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Thyrinteina arnobia (Lepidoptera: Geometridae) is a native American species. Despite its historical
importance as an insect pest in Eucalyptus plantations, more information is needed regarding the
population diversity, demography, and climatic variables associated with its distribution in different
regions of Brazil. We used a phylogeographic approach to infer the genetic diversity, genetic structure,
and demographic parameters of T. arnobia. We also conducted an ecological niche modeling (ENM)
to predict suitable areas for T. arnobia occurrence in Brazil and other countries worldwide. Although
T. arnobia populations have low genetic diversity in Brazil, we identified mitochondrial haplogroups
predominating in different Brazilian regions and high ®s; and ®; values in AMOVA, suggesting
alow frequency of insect movement among these regions. These results indicate that outbreaks

of T. arnobia in Eucalyptus areas in different regions of Brazil are associated with local or regional
populations, with no significant contribution from long-distance dispersal from different regions or
biomes, suggesting that pest management strategies would be implemented on a regional scale. In
Brazil, the demographic and spatial expansion signals of T. arnobia seem to be associated with the
history of geographical expansion of Eucalyptus plantations, a new sustainable host for this species.
ENM indicated that isothermality and annual rainfall are critical climatic factors for the occurrence
of T. arnobia in tropical and subtropical areas in the Americas. ENM also suggested that T. arnobia

is a potential pest in Eucalyptus areas in all Brazilian territory and in regions from Africa, Asia, and
Oceania.

Keywords Eucalyptus brown looper, Population genetics, Population ecology, Agriculture pest, Maxent
model

The Brazilian trade in forest products has grown significantly in the last 100 years, with an inevitable demand for
increased production in the forestry sector. Trees of the genus Eucalyptus (Myrtaceae), native to Australia, were
introduced into Brazil due to their high wood and cellulose production potential for use in industrial sectors
of energy production, textile sector, furniture manufacturing, and pharmacies'. Eucalyptus was first planted in
Brazil in the southeast region (mainly in Sdo Paulo and Minas Gerais states) in 1905%. After 1950, Eucalyptus
plantations were expanded to neighboring states and into northern Brazil around the 2000s, and by 2021, they
had reached a total of 7.5 million hectares’.
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Efforts to improve Eucalyptus productivity in Brazil are negatively affected by damage from native and exotic
pests and pathogens*®. Thyrinteina arnobia (Stoll, 1782) (Lepidoptera: Geometridae), known as the eucalyptus
brown looper, is a species native to the Americas that occurs in nearly all South America and parts of Central
and North America®. This species feeds on several native hosts, with a preference for members of the family
Myrtaceae®”. Thyrinteina arnobia has found a vulnerable host in Eucalyptus species and has become the primary
defoliator of this crop, mainly in subtropical and tropical Brazil®®. Eucalyptus plantations infested by T. arnobia
can reduce their annual biomass production by up to 40%'°

Despite the historical importance of T. arnobia as an insect pest in Eucalyptus plantations in Brazil'!, more
information is needed regarding its population diversity and demography in different regions of the country.
Studies phylogeography aims to investigate local patterns of historical dispersal, revealing the presence of genetic
strains, population structure, and demographic expansion of a species. This approach increases understanding
of historical and contemporaneous processes associated with the distribution of strains and can provide new
prospects for the management of agricultural pests'?°. Divergent strains or populations of a species could
respond differently to control strategies commonly used for pest control in farming areas, such as plant resistance
(including transgenic crops), insecticides, pheromones, and natural enemies!®18.

Phylogeography uses molecular markers, mainly DNA sequencing, to provide insights into the history of the
genetic diversity and distribution of species in both space and time'**. Additionally, ecological niche models
(ENMs) combine collection localities and Geographic Information System (GIS) maps of environmental data to
create spatial predictions concerning a species’ historical and current ranges®'~**. ENM is widely used to estimate
the suitability of environments for organisms, helping to build ecological models for prediction in specific geo-
graphic areas. This way, we can examine species distribution patterns using ecological niche models, combining
species presence records with environmental variables?*-?°. Despite T. arnobia being a native pest, reports of its
occurrence in Brazil are frequently associated with Eucalyptus areas due to a lack of information on its presence
and distribution in native environments. Thus, ENMs could bring new insights into the distribution of this
species in Brazilian territory, including new Eucalyptus areas, and its potential as an invasive pest in Eucalyptus
plantations worldwide. Primarily because invasions of agricultural and forest pests have become increasingly
frequent over the past two decades?”?.

Given the ongoing expansion of Eucalyptus plantations from southeastern to central and northeastern Brazil
and the reports of T. arnobia infestation in old and new cultivation areas, it is imperative to comprehend the
genetic relationships among its populations in Eucalyptus areas to know if the populations are connected among
them and in demographic expansion in Brazil. Furthermore, estimating the suitable areas for this species in
Brazil could help predict the potential occurrence of T. arnobia in new Eucalyptus areas in Brazil and worldwide.
Therefore, integrating phylogeography with ENMs may increase understanding of the distribution and evolution
of T. arnobia, offering critical data to enhance pest management strategies?*’. Specifically, our objectives were
twofold: (i) to infer the genetic diversity, genetic structure, and demographic parameters of T. arnobia, aiming
to estimate the historical dynamics of its colonization of the main Eucalyptus production areas in Brazil, and
(ii) to conduct species modeling to forecast suitable areas for the occurrence of T. arnobia and its haplogroups
in Brazil and other countries worldwide.

