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Abstract

Different pre- and postzygotic isolating mechanisms may prevent interspecific gene
exchange in secondary contact zones. Due to the different nature of each isolating bar-
rier, which may act in different life history stages, multidisciplinary approaches are crucial
to investigate the evolution of reproductive isolation (RI) in contact zones. In this study,
we analysed seven different pre- and postzygotic RI mechanisms and reproductive suc-
cess of two neotropical orchid species with contrasting pollination strategies, the nectarless
food-deceptive Epidendrum denticulatum and the nectar rewarding E. orchidiflorum. The
two species occur sympatrically in the coastal vegetation of Southeastern Brazil and share
habitats with their natural hybrid E. x purpureum. Our aim was to test the contribution of
pre and postzygotic reproductive barriers to species cohesion, examining potential asym-
metries among RI mechanisms. Our results indicate habitat isolation as an important prezy-
gotic barrier, strongly influenced by the contrasting habitat preferences found between the
parental species. Hybrid sterility was also important, though incomplete, to prevent species
collapse in this hybrid zone. This latter barrier was likely shaped by strong differences in
chromosome numbers found between parental species (E. denticulatum 2n=>52, E. orchidi-
Sflorum 2n=156). Indeed, hybrids showed lower levels of fertility when compared to paren-
tal species, probably due to meiotic abnormalities found in hybrid plants. However, con-
trary to our expectations, hybrid plants are still able to attract flower visitors during the day
and night, and natural pollination success was comparable to one of the parental species,
suggesting sexual reproduction of hybrid plants may contribute to the persistence of this
hybrid zone. This study highlights the importance of studying hybrid zones between spe-
cies diverging in several morphological and ecological traits, where the balance of hybridi-
zation is still unpredictable and almost unknown.
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Introduction

Climatic oscillations are responsible for the rearrangement of the geographic distribution
of species (Hewitt 2000; Vallejo-Marin and Hiscock 2016). Such changes in species ranges
may delimit periods of relative isolation that are followed by secondary contact. During
geographic isolation, genetic drift, mutation, and divergent ecological selection may act
alone or in concert to differentiate populations (Coyne and Orr 2004). These processes can
shape genetic, phenotypic and ecological traits, hence creating discontinuity among diverg-
ing lineages. When these related lineages come back into secondary contact, the eventual
restoration of gene flow may generate progeny of mixed ancestry in hybrid zones (Barton
and Hewitt 1985). In these hybrid zones, different pre- and/or postzygotic reproductive bar-
riers may act alone or in concert preventing the disappearance of species boundaries (Grant
1981). However, these barriers may be also permeable allowing for substantial interspecific
gene exchange when fertile hybrids co-occur with parental species (Levin 2012).

The extent to which reproductive barriers are permeable is extremely variable and deter-
mine the fate of the hybrid zone (Lowry et al. 2008). When RI is weak, high levels of intro-
gression and even parental species extinction can occur (Todesco et al. 2016; Zitari et al.
2012), whilst when RI is strong, high levels of sterility are generally found in hybrid plants,
precluding or limiting gene exchange between parental species (e.g., Scopece et al. 2013;
Pinheiro et al. 2015; Shang et al. 2020). In these latter hybrid zones, i.e. those between well
separated species with high RI, the emerging picture arising from the literature is that a
combination of pre and postzygotic barriers prevent or reduces interspecific gene exchange
(Scopece et al. 2013; Cahenzli et al. 2018) and an association between barrier number and
introgressive gene flow has been reported (Shang et al. 2020). In these cases, rather than
focusing on individual components of RI, disentangling the relative importance of multiple
barriers is required to understand the potential fate of the hybrid zone.

Investigating RI in hybrid zones can also inform about the differentiation process
because it allows to recognize the intensity of interspecific gene exchange (Baack et al.
2015; Vallejo-Marin and Hiscock 2016) and can allow to understand whether hybridization
may have a “creative” role by generating new species (Mallet 2007). Each isolating trait
may evolve at different rates, influencing how speciation proceed. Thus, depicting the rate
of evolution of different isolating traits may clarify which barriers are important drivers of
speciation and which accumulated after divergence (Coyne and Orr 2004). Several studies
have shown a positive relationship between the strength of each barrier and genetic dis-
tance (reviewed in Coyne and Orr 2004). However, the rates of isolating barriers may vary
substantially among different organisms. Certain groups of amphibians (Sasa et al. 1998),
fish (Bolnick and Near 2005) and Drosophila (Turissini et al. 2018) show a clocklike accu-
mulation of postzygotic RI, but more variable results are found in plants (reviewed by
Baack et al. 2015). In this context, studies estimating different RI barriers across divergent
taxa would increase our ability to generalize the role of reproductive barriers in speciation.

