found in nature and more often there is just increased

probability of mating between individuals with similar
traits. Moreover, there is no reason to assume the immediate
emergence and association of such mutant alleles with
assortative mating ([Gavrilets, 2004]; but see alternative
point of view in Servedio et al. [2011]). Nonetheless,
assortativity can arise as a result of spatial factors, such as
similar habitat preferences that lead to mating occurring on
the same host plant [Edelaar et al., 2008].

In our model, the gene flow between populations of
native and invasive plants was constant, and there was no
situation leading to divergence, when one phenotype is
widespread on one plant while the other — on the other
plant. However, in reality, host shift to a new plant can have
additional effects, such as altering the timing of reproduction,
which can in turn reduce gene flow between populations
and potentially lead to speciation [Forbes et al., 2017].

Behavioural adaptations. Higher migration rates
between two plant species can enhance the spread of mutant
alleles. If the migrations are asymmetric, with a higher
migration rate of the mutant phenotype to the invasive
species, it can be interpreted as a behavioral adaptation to
the preferred plant. For successful host shifts, behavioral
adaptations rather than physiological adaptations are often
necessary [Bernays, Chapman, 1994].

A notable example is the host shift of Ophraella
notulata (Fabricius, 1801) (Chrysomelidae) to a novel
host plant, Iva frutescens (Asteraceae). This shift was
facilitated by changes in behavior without an increase in
the physiological capacity to utilize I. frutescens, despite it
being a less digestible plant compared to the ancestral host,
Ambrosia artemisiifolia [Gassmann et al., 2006].

Conclusion

Our model highlights several key factors that influence
the rate of spread of conditionally beneficial mutant alleles
allowing the expansion of the trophic niche in the context
of host shift to the invasive plant.

The timing of reproduction and generation time of
insects play significant roles in the spread of mutations.
The process of mutation fixation typically requires a
substantial number of generations. The relative abundance
of the invasive plant is another crucial factor. Our modeling
scenarios consistently show that displacing the wild type
allele requires the invasive plant to be at least as abundant
as the native species. The initial distribution of genotype
frequencies strongly influences simulation results. For
rapid and successful spread, the mutant allele needs to
have already attained appreciable abundance in the initial
population. Assortative mating can facilitate the spread
of mutant alleles, although the immediate emergence and
association of such alleles with assortative mating doesn’t
seem to be very plausible assumption.
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