Diversity statics and genealogical inferences

We sequenced 139 individuals for the mitochondrial genes COI and COII. One hundred thirty-two T. arnobia
from 16 Eucalyptus plantations across three geographical regions in Brazil: Atlantic Forest, the transition between
Atlantic Forest and Southern Cerrado (AF/CE), and Northern Cerrado (Table S1 and Table 1). The other seven
individuals from T. leucoceraea species were used to confirm the species identification (Table S1 and Table 1). We
obtained a total of 1303 bp for the concatenated COI and COII gene sequences (642 and 660 bp, respectively).
Twenty-two haplotypes were found for T. arnobia, with total haplotype diversity Hd = 0.858, nucleotide diversity
n=0.0028, and a mean number of nucleotide differences k=3.72924 (Table 1). Sequence analysis of the EF-1a
region identified 14 haplotypes with a haplotype diversity of 0.598, nucleotide diversity of 0.0013, and a mean
of 0.749 nucleotide differences (Table 1).

Genealogical relationships among 22 mitochondrial haplotypes of T. arnobia indicated three haplogroups
distributed in Brazil (Fig. 1A, B). Haplogroup_G1 is more abundant in the Atlantic Forest biome; haplogroup_G2
is more abundant in the transition between Atlantic Forest and South Cerrado (AF/CE); and haplogroup_G3 is
more abundant in the North Cerrado biome (Fig. 1C). Haplotypes H4, H9, and H16 are associated with haplo-
groups G1, G3, and G2, respectively, but do not show the same geographic distributions as their haplogroups.

Analyses of the EF-1a region of T. arnobia revealed a single nucleotide polymorphism variation separating
the haplotypes. The 14 haplotypes are separated by a one-step mutation, except for haplotype H14, which has
two mutational steps (Fig. 2). The EF-1a network had lower haplotype diversity than the mitochondrial network.
Haplotype H1 was the most frequent (58.6%) and was widely distributed across all regions (Fig. 2 and Table 1).

Population structure

The analysis of molecular variance (AMOVA) of the mtDNA haplotypes found for T. arnobia, considering two
hierarchical levels, revealed high variation among groups (65.17%, @ =0.652; p <0.001) and consequently low
variation within groups (34.83%) (Table 2a). When the AMOVA was divided into three hierarchical groups
(Atlantic Forest, AF/CE, and North Cerrado biomes), we found a significantly high value, confirming our hypoth-
esis that the genetic variation among T. arnobia populations is influenced by geographical regions where they
were collected (Pr=0.578, p <0.001). Furthermore, the value of genetic variation within populations (28.8%,
@, =0.712) indicates an overall genetic differentiation in these populations into groups (Table 2a).
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Locations (City, mtDNA haplotypes mtDNA Nucleotide mtDNA Haplotype ncDNA haplotypes ncDNA Nucleotide | ncDNA Haplotype
State) Code (n) diversity () diversity (Hd) (n) diversity () diversity (Hd)
L. H1(5), H2(1), H3(1),
Maceid, AL ALMA H1(13) 0.00000 0.000 H4(1), H5(1) 0.00163 0.722
Alagoinhas, BA BAAL H1(4) 0.00000 0.000 - - -
Mucuri, BA BAMC H1(7), H2(2), H3(1) 0.00039 0.511 HI1(5), H6(1) 0.00061 0.333
Mucurici, ES ESMC g;g; H3(1, Ha(D) 1§ 60200 0.900 H1(2), H6(1) 0.00122 0.667
Montanha, ES ESMO | H1(4), H2(2), H3(2) | 0.00055 0.714 H1(5), H4(1), H6(1) | 0.00105 0.524
Pedro Candrio, ES | EspC | L2 H3(), Ho(D), 14 5509, 0.867 - - -
H7(1)
Pinheiros, ES ESPI H1(8) 0.00000 0.000 - - -
Atlantic Forest biome | - - 0.00047 0.440 - 0.00113 0.533
Martinho Campos, H12(7), H13(1), H1(3), H9(2), H10(2),
MG MGMC H14(2) 0.00043 0.511 HI1(1), H12(2) 0.00216 0.867
ﬁg“ doRioPardo, | \repp | H15(5), H16(1) 0.00230 0.333 H1(5), H12(1) 0.00061 0333
Trés Lagoas, MS MSTL H12(1), H15(9) 0.00046 0.200 H1(5), H11(1), H13(3) | 0.00133 0.639
. H12(4), H17(3),
Ttapetininga, SP SPCL H18(2), H19(1) 0.00135 0.778 H1(5), H12(3), H14(1) | 0.00173 0.639
. H12(2), H17(3),
Mogi Guagu, SP SPMG H20(3), H21(1) 0.00132 0.806 - - -
Atlantic Forest /South | _ - 0.00176 0.796 - 0.00168 0.690
Cerrado
Agailandia, MA MAAC H8(6), H9(1), H10(1) | 0.00162 0.464 H1(5), H8(1) 0.00061 0.333
Rﬁ:ﬂ Jesus das Selvas, | \rapy | H3(3), Ho(5) 0.00288 0.536 - - -
Sao Francisco do H4(1), H8(2), H9(4),
Brejio, MA MAFB HI11(1) 0.00362 0.750 H1(4), H7(1) 0.00073 0.400
Sao Bento do
Tocantins, TO TOCA H8(8), H22(1) 0.00017 0.222 - - -
North Cerrado biome | — - 0.00258 0.591 - 0.00067 0.345
TOTAL - 0.00286 0.859 - 0.00137 0.598