RI among closely related hybridizing species has been characterized for many Mediter-
ranean members of the orchid family, arguably the second largest family in flowering plants
after Asteraceae (Chase et al. 2016). These studies draw a picture in which multiple isolat-
ing barriers divide closely related species (Scopece et al. 2013; Scopece et al. submitted)
and late postzygotic mechanisms (as hybrid sterility) arise prior to early postzygotic mech-
anisms as embryo mortality (Scopece et al. 2008). RI in this orchid group was found to be
strongly influenced by pollination strategies of parental species (Cozzolino and Scopece
2008). For example, different hybridization scenarios are observed between species with
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deceptive strategies with different levels of pollinator specialization (Cozzolino and Sco-
pece 2008; Xu et al. 2011). Rewarding and rewardless flowers as food-deceptive orchids
can also be hypothesized to experience different levels of pollinator sharing and thus of
pollinator-mediated RI. In general, fruit set, pollination efficiency and flower constancy are
lower in food-deceptive species, modifying the intensity of prezygotic barriers and increas-
ing, consequently, the relative contribution of postzygotic barriers in preventing introgres-
sion (Scopece et al. 2010). On the other hand, rewarding species show higher levels of
pollination efficiency due to an elevated flower constancy, which likely translates into more
efficient prezygotic barriers. In such circumstances, postzygotic barriers can be weak due
to the low incidence of heterospecific pollen flow, and introgression may occur due to fer-
tile hybrids found in such hybrid zones (Natalis and Wesselingh 2012; Mota et al. 2019). In
this Mediterranean orchid group, postzygotic barriers are thought to arise as a consequence
of karyological changes (Cozzolino et al. 2004).

Even though by far most of orchid diversity is in the tropics, less is known for tropi-
cal members of the orchid family in terms of RI (but see Pinheiro et al. 2015). A notable
exception is represented by the genus Epidendrum which arose in recent years as a model
system to investigate reproductive isolation patterns in tropical orchids (Pinheiro and Coz-
zolino 2013). The description of RI mechanisms in this large genus is thus paramount to
gain a picture on evolutionary patterns of the main clade of the orchid family (i.e., Epiden-
droideae). The genus Epidendrum is one of the biggest orchid groups in the neotropical
region with approximately 1500 species (Hagsater and Soto Arenas 2005). Reward and
rewardless species are found in Epidendrum (Cardoso-Gustavson et al. 2018), which is pol-
linated predominantly by Lepidoptera (Pinheiro and Cozzolino 2013). In this genus, sev-
eral cases of hybridization have been reported (Pinheiro et al. 2010, 2015, 2016; Vega et al.
2013; Marques et al. 2014), suggesting the existence of weak pre-pollination barriers. Dif-
ferently from Mediterranean orchids, hybrid zones between species with different karyo-
types are still composed mostly by fertile hybrids, and postzygotic barriers are thought to
be shaped by genetic incompatibilities (e.g., Pinheiro et al. 2010).

Most of the studies conducted on Epidendrum focused on species belonging to the sub-
genus Amphyglottium, which is predominantly composed of food-deceptive species (Car-
doso-Gustavson et al. 2018). Hybrid zones with different levels of introgression and hybrid
fertility have been found, ranging from contact zones with the predominance of F1 sterile
hybrids (Pinheiro et al. 2015) to high levels of introgression mediated by abundant hybrid
individuals (Pinheiro et al. 2010; Vega et al. 2013). These studies showed that pre and
postzygotic barriers in this group may vary substantially, likely in consequence of extrinsic
and intrinsic mechanisms found in each parental species pair, such as ploidy differences
(Moraes et al. 2013; Vega et al. 2013; Marques et al. 2014), degree of pollinator specificity
(Pinheiro et al. 2016), strong genetic incompatibilities (Pinheiro et al. 2015) and different
habitat preferences (Pinheiro et al. 2010). A thorough investigation of different components
of RI in a single study case is however still to be done.

In this study, we thus filled this gap by using a hybrid zone between Epidendrum den-
ticulatum Barb. Rodr. and Epidendrum orchidiflorum Salzm. (Fig. 1) to investigate the
contribution of different pre and postzygotic barriers in the genus Epidendrum and to
understand the fate of the hybrid zone. The two parental species diverged more than 5 mya
(Cardoso-Gustavson et al. 2018) and differ in a number of ecological traits. E. orchidi-
florum is a rewarding species (Cardoso-Gustavson et al. 2018), which potentially attracts
pollinators only at night (Sdo Ledo et al. 2019). In contrast, E. denticulatum is a food-
deceptive species (Cardoso-Gustavson et al. 2018), which is visited primarily by different
species of diurnal butterflies (Almeida and Figueiredo 2003; Sao Ledo et al. 2019). Other
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Fig. 1 Flower color polymorphisms found in Epidendrum denticulatum (a, b), E. X purpureum (c, d) and E.
orchidiflorum (e, f) sampled at the hybrid zone studied in the Restinga de Massambaba population

floral attributes such as differences in flower color (Fig. 1) and odor emission (impercep-
tible for E. denticulatum and strong at night for E. orchidiflorum) were interpreted by Sdo
Ledo et al. (2019) as important premating barriers which may prevent pollinator sharing
between species. In addition, both species show a considerable divergence in habitat pref-
erences (E. denticulatum occurs at higher densities in temporarily flooded shrubby vegeta-
tion, and E. orchidiflorum occurs in unflooded closed shrubby vegetation), as reported by
Sao Ledo et al. (2019). Despite all these differences, the hybrid between these species, E. x
purpureum, was described in the same region where parental species co-occur (Rodrigues
1877), suggesting pollinator sharing to some extent.