Table 1. Number of haplotypes and diversity indices of different populations of Thyrinteina arnobia
(Lepidoptera: Geometridae) based on concatenated COI and COII gene (mtDNA) and EF-1a (ncDNA).

The AMOVA results for the EF-1a gene showed low variation among populations at two hierarchical levels
(6.21%, g =0.062; p>0.01) and, consequently, high variation within groups. When the AMOVA was divided
into three hierarchical levels, the variation among groups remained low and non-significant, and the variation
within populations remained high (Table 2b).

Pairwise Fg; values calculated with mtDNA data varied from 0.00 to 0.971 (Table S2). The Mantel test, which
examines the relationship between Slatkin’s linearized Fgr and linear geographic distances, revealed a low but
significant correlation coefficient among the variables (r>=0.069; p=0.0214) (Fig. S1).

Demographic analysis using mtDNA genes

The neutrality tests indicated that the populations of T. arnobia are not recent population expansion or contrac-
tion (Tajima’s D =-0.8; p=0.22; Fu’s Fs=-4.524; p=0.099) (Table 3). These results suggest that the polymor-
phisms found conform to the neutrality model proposed by TAJIMA®!, and in general, the populations of T.
arnobia are not expanding®. This holds true when considering the AMOVA groups separately, except for the
Atlantic Forest population, which shows evidence of demographic expansion as seen in the results for Tajima’s
D and Fu’s Fs (p-value), respectively: D=—-1.756 (p <0.02), Fs=-3.742 (p <0.01) (Table 3).

The results of mismatch distribution analyses for observed and simulated values for spatial expansion were
not significant for T. arnobia individuals when evaluated as a whole (SSD=0.01718, p>0.23; Raggedness =0.049,
p>0.16). When divided into groups, the SSD and Raggedness index values were also not significant, indicating a
spatial expansion for T. arnobia in the locations sampled. This is evidenced by the rejection of the null hypothesis
of unimodal curve patterns and non-significance (p>0.05) (Table 3).

According to the Extended Bayesian Skyline Plot (EBSP) analysis, the population expansion of T. arnobia in
Brazil occurred within the last 100 years (Fig. 3). In the Atlantic Forest region, the expansion also occurred in
the last 100 years (Fig. 3A), and in AF/CE and North Cerrado in the last 10 years (Fig. 3B, C).

Modeling performance
The test AUC values for the initial and final models were 0.970 and 0.952, respectively, with standard deviations
0f 0.005 and 0.011. These results attest to the models” high performance®.
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Fig. 1. (A) Bayesian phylogeny tree showing posterior probability values (>90), and (B) haplotype network
of Thyrinteina arnobia and T. leucoceraea (Lepidoptera: Geometridae) based on a 1303 bp fragment of

the concatenated mitochondrial genes COI and COIL (C) Geographic distribution and frequency of the
mitochondrial haplotypes in different regions of Brazil. Circles represent a single haplotype, and its colors are a
haplogroup.

Contribution of environmental variables

The Pearson correlation coefficients between the 20 environmental variables are presented in Table S3, while
the percentage contributions of the variables in the initial model are shown in Table S4. Following the screening
procedure, Isothermality (Bio3), Mean temperature in the coldest quarter of the year (Bioll), Annual rainfall
precipitation (Bio12), and Precipitation in the hottest quarter of the year (Bio18) were selected for the final model.
Isothermality and annual precipitation collectively contributed 78.4% of the model output (Table S5), and their
response curves are shown in Fig. 4A and B, respectively.

Scientific Reports |  (2024) 14:20963 | https://doi.org/10.1038/s41598-024-71816-2 nature portfolio



www.nature.com/scientificreports/

H6
H4

H7

10es
Q

1 sample
@ Haplogroup_G1
OHaplogroup_G2
® Haplogroup_G3

H14

H13 1 H10

H12 H1

Fig. 2. Haplotype network of Thyrinteina arnobia (Lepidoptera: Geometridae) based on a 532 bp fragment of
the nuclear gene EF-1a. The colors represent mitochondrial haplogroups in Fig. 1.