Here, by disentangling the strength of seven different reproductive barriers, we aimed at
answering the following questions:
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(a) What is the contribution of pre- versus postzygotic RI mechanisms between E. den-
ticulatum and E. orchidiflorum? Seven different barriers were calculated in order to
understand the role of barriers acting on different life history stages of parental species
and hybrids, such as habitat isolation, phenological isolation, embryo mortality and
hybrid attractiveness;

(b) What karyotype differences and meiotic abnormalities may tell us about the fitness of
hybrid plants? Detailed cytogenetic analysis was conducted on parental species and
hybrids, aiming to quantify chromosome numbers and estimate meiotic abnormalities,
which may influence late postzygotic barriers.

Materials and methods
Study area and plant material

Different patterns of geographic distribution are observed for Epidendrum denticulatum
Barb. Rodr., which occur on Cerrado and coastal vegetation in southeastern Brazil (Pin-
heiro et al. 2015), and Epidendrum orchidiflorum Salzm., which prefers dry vegetation
communities found in coastal and Caatinga vegetation in Northeastern Brazil (Pachon
2016). The distribution of both species overlaps along approximately 300 km in south
eastern Brazil, along the seashore of Rio de Janeiro State, where E. denticulatum and E.
orchidiflorum co-occur on coastal sand dune vegetation (Fig. S1). Sampling was conducted
at Restinga de Massambaba (Cabo Frio—RJ, Fig. S1), where both parental species and their
hybrid, E. x purpureum, are found in sympatry. We sampled plants at least 20 meters apart
in order to avoid clones. Experiments were conducted with forty-five plants in total, which
were cultivated for at least five years at Departamento de Biologia Vegetal, Instituto de
Biologia, Universidade Estadual de Campinas (Campinas—SP).

Pollinia removal in parental and hybrid plants

According to Sao Ledo et al. (2019), pollinia removal occurred in different periods for E.
denticulatum (day) and E. orchidiflorum (night), suggesting complete premating barriers.
In this experiment we aimed to test if pollinia removal may occur at different periods in
both parental species, in a common garden environment. In addition, we also observed pol-
linia removal at day and night in E. X purpureum, to investigate if hybrids are able to attract
diurnal and/or nocturnal potential pollinators. We used five specimens from each parental
and hybrid plants, totalizing 15 individuals. Each plant had at least two inflorescences, and
each flower stalk was exposed at different periods (day and night) to the insects. As we
know that butterflies and moths are the only insects actively removing pollinia of Epiden-
drum species from subgenus Amphyglottium (Braga 1977; Almeida and Figueiredo 2003;
Pinheiro and Cozzolino 2013; Sdo Ledo et al. 2019), we used nylon bags with very fine
mesh to isolate the whole inflorescences. Before dawn, 15 inflorescences were unbagged
and exposed to diurnal insects, and at the same time, the remaining 15 inflorescences were
bagged to exclude diurnal visits. The opposite procedure was adopted before the sunset,
where inflorescences exposed to diurnal insects were bagged, and those that remained
bagged during the day were released to observe pollinia removal by nocturnal Lepidoptera.
The total number of flowers in each inflorescence and the number of flowers without pol-
linia were recorded in each period (day and night) before bagging the inflorescences. Thus,
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daytime and nighttime pollinia removal rates for each species were assessed by the number
of flowers that had their pollinia partially or completely removed in each period over the
average number of flowers exposed (P/F).

Rlindices

All the RI indices were assessed based on data collected in the field (microhabitat and
phenological isolation, hybrid habitat differentiation and hybrid attractiveness) or on
experimental data obtained with cultivated plants (pollen-stigma incompatibility, embryo
mortality and hybrid sterility). Microhabitat and phenological isolation indices were cal-
culated using the data published by Sao Ledo (2012) and Sdo Ledo et al. (2019), collected
in the neighbor population of Maric4, within the same sand dune coastal vegetation forma-
tion where Restinga de Massambaba is situated. The remaining RI indices were calculated
using data obtained from Restinga de Massambaba populations. To allow the comparison
among different isolation mechanisms, we followed the method proposed by Sobel and
Chen (2014). All the indices were thus calculated so that they can range between 0 (no
isolation) and 1 (complete isolation). Below is a detailed description of each of the indi-
ces, ordered from the early acting to the late acting ones. The RI based on flower isolation
was not included in our calculations because the identity of E. orchidiflorum pollinators is
unknown.