Source of variation ‘ d.f ‘ Sum of squares | Variance components | Variance (%) | Fixation index (p-value)
(a) mtDNA

Among populations 15 | 165.887 1.264 Va 65.17 ?;ZE (())gg)z
Within populations 116 | 78.378 0.675Vb 34.83

Total 131 |244.265 1.94008

Among groups (biomes) |2 | 123.976 1357 Va 57.84 52;86%7)8
Among populations D=0.317
within groups (biomes) 13 41.912 0.313 Vb 13.36 (p=0.000)
Within populations 116 | 78.378 0.675 V¢ 28.80 EI;Z; (())0701>2
Total 131 | 244.265 0.771

(b) ncDNA

Among populations 9 4.640 0.02340 Va 6.21 ?;Szz (())?1672)
Within populations 60 21.203 0.35339 Vb 93.79

Total 69 25.843 0.37678

Among groups (biomes) 2 1.518 0.01468 Va 3.85 ?;(2387023623
Among populations Dy-=0.036
within groups (biomes) 7 3122 0.01332 Vb 349 (p=0.1071)
Within populations 60 | 21203 0.35339 Ve 92.66 ?;SS %8;33)
Total 69 25.843 0.38138

Table 2. Analysis of molecular variance (AMOVA) for the genetic structure of Thyrinteina arnobia
(Lepidoptera: Geometridae) populations based on concatenated COI and COII gene (mtDNA) and EF-1a
(ncDNA).

As seen in Fig. 4A, the highest probability of T. arnobia occurrence will be in regions with isothermality,
approximately 77%. Likewise, Fig. 4B shows that the peak probability of occurrence is expected in areas with
annual precipitation close to 3500 mm; beyond this threshold, the standard deviation increases substantially.
Each of these response curves represents a model created by the MaxEnt using only the corresponding variable.
They reflect the dependence of the predicted suitability on the selected variable. According to the Jackknife test
of variable importance, Bio3 emerged as the environmental variable with the highest gain when used alone.
Hence, it provides the most helpful information on its own (Fig. S2). The environmental variable that showed
the most significant decrease in gain when omitted is Bio3, suggesting that it contains information not present
in the other variables. These values were averaged over replicate runs.
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Raggedness index

Group Population size (N) | Tajima’s D (p-value) | Fu’s Fs (p-value) | SSD (p-value) | (p-value)

-1.756 -3.742 0.004 0.141
Atlantic Forest 54

(0.013)* (0.008)* (0.278) (0.433)
Atlantic Forest /South 45 -1.176 -1.586 0.016 0.048
Cerrado (0.117) (0.252) (0.388) (0.566)

0.751 2.405 0.166 0.341
North Cerrado 33

(0.798) (0.872) (0.056) (0.085)

—-0.800 —4.524 0.017 0.049
Total 132

(0.225) (0.099) (0.232) (0.165)

Table 3. Neutrality tests and Mismatch analysis based on concatenated COI and COII genes in Thyrinteina
arnobia (Lepidoptera: Geometridae). *Significant values (<0.02).

Global and local predicted suitable areas for Thyrinteina arnobia
Our ENM analysis revealed suitable areas for the species in diverse regions over Brazil and in Central America
(Fig. 5). As a potential invasive pest, we found suitable areas in Africa, such as the sub-Saharan region, on the
east coast, and in Madagascar. Suitable areas are also present in Southeast Asia, in some parts of India, Myanmar,
Thailand, Laos, Cambodia, Vietnam, and Malaysia; the Philippines; and Indonesia. In Oceania, Australia’s east
coast and parts of New Zealand have suitable areas.

We also modeled the suitability for each T. arnobia haplogroup within Brazil. Haplogroup_G1 and Haplo-
group_G?2 have similar potential suitability in Brazil, while Haplogroup_G3 is restricted more to North Brazil
(Fig. 6). The future T. arnobia haplogroups suitability in Brazil is little changed until 2050 (Fig. S3).

Discussion

This study is the first to employ molecular tools to gain insights into the diversity and history of dispersal of T.
arnobia populations collected in Eucalyptus areas in Brazil. In general, mitochondrial (mtDNA) and nuclear
markers (ncDNA) revealed a moderate haplotype and low nucleotide diversity across the country. However,
the mtDNA genes proved to be more valuable markers for phylogeographic inferences of T. arnobia, generating
a larger number of haplotypes and, notably, greater nucleotide diversity compared to the ncDNA marker. The
higher diversity of mtDNA genes than single-copy nuclear genes aligns with typical findings in insect phylogeo-
graphic and phylogenetic studies®*->’ This phenomenon is likely associated with differences in evolution between
mitochondrial and nuclear genomes®~0.