Microhabitat isolation index (Rly,cronagimar)

We examined the microhabitat isolation index (Rlyycropaprrar) between the species by
quantifying the degree of co-occurrence of an area of 6 ha reported by Sdo Ledo et al.
(2019). Plants were georeferenced and the obtained coordinates were used to construct a
distribution map, published by Sdo Ledo et al. (2019). We subdivided the map reported by
Sdo Ledo et al. (2019) into quadrats of 10 mx 10 m, and we counted the number of quad-
rats containing only E. denticulatum, only E. orchidiflorum, or both species. The propor-
tion of quadrats that were shared and unshared for each species was determined, and from
these proportions we calculated microhabitat isolation using equation RI,- of Sobel and
Chen (2014).

Phenological isolation index (RlpenoLocy)

Phenological data were recorded weekly by Sdo Ledo (2012) during 1 year, between March
2010 and February 2011. Fourteen plants of each species were marked in the field and
followed during the entire period, where the number of flowering plants was recorded in
each visit (Sdo Ledo 2012). Estimation of the phenological isolation index (Rlpgenorogy)
was carried out as described in Martin and Willis (2007) using the spreadsheet provided in
Table S3 (Supporting information) of Lowry et al. (2008).

Pollen-stigma incompatibility (Rlpq, en-sTigma)r €mbryo mortality (Rlgyervo mortaury)
and hybrid sterility (Rl,ygrip steriLiTy)

Three RI indices were calculated using data obtained from hand pollination using plants
cultivated in a common garden. Manual crosses were conducted as described in Pinheiro
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et al. (2010). Treatments were performed as follows: (i) self-pollinations using the two
parental species and hybrids; (ii) cross-pollinations within species and hybrids; (iii) inter-
specific cross-pollinations; (iv) parental species acting as pollen donors for hybrid plants;
(v) hybrids acting as pollen donors for parental species. All crosses were conducted in both
directions; each plant provided and received pollen. In order to avoid abortions due to an
overload of fruits on each inflorescence, a limit of four fruits by inflorescence was adopted,
based on previous results of crossing experiments using Epidendrum species (Pinheiro
et al. 2010, 2015). In total, 152 flowers were used from 32 plants (13 E. denticulatum, 7 E.
orchidiflorum and 12 hybrids).

Fruit development was monitored until the fruits were mature (as evidenced by open-
ing of ripe fruits). Fruit set was measured by dividing the number of mature fruits by the
total number of pollinated flowers. Then, mature fruits were collected and checked for the
presence of seeds, which were immersed in a 1% solution of 2,3,5-trifenil tetrazolium and
stored for 24 h at 30 °C. Following this procedure viable embryos were stained a strong red
color. At least 200 seeds from each fruit were analyzed under the microscope. The percent-
age of viable seeds was calculated by dividing the number of viable embryos by the total
number of embryos scored. Fruit and seed data were obtained for each cross type and com-
pared using Mann—Whitney or Kruskal-Wallis tests with SPSS 11.0 software.

The strength of three postmating individual barriers were estimated following Sco-
pece et al. (2013): pollen—stigma incompatibility (Rlpg;;pn-sTigma)» €mbryo mortality
(RIgpmeryo MorTALITY) @nd hybrid sterility (RIyygrip steriLITY)- BECause most crosses were
bidirectional, individual barriers were calculated for each parental species (E. denticula-
tum and E. orchidiflorum) when acting as pollen recipients. Fruit set results were used to
estimate the strength of pollen—stigma incompatibility, and embryo viability was estimated
using seed viability measures. The individual barriers based on pollen—stigma compat-
ibility and seed viability were calculated using equation Rl,, following Sobel and Chen
(2014).

Fruit set and seed viability obtained from backcrosses (parental species X hybrids) were
considered two stages of hybrid sterility. Thus, the strength of hybrid sterility was calcu-
lated separately for each stage. Individual barriers were calculated as described above, but
using a modified version of the equation Rl,, (Sobel and Chen 2014) following Pegoraro
et al. (2016). The strength of hybrid sterility based on the fruit set stage was defined as
Rlygpyig p=1—2%(% fruit formed in backcross/% fruit formed in backcross + the maximum
hypothetical fruit set). Similarly, the strength of hybrid viability based on the seed viability
stage was defined as Rly,q s=1—2%(% seed viability in the backcross/ % seed viabil-
ity in the backcross +the maximum hypothetical seed viability). In both cases, the maxi-
mum hypothetical fruit set and seed viability values were equal to one. Following Pegoraro
et al. (2016), Rlyyuyiq_p and Rl 44 s were combined for all of the crosses as Rljy,ig ps=R
Logbria_pt (1= Rlpyiria p) * Rlpgrig_s- The strength of male and female hybrid viability was
calculated independently for crosses in which the hybrids acted as pollen donors or seed
parents, respectively. The mean of the male and female indexes was used to calculate the
total strength of hybrid viability (RIygrip steriiry) fOr €ach parental species acting as
pollen recipient.

Hybrid habitat differentiation index (Rlyygrip HaBITAT DIFFERENCE)

Hybrid persistence in contact zones may be facilitated when hybrids occur in habitats
which differ from those occupied by parental species. The persistence of hybrid plants
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may impact the RI between parental species because hybrids may act as bridges to gene
exchange. To explore this extrinsic postzygotic mechanism, we estimated the number of
100 m? quadrats where the hybrid coexists with both the parental species (heterospecific
quadrats), the number of quadrats in which the hybrid occurs with only one of the parental
species (semi-heterospecific quadrats) and the number of quadrats in which only the hybrid
occurs (conspecific quadrats). RIyygrip nasrrat pirrerence Was calculated as: 1 — (number
of heterospecific quadrats/number of heterospecific quadrats +number of semi-heterospe-
cific quadrats + number of conspecific quadrats).

Hybrid attractiveness (Rl,ygrip arrrRACTIVENESS)

Hybrid phenotypes may have reduced pollination attraction, thus limiting the gene
exchange between parental species (Scopece et al. 2013). Natural pollination success was
estimated in the field as the fruit-flower ratio of parental species and hybrids in 2019. We
calculated an extrinsic postzygotic isolation index comparing natural pollination success
(i.e. the number of fruits produced relative to the total number of flowers in an inflores-
cence) of hybrids versus parental species. This index was calculated following Scopece
et al. (2013).

Relative strength and absolute contribution of different isolation mechanisms

The seven indexes described above (Rlyycromaprar Rlpuenorocy: Rlporren-sTiomas
Rlgvpryo mortavitys  Rluyerip  steriirys  Rluyerip HaBrmar piererentiaTion  and
RIgyerip artrRACTIVENESS) Were merged following the methods proposed by Sobel and
Chen (2014), using the equation Rl,;. We calculated the relative strength and absolute con-
tribution of each barrier for one direction of gene flow, assuming that interspecific gene
flow may be asymmetric (Sobel and Chen 2014). All measures of isolation varied between
0 (no isolation) and 1 (complete isolation). The strength of RI of a particular stage was
considered asymmetric when the difference between the two possible directions was higher
than 0.25 (Scopece et al. 2013). To compare the contribution of premating versus post-mat-
ing and of prezygotic versus postzygotic mechanisms, following Pegoraro et al. (2016), we
calculated indices of total isolation for each barrier category (i.e. pre-mating: Rlprpy tors

post-mating: Rlpogry tors prezygotic: Rlprps tors postzygotic: Rlpgsty to1)-

Cytogenetic analyses

To evaluate the normality of the pollen meiotic process, which can be considered a proxy
of male fertility, two plants of E. denticulatum, one plant of E. orchidiflorum and two
hybrids were analyzed. Floral buds were collected and fixed in ethanol: acetic acid (3:1,
v/v) for 24 h at room temperature and stored at —20 °C. To evaluate the meiotic process,
pollinia were washed two times, 5 min each, in distilled water, digested in 1% (w/v) mac-
erozyme (Sigma, St Louis, MO, USA), 2% (w/v) cellulase (Onozuka, St Louis, MO, USA)
and 20% (v/v) pectinase (Sigma, St Louis, MO, USA) solution at 37 °C for 5 min, and
squashed in a drop of 60% acetic acid. The slides were frozen in liquid nitrogen and stained
using a solution of 1:1 (v/v) Vectashield® with DAPI. The analyses of all slides evaluated
the meiotic normality by the frequency of cells without meiotic abnormalities, e.g., pair-
ing errors, segregation errors, and the presence of micronuclei or telophase II with less/
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more than four nuclei. The average frequency of meiotic abnormality (cells carrying out
an abnormal meiosis) among the parental species and hybrids were compared using the
Kruskal-Wallis tests with SPSS 11.0 software.

Mitotic analyses were performed using the same plants sampled for meiosis. Root tips
were pretreated with 0.002 M 8-hydroxyquinoline (Sigma, St Louis, MO, USA) for 24 h at
10 °C, fixed in absolute alcohol: glacial acetic acid (3:1, v/v) for 24 h at room temperature
and stored at —20 °C. For squash preparations, root tips were washed three times in dis-
tilled water, digested in a 1% (w/v) macerozyme (Sigma), 2% (w/v) cellulase (Onozuka)
and 20% (v/v) pectinase (Sigma) solution for 30 min at 37 °C, squashed in a drop of 60%
acetic acid and frozen in liquid nitrogen. The best slides were stained using a solution of
1:1 (v/v) Vectashield® with DAPI (1 mg pl_l; Sigma, St Louis, MO, USA). All slides were
examined using Olympus microscopy. Selected cells were photographed with a CCD cam-
era and analyzed using the software Image CellSens (Olympus, Inc.). The images were
processed for contrast and brightness uniformity using Adobe Photoshop CS5 (Adobe Sys-
tems, Inc.).