The mitochondrial and nuclear haplotype networks revealed a close genealogical relationship among T. arno-
bia haplotypes. Despite being native to the Americas, our results suggest that T. arnobia populations in Brazil have
recently undergone demographic changes, possibly linked to recent genetic differentiation or dispersal events.
This is supported by the descriptions of five T. arnobia subspecies, only one of which is found in Brazil>*!. Our
study confirmed the presence of one subspecies based on the low genetic diversity in Brazil. This implies that
the diversification center of T. arnobia is not in Brazil but probably in Central America. Similar findings of low
genetic diversity associated with recent dispersal to South America have been reported for other agricultural
insect pests native to the Americas***.

Despite the low nucleotide diversity, the mitochondrial haplotype network revealed the presence of three hap-
logroups, which were further supported by a Bayesian phylogeny. A clear relationship exists between the mtDNA
network architecture and the geographic origin of individuals across different regions in Brazil. Haplogroup_Gl,
the most ancestral among the haplogroups, is more abundant in the Atlantic Forest region. Haplogroup_G2 is
more abundant in the northern Cerrado, and Haplogroup_G3 is more abundant in the AF/CE. Three haplotypes
are not geographically located together with their respective haplogroups, but each of these haplotypes occurs in
only one region (see Fig. 1). This suggests the possibility of insect movement among Eucalyptus areas in different
Brazilian regions, but not in high frequency, at least in the last few years. Specifically, these long-distance dispersal
events can be associated with natural events or mediated by human activity related to the spatial expansion of
Eucalyptus plantations, forestry industries, or pest-management activities in the past.

The AMOVA confirmed a high population structure among populations, particularly when considering
geographical regions. This supports the inference of a low movement frequency of T. arnobia individuals among
Eucalyptus areas in different Brazilian regions. Thus, considering the distribution pattern of the mtDNA hap-
lotypes and the AMOVA index, we can confirm that the insects associated with population outbreaks of T.
arnobia in Eucalyptus areas originated from local or regional populations, with no significant contribution via
long-distance dispersal of insects from different regions. However, we cannot infer insect movement and gene
flow among T. arnobia populations within the same geographical regions using these markers alone. This regional
genetic structure, observed in T. arnobia populations using mtDNA markers, was also observed in populations
of Diatraea saccharalis (Fabricius, 1794) (Lepidoptera: Crambidae) in Brazil. Some hypotheses for this genetic
structure are associated with isolation by distance, demographic expansion, and genetic drift promoted by agri-
cultural practices*®*’. However, the high genetic structure is not standard for all lepidopteran pests in Brazil, e.g.,
Noctuidae moths, associated with annual crops (e.g., maize, soybean, and cotton), show low genetic structure in
agricultural landscapes**~, probably associated with a high dispersion capacity of this group™—>.
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Fig. 3. Extended Bayesian Skyline Plot (EBSP) showing population size dynamics throughout time for
Thyrinteina arnobia (Lepidoptera: Geometridae) in Brazil based on a 1303 bp fragment of the concatenated
mitochondrial genes COI and COIL. The y-axis indicates effective population size (Ne) scaled by mutation rate
(W) as a function of time. The black horizontal line shows the median EBSP estimate, and the gray area shows
the upper and lower 95% highest posterior density limits. (A) Atlantic Forest (B) North Cerrado (C) transition
between Atlantic Forest and South Cerrado biomes/region (AF/CE).
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Fig. 4. (A) Isothermality (Bio 3) response curve and (B) Annual precipitation (Bio 12) response curve. The
curves depict the mean response of the 10 replicate Maxent runs in red, with their mean value along with one
standard deviation indicated in blue.

The nuclear haplotype network showed a star-like shape, with the central haplotype (H1) distributed in all
populations of T. arnobia and connected to other low-frequency haplotypes. These low-frequency haplotypes
are separated by a single mutation step, with their distributions each limited to a single biome. The absence of
haplogroups supported by nuclear markers in our analysis is probably associated with a low genetic diversity of
this marker compared to mtDNA markers. It is reinforced by the limitation of each low-frequency haplotype to
one region or biome. However, the nuclear data confirmed the recent genealogical relationship among T. arnobia
populations and the possibility of gene flow among populations located in different geographical areas in Brazil.

The neutrality tests Fu’s Fs and Tajima’s D assessed demographic aspects for T. arnobia populations. These tests
are typically based on the distribution of pair-wise differences among sequences within populations. The neutral-
ity tests gave significantly negative values for the Atlantic Forest biome, indicating that populations in this region
are undergoing demographic expansion. Although most populations are not under the effect of demographic
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means suitable areas, and white means unsuitable).

expansion, all are experiencing spatial expansion, as revealed by the Mismatch Distribution test. The skyline
analysis confirmed a recent demographic expansion of T. arnobia in Brazil, agreeing with the above discussion.
Furthermore, the expansion of T. arnobia occurred within the last 100 years, suggesting a strong association with
the history of the expansion of Eucalyptus plantations in Brazil, which reached 7.6 million hectares in 2022,
Demographic and spatial expansion associated with the increase of cultivated areas in Brazil is reported to other
agricultural pests such as moths, stink bugs, and leaf miners'#>%. This fact is frequently justified by the rise of
resources provided for the agricultural areas for these species'*.