Analyses of flow cytometry followed Pinheiro et al. (2016), and a total of nine individu-
als were used in this analysis, three plants from each species and hybrids. Sample nuclei
were released by chopping 5 cm? of fresh leaf tissue together with 0.5 cm? of Ruscus acu-
leatus fresh leaf tissue (to act as an internal reference standard with 2C =20.59 pg) with
a sharp razor blade in a Petri dish containing 1 mL. WPB buffer. The nuclear suspension
was recovered and filtered through a 50 pm nylon filter to remove cell fragments and large
debris. The nuclei were stained with 50 mg ml™" propidium iodide, and 50 mg ml~! RNase
(Sigma, St Louis, MO, USA) was added to the nuclear suspension to prevent staining of
double-stranded RNA. Flow cytometry was performed on a BD Biosciences FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA), and data were collected using Cell-
QuestPro software (Becton-Dickinson, San Jose, CA, USA). Mean peak analysis was per-
formed using Flowing Software 2.5.1 (www.flowingsoftware.com). Nuclear DNA content
was calculated (sample peak mean divided by the standard peak mean) as the 2C nuclear
DNA content of the standard in picograms (DoleZel et al. 2007). For each sample, three
replications were prepared independently, usually on different days, for flow cytometry
analyses. As a quality control, only CV values (coefficient of variation for genome size
estimation) of GO/G1 peaks <5% the analyses were retained (Vega et al. 2013); otherwise
the sample preparation was repeated.

Results
Diurnal and nocturnal pollinia removal

Observations were made during 33 days, between 21 May and 28 June 2019, during the
dry season, where the average temperature in the period was 19.9 °C (CEPAGRI, UNI-
CAMP). In total, 30 inflorescences and 826 flowers were monitored during the period of
the experiment (Table 1). Pollinia removal during the day and at night were observed for
both parental species and for hybrids. For E. denticulatum, diurnal pollinia removal was
significantly higher than nocturnal pollinia removal (N=10, U=0.000, P <0.01), which
showed the lowest value recorded in the whole experiment (P/F=0.03 +0.05 SD). Diurnal
pollinia removal in E. denticulatum also returned significantly higher values when com-
pared to E. orchidiflorum (N=10, U=0.000, P<0.01) and hybrids (N=10, U=2.000,
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Table 1 Daytime (D) and

Experi FL P P/F (SD)'
nighttime (N) pollinia removal Xperiment © /F (SD)
rates for each species and hybrid o 000 D) 152 89 0.58 (0.09)a
plants, including the number of )
flowers observed (FL) during the ~ E- denticulatum (N) 150 5 0.03 (0.05)b
whole period (33 days), number E. orchidiflorum (D) 119 9 0.07 (0.09)b
of p%llinif; relﬁfw_ed (PO) agd the £ orchidifiorum (N) 118 9 0.07 (0.06)b,d
number of pollinia removed over
the number of observed flowers E. x purpureum (D) 146 32 0.35(0.15)
(P/F) E. x purpureum (N) 141 27 0.18 (0.08)c,d

Total 826

IThe same letter indicates that the means are not significantly different
(P>0.05)

P <0.05). Similar diurnal and nocturnal pollinia removal were observed in E. orchidiflo-
rum (day P/F=0.07+0.09 SD, night P/F=0.07+0.06 SD). When compared to the paren-
tal species, E. x purpureum showed intermediate values of pollinia removal during the day
(P/F=0.35+0.15 SD) and night (P/F=0.18 +0.08 SD). Pollinia removal during the day
in hybrid plants was significantly higher than values observed in E. orchidiflorum (N= 10,
U=2.000, P<0.05). During the night, significant higher values of pollinia removal were
observed in E. x purpureum when compared to E. denticulatum (N=10, U=1.000,
P<0.05).

Strength of prezygotic barriers

Considering the 600 quadrats of 10 mXx 10 m analyzed (6 ha in total), parental species
were found in only 67 quadrats. The co-occurrence of parental species was recorded in 14
quadrats, and the remaining 53 quadrats were occupied only by E. denticulatum (19) or
E. orchidiflorum (34). Thus, Rlyycronapirar Was 0.57 for E. denticulatum and 0.70 for E.
orchidiflorum (Table 2).

Both parental species show a broad overlap in flowering time. According to Sdo Ledo
(2012), specimens of E. denticulatum and E. orchidiflorum produce flowers in all months,
showing a flowering peak between December and February (Figs. 27 and 28 of Sdo Ledo
2012). Indeed, a weak RlpppnoLogy Was found for E. denticulatum (0.04) and E. orchidiflo-
rum (0.06, Table 2).

Most intraspecific pollinations resulted in mature fruits with no significant differences
among all comparisons (Table 3). The Rlp; 1 pn.sTigma Was 0.06 for E. denticulatum and
0.19 for E. orchidiflorum (Table 2).

Strength of postzygotic barriers

Seed viability returned variable results depending on the crossing type. Intraspecific
crosses returned similar results for E. denticulatum (0.80+0.15 SD) and E. orchidiflorum
(0.83+0.08 SD). However, a significant decrease (N=23, U=17.500, P<0.01) in seed
viability was detected in E. orchidiflorum when comparing cross and self-pollinations.
Interspecific crosses, where E. denticulatum acted as seed parent and pollen donor to E.
orchidiflorum, returned significant differences (N=12, U=0.000, P<0.01), with a 21%
decrease in seed viability when E. orchidiflorum acted as pollen donor to E. denticulatum.
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Table 3 Fruit formation and viable seeds produced from hand pollination of Epidendrum denticulatum, E.
orchidiflorum and E. X purpureum, including the number of plants used as seed parents and pollen donors
(N), the number of pollinated flowers (Flower), number of fruits produced (Fruit), the ratio between fruits
produced by pollinated flowers (FR/FL), and seed viability (SV)

Pollen receptor (N) Pollen donor (N) N' Flower Fruit FR/FL (SD)> SV (SD)?

Intraspecific crosses

E. denticulatum (7) E. denticulatum (7) 7 15 15 1.0000 (0.00)a 0.8050 (0.15)a,e

E. orchidiflorum (5) E. orchidiflorum (7) 7 14 13 0.9286 (0.27)a 0.8346 (0.08)a
Self pollinations

E. denticulatum (3) - 3 11 11 1.0000 (0.00)a 0.7009 (0.12)d,e,f

E. orchidiflorum (5) - 5 10 10 1.0000 (0.00)a 0.5435 (0.29)b,f,g
Interspecific crosses

E. denticulatum (5) E. orchidiflorum (2) 7 8 7 0.8750 (0.35)a 0.6879 (0.09)b,e

E. orchidiflorum (4) E. denticulatum (4) 8 8 5 0.6250 (0.52)a 0.8680 (0.03)a
Backcrosses with E. den-

ticulatum

E. denticulatum (7) E. x purpureum (4) 11 14 13 0.9286 (0.27)a 0.6835 (0.16)b,f

E. x purpureum (6) E. denticulatum (7) 13 18 18 1.0000 (0.00)a 0.6036 (0.23)b,f
Backcrosses with E.

orchidiflorum

E. orchidiflorum (3) E. x purpureum (3) 6 9 8 0.8889 (0.33)a 0.6988 (0.34)a,e,f

E. x purpureum (4) E. orchidiflorum (4) 8 11 10 0.9091 (0.30)a 0.6430 (0.23)b,e
Crosses using hybrids only

E. x purpureum (7) E. x purpureum (7) 7 20 15 0.7500 (0.44)a 0.2980 (0.30)c,g

E. x purpureum self-polli- — 5 14 12 0.8571 (0.36)a 0.2372 (0.17)c

nation (5)

Total 32 152 137

I'Total number of plants used
The same letter indicates that the means are not significantly different (P> 0.05)

RIgpmpryo mortaLiry Was low for both parental species (E. denticulatum=0.08, E. orchidi-
florum=—0.01, Table 2).

A significant decrease in seed viability (N=77, U=343.000, P<0.001) was observed
when comparing pooled intraspecific crosses (0.81+0.11 SD) and backcrosses, when both
parental species acted as pollen recipients and donors to hybrid plants (0.64+0.23 SD).
Mean seed viability was higher when hybrids acted as pollen donors to the parental spe-
cies, as compared to values observed when hybrids acted as pollen recipients (Table 3),
although this result was not significant considering comparisons between E. X purpureum
and E. denticulatum (N=31, U=88.000, P=0.258) and between E. X purpureum and
E. orchidiflorum (N=18, U=25.000, P=0.203). Values of Rlyyprip steriry Were the
third strongest among all barriers tested (E. denticulatum=0.23, E. orchidiflorum=0.25,
Table 2).

In the area of Restinga de Massambaba, hybrids were found on five plots of 100 m?, and
in all of them both parental species were also present. Therefore, RI due to hybrids occur-
ring in different habitats was absent (RIyygrip naiTat piFrERENTIATION = 0-00).

We estimated natural pollination success of 34 individuals (13 E. denticulatum, 12 E.
orchidiflorum and nine hybrids, Table 4). The value of fruit-flower ratio observed for E.
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Table 4 Estimates of natural pollination success based on fruit set and pollinia removal at population of
Restinga de Massambaba, where E. denticulatum, E. orchidiflorum and E. X purpureum co-occur, including
sample size (N), number of flowers (FL), number of fruits (FR), the ratio of fruits over the number of flow-
ers (FR/FL), the number of flowers with pollinia removed (PR), and the ration of pollinia removed over the
number of flowers (PR/FL)

Species (N) FL FR FR/FL PR PR/FL
E. denticulatum (13) 925 6 0.006 6 0.006
E. orchidiflorum (12) 416 13 0.031 7 0.016
E. x purpureum (9) 825 6 0.007 5 0.006

orchidiflorum (3.13%) was almost four times higher than values observed for E. denticula-
tum and hybrids (0.65% and 0.73%, respectively). The Rlyygrip artrRACTIVENESs Was 0.44
(Table 2).