With the continuous territorial expansion of Eucalyptus areas in Brazil, it is essential to understand which
areas are most suitable for T. arnobia and its haplogroups in the country, mainly due to occurrence reports of
this species being more frequently associated with Eucalyptus areas. Our analysis produced robust models with
excellent performance, considering the high AUC values (AUC value >0.90)***. Within Brazil, the suitable area
for T. arnobia, as revealed by our analyses, aligns with the current distribution in the tropical and subtropical
regions of the Americas. It confirms the potential of T. arnobia as a pest in new Eucalyptus areas in Brazil and as
an invasive pest in parts of Africa, Asia, and Oceania.

According to the model, isothermality and annual precipitation are the critical climatic factors for T. arnobia
occurrence. They could be future indicators of population outbreaks of this pest in Eucalyptus plantation areas.
These variables are shown to influence the global distribution of T. arnobia, impacting the spread of the pest.
Temperature contributes significantly more than precipitation conditions”, indicating a critical role in the spread
of T. arnobia. Isothermality, i.e., the day-to-night temperature oscillations relative to the summer-to-winter
(annual) oscillations (Bio2/Bio7).
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Our results indicated little probability of T. arnobia movement among Brazilian regions. However, it is essen-
tial to understand the potential distribution of T. arnobia haplogroups within the country. Therefore, we also used
the niche model approach to estimate the potential geographical distribution for each T. arnobia haplogroup.
Although we lack information about the biotic potential of the different T. arnobia populations associated with
each haplogroup, hybridization can increase the genetic diversity and the potential success of this species as an
Eucalyptus pest in Brazil®®. Our results showed that considering the haplogroups’ potential distribution, the
present T. arnobia populations are not restricted by environmental factors in dispersing and colonizing other
areas in Brazil, with the possibility of gene flow among populations from different haplogroups. For instance,
haplogroups_G1 and G2 may eventually occupy nearly all of Brazil. Haplogroup_G3 may occupy a significant
portion of the central and northern regions. In projected future climate scenarios from 2030 to 2050, our models
do not indicate any significant change in the size of areas favorable to this insect pest in Brazil.

In conclusion, T. arnobia populations have low/moderate genetic diversity in Brazil. However, we identified
the presence of mitochondrial haplogroups that predominate in different Brazilian regions, suggesting a low
frequency of insect movement among these regions. Therefore, population outbreaks of T. arnobia in Brazil
consist of local or regional insects, with no significant contribution through long-distance dispersal from different
regions or biomes. It suggests that, when possible, the management strategies for T. arnobia populations would
be implemented on a regional scale. The demographic and spatial expansion signals of T. arnobia are associated
with the history of expanding Eucalyptus plantations, confirming it as the new sustainable host for T. arnobia.
According to the ENM, isothermality, and annual precipitation are the critical climatic factors for T. arnobia
occurrence in Brazil, with potential for distribution in Eucalyptus areas worldwide. Finally, a genomic approach
is necessary to measure T. arnobia gene flow among populations located within and among geographical regions.
Furthermore, genomic data can provide new insight into this species’ adaptation to Eucalyptus plantations and
landscape variables in Brazil, providing crucial information for this pest management.

Methods

Insect collection and DNA extraction

Adults of T. arnobia were collected from 16 Eucalyptus plantations across three geographical regions in Brazil:
Atlantic Forest, the transition between Atlantic Forest and Southern Cerrado (AF/CE), and Northern Cerrado
(Table S1). For DNA extraction, we macerated the thoraxes of individual adult moths in liquid nitrogen and
followed the standard genomic DNA extraction method, using CTAB (Cetyltrimethylammonium bromide)
buffer with proteinase K for protein/enzyme digestion, followed by washing with a chloroform (CIA) solution
and total DNA precipitation with isopropanol®’. The DNA obtained at the end of the process was resuspended
in 50 pL of ultrapure water and stored in a freezer at —20 °C.

Mitochondrial and nuclear gene amplification and sequencing

Two mitochondrial gene fragments, COI (cytochrome c oxidase subunit I) and COII (cytochrome c oxidase
subunit IT), and a fragment of the nuclear gene EF-1a (eukaryotic translation elongation factor 1 alpha 1), were
sequenced in our study. The primers used to amplify the COI gene were designed by Folmer et al.®?, LCO1490
(Forward) (5-GGTCAACAAATCATAAAGATATTGG- 3) and HCO2198 (Reverse) (5'-TAAACTTCAGGG
TGACCAAAAAATCA-3'). For the COII gene, the primers PATRICK (Forward) (5'-CTAATATGGCAGATT
ATATGTAATGGA-3") and EVA (Reverse) (5'- GAGACCATTACTTGCTTTCGATCATCT-3') were applied for
amplification®. For the nuclear EF-1a gene, the primers used were EF1A-2 (Forward) (5'-GGCATCGAGGGC
TTCAATAA- 3’) and EF1A-3R (Reverse) (5-GTCCCATCCCTCAGCRTTAC-3'). The PCR reactions followed
the pattern: 2.0 uL ANTP (2.5 mM) (Sinapse Inc.), 2.0 uL Primer F (5 pM), 2.0 uL Primer R (5 uM), 2.5 uL MgCl,
(25 mM), 2.5 uL buffer (Mg** Free; Sinapse Inc.), 10.7 uL MilliQ water, 0.3 uL Taq Polymerase (1 U) (Sinapse
Inc.), and 3 uL of the individual’s DNA, for a total volume of 25u L per reaction. The PCR cycles consisted of an
initial denaturation at 95 °C for 3 min; 35 cycles of denaturation for 30 s at 95 °C, annealing for 30 s, and exten-
sion for 2 min at 72 °C; and a final extension at 72 °C for 10 min. The annealing temperatures were 53, 62, and
59 °C for the COI, COII and EF-1a genes, respectively. PCR amplicons were visualized under ultraviolet light
after electrophoresis using 3 uL of the amplicon in a 1.5% v/v agarose gel. All PCR amplicons were purified using
1.0 pL of EXO + SAP enzymes (Cellco©) for every 10 uL of amplicon and sent for bidirectional Sanger sequencing
at the Laboratério de Genomica e Biologia Molecular de Plantas (CEBTEC) at ESALQ/USP.

Assembly of sequencing datasets

All sequences were aligned and edited manually using the software BioEdit®*. To eliminate missing data,
sequences were interrupted at 643 bp for the COI gene, 660 bp for the COII gene, and 532 bp for the EF-1a
gene. No insertions or deletions were found in the sequences obtained. We examined the mitochondrial gene
fragments for the presence of nuclear paralogs of mitochondrial origin, known as numts®, using MEGA v.5.2
software®, after we concatenated the COI and COII genes for subsequent analysis. We created two alternative
EF-1a sequences for all individuals that showed ambiguity in the polymorphic site. When two or more poly-
morphic sites were observed, we used the criteria of the haplotype frequency in a population to define the hap-
lotypes. All datasets generated in this study have been submitted to NCBI-GenBank with the accession numbers
PP723897-PP724035 (COI), PP750573-PP750711 (COII), and PP750741-PP750786 (EF-1a).

Diversity and genealogical analysis

Using DnaSP software v6.12.01%7, we calculated the haplotype diversity indices (Hd), number of haplotypes
(H), nucleotide diversity (r), and mean number of nucleotide differences (k) for the T. arnobia populations.
We established genealogical relationships among T. arnobia sequences by constructing a Bayesian phylogeny®®
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and a Median Joining haplotype network in PopArt software v1.7%. For the Bayesian analysis, we found the
best nucleotide substitution model and parameters HKY +1+ G for phylogenetic analysis, using the software
MrModeltest v2.4° using the Akaike Information Criterion”". The tree was generated using two simultaneous
runs of 100 million generations each in MrBayes software®. We obtained a 50%-majority-rule consensus tree of
the two independent runs with posterior probabilities that were equal to bipartition frequencies.

Subsequently, we conducted a molecular variance analysis (AMOVA) using the Arlequin v3.1 program’,
applying 5000 replicates for bootstrap parameters and a 5% significance level. We performed non-hierarchical
analyses, which considered all sampling locations. Afterward, we examined the variance between populations
based on each collection site and among geographically structured populations separated into groups that include
the criteria of biome and geographical distance (Atlantic Forest, transition between Atlantic Forest and South
Cerrado (AF/CE), and North Cerrado).

Using the program Arlequin, we calculated the pairwise Fg; matrix as described by Slatkin. To determine if
there is an inverse relationship between gene flow and geographic distance, we examined the correlation between
the pairwise Fgp values and the linear geographic distances. The Mantel test’* was employed to test the hypothesis
of genetic isolation by geographic distance (IBD), utilizing 10,000 permutations.

Demographic analysis using mtDNA genes

Tajima’s D and Fu’s Fs neutrality tests were computed using Arlequin v.3.1. Both tests involved 1000 permuta-
tions utilizing coalescing simulations. The significance of Fu’s Fs statistic was determined at the 95% confidence
level, considering a p-value less than 0.02. Additionally, we calculated tau (T) with its 95% confidence intervals
for each group, using a generalized least-squares approach and 1000 coalescent simulations in Arlequin v.3.1.

We conducted a mismatch distribution analysis, using a spatial expansion model to test for population expan-
sion and relate the results to Tajimas D and Fu’s Fs neutrality tests. The sum of squared differences (SSD), Ragged-
ness index (R) statistics, and their associated p-values were also calculated using Arlequin v.3.1. A non-significant
SSD value implies that the hypothesis of population expansion cannot be rejected, and a non-significant ragged-
ness index suggests a good fit of the data to the spatial expansion model”.

Additionally, we employed an Extended Bayesian Skyline Plot (EBSP) in Beast to reconstruct the demo-
graphic history, utilizing TRACER v.1.6, based on the COI-COII data. The HKY substitution model was chosen
because it works with fewer parameters. A strict clock model with a mutation rate based on similar organisms
was employed, given the absence of a specific value for this species. We used the divergence rates of 3.54% My'
for COI’® and 2.76% My' for COII””. We assumed that T. arnobia has 6 generations per year, as described by
Pereira et al.”®. The chain length was set at 100 million generations, sampled every 4000 states, and a 20% burn-in
was applied in three independent runs. Results were examined in Tracer, and the posterior ESS (effective sample
size) and convergence among the runs were assessed.

Thyrinteina arnobia occurrence dataset

To obtain the worldwide occurrence records of T. arnobia, we use the online database Global Biodiversity Infor-
mation Facility’® and the occurrence records of the species collected by the company Suzano S.A. (Tables S2
and S6). To mitigate potential bias in the dataset, we implemented spatial filtering using spThin, an R package®.
Following the filtering procedure, all 360 remaining occurrence points (Tables S2 and S6) were separated by a
minimum of 10 km and were preserved for model construction. This ensured that each grid cell contained only
one occurrence®$2, The total occurrence dataset was subdivided into three subgroups of occurrences according
to T. arnobia haplogroups: haplogroup_G1 (more abundant in the Atlantic Forest), haplogroup_G2 (Transition
Atlantic Forest/South Cerrado), and haplogroup_G3 (North Cerrado). In addition to the global model, a model
was developed for each haplogroup with its occurrence points.

Environmental data layers

Initially, we opted for climatic and elevation factors as the initial environmental variables. Twenty variables
sourced from WorldClim version 2.1 were initially employed as potential predictors (Table S7). These data layers
had a 2.5-min spatial resolution (approximately 5 km), which proved adequate given their worldwide coverage
of all land surfaces.

Recognizing that the selection of environmental variables is pivotal in determining simulation accuracy and
considering that MaxEnt calculates the contribution of each predictor variable to the model, we employed a
method to screen the most suitable variables for our dataset®2. Choosing the best variables for the final model
included several steps. First, an initial model was created to assess the percentage contribution of each initial
variable (as shown in Table S7). Then, ArcGIS 10.1 was used to extract in each of the 360 presence records the
respective attribute values from each of the initial variables. After that, the Pearson correlation between the
initial variables was calculated. If the correlation coefficient between any two variables was higher than 0.7, the
most important variable based on its percentage contribution in the initial model was retained, while the other
variable was excluded. Finally, the remaining variables were sorted by percentage contribution, and only those
with more than 1% contribution were kept for the final model.

Future projections for Thyrinteina arnobia

Our study focused on two future periods (2030 and 2050) under the SSP5-8.5 scenarios outlined in the sixth
assessment report of the Intergovernmental Panel on Climate Change (IPCC AR6). The SSP5-8.5 scenario defines
the upper boundary among the range of scenarios described in the literature®. The Global Climate Model (GCM)
utilized in our analysis is the Model for Interdisciplinary Research on Climate (MIROC-6). This model was
developed through collaboration between the Atmosphere and Ocean Research Institute (University of Tokyo),
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the National Institute for Environmental Studies (Japan), and the Japan Agency for Marine-Earth Science and
Technology. MIROC-6 is a newly developed climate model featuring updates to its physical parameterizations
across all sub-modules®?.

Model development and validation

The global potential distributions of T. arnobia were predicted using MaxEnt version 3.4.4%. First, we created
an initial model as part of the variable selection process for the final model, such as the descriptive Sect. “Envi-
ronmental data layers”. Given that the data were sourced from external providers and we lacked control over
the sampling process, we constructed a sampling bias surface, utilizing the kernel density estimate available in
the SDMToolbox®. The final T. arnobia model was based on fine-tuning the default MaxEnt settings for specific
combinations of resource types and the regularization multiplier (RM)>"#”88, Linear (L), quadratic (Q), product
(P), and hinge (H) feature sets were employed, utilizing automatic feature selection alongside RM =1 to regulate
the complexity of the model for the species®. Additionally, regarding modeling accuracy, we evaluated the AUC
(area under the receiver operating characteristic [ROC] curve) for the final model performance®.

We calculated the AUC by running a tenfold cross-validation in MaxEnt. An AUC value of 0.5 indicates that
model predictions are no better than random; values < 0.5 are worse than random; values between 0.5 and 0.7
indicate poor performance; values between 0.7 and 0.9 indicate moderate performance; and values > 0.9 indicate
high performance®. We used the Jackknife test to identify the environmental variables that most influenced the
final model®*-?2. The final Maxent maps showed values ranging from 0 to 1, indicating T. arnobia occurrence
probability. We selected the Maximum Test Sensitivity Plus Specificity threshold (MTSPS) to distinguish suit-
able and unsuitable areas for T. arnobia. MTSPS is considered simple and equal to or more effective than other,
more intricate approaches”>*,

Data availability

The gene sequences produced in this work were submitted to GenBank: PP723897-PP724035 (COI), PP750573-
PP750711 (COII), and PP750741-PP750786 (EF-1a). The dataset used in the Ecological Modelling Niche analysis
was included in the Supplementary Material.
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