Self and cross hand pollinations performed only with E. X purpureum plants showed
an average fruit formation of 79.4%. Despite the similarity in average seed viability found
between self (0.23+0.17 SD) and cross pollinations (0.35+0.30 SD) of hybrid plants
(Table 3), results in each experiment were highly variable, ranging from 0.0 to 59.0% in
self-pollinations, and 0.0-95.0% in crosses between different hybrid plants.

The individual effects of the two premating barriers and five post-mating barriers are
summarized for each species in Table 2. The cumulative effect of these barriers nearly
reached unity for E. denticulatum (0.79) and E. orchidiflorum (0.97). Given the high values
of microhabitat isolation observed for both parental species, post-mating barriers made lit-
tle contribution to species isolation (Table 2). On the other hand, phenological isolation
and embryo mortality were the weakest barriers observed. Hybrid attractiveness was the
stronger post-mating and postzygotic RI between parental species, with a strength of 0.44
(Table 2). The absolute contribution of premating mechanisms (0.65) were comparable to
post-mating mechanisms (0.70), and a similar trend was also observed when comparing
pre (0.72) and postzygotic mechanisms (0.63, Fig. S2).

Meiotic and mitotic analyses

The meiotic analysis of E. denticulatum and E. orchidiflorum found high levels of mei-
otic normality, with an average of 90.9% and 85.5% respectively (Table 5). Meiotic cells
in both parental species showed chromosomes pairing as bivalents and following meiotic
division forming four equal cells. In contrast, the meiotic analyses of hybrids found sig-
nificantly higher levels of abnormalities when compared to parental species (y>=17.353,
df=4, P<0.01), with 55.8%, in average, of cells carrying out normal meiosis. Chromo-
some outside the equatorial plate in metaphase I/II (early and late disjunction of bivalents/
chromosomes), laggard chromosomes and chromatin bridges in anaphase I/II and micro-
nuclei formation in telophase II were the most common abnormalities observed in hybrids
(Fig. 2). Triads, tetrads, and polyads with irregular microcytes were also observed.

The chromosome number during meiosis could be determined only for E. denticulatum
(n=26) and E. x purpureum, in which n=52 was the prevalent number, with few cells
showing n=26. In accordance with the meiotic counts, mitotic metaphases from E. den-
ticulatum and E. orchidiflorum presented, respectively, 2n=52 and 2n=156 (Table S1,
Fig. S3). The hybrid specimens presented multiple numbers ranging from 2n=104 to
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Fig.2 Main meiotic abnormalities, indicated by the black arrow, observed in E. X purpureum: a Chromo-
some outside the equatorial plate in metaphase I (early disjunction of bivalents); b Chromatin bridges in
anaphase I; ¢ Chromosome outside the equatorial plate in metaphase II; d Telophase II with laggard chro-
mosomes migration. Scale bar in d indicates 20 pm

2n=106 (Fig. S3), and were the same individuals where meiotic irregularities were
detected. In addition, polyploidization was not observed in any hybrid plant. The mean
genome size estimated in parental species was 4.66+0.09 pg/2C in E. denticulatum
and 8.15+0.20 pg/2C in E. orchidiflorum. The hybrids genome size ranged from 6.13
to 6.39 pg/2C. The genome size of E. denticulatum was significantly lower than values
observed in E. orchidiflorum and hybrids (x*>=7.200, df=2, P <0.05, Table S1).

Discussion

Disentangling the role of different isolating mechanisms in hybrid zones is mandatory
in order to gain information on the fate of divergence between parental species. Here we
analysed seven different pre and postzygotic mechanisms between two neotropical orchid
species E. denticulatum and E. orchidiflorum. Overall, we found that prezygotic isolation
is mainly due to habitat diversification and that postzygotic mechanisms are permeable
despite dramatic karyological changes. Taken together, they surprisingly show a picture of
a strong but incomplete isolation between these two well-divergent species with the pres-
ence of fertile hybrids.
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Prezygotic isolating mechanisms

Among prezygotic barriers, the contribution of habitat isolation accounts for more
than half of the total strength observed between species, suggesting that adaptation to
contrasting environmental conditions between species (Sdo Ledo et al. 2019) may be
the main driver of RI (Table 2). Epidendrum parental species and hybrids are found
in close proximity in open unflooded shrubby vegetation, but important differences in
habitat preferences were also observed (Sdo Ledo et al. 2019). For instance, only E. den-
ticulatum is found in open and temporarily flooded shrubby vegetation. In contrast, E.
orchidiflorum and hybrids occur in unflooded closed shrubby vegetation, where E. den-
ticulatum is not found (S@o Ledo et al. 2019). The adaptation of plants to different envi-
ronments has been understood as an important reproductive isolating barrier (reviewed
by Baack et al. 2015). For example, differences in soils and temperature may translate
into effective barriers to gene exchange between sympatric species (Lexer et al. 2003;
Abbott and Brennan 2014; Hipperson et al. 2016). In such cases, parental genotypes
would have lower probabilities of establishing in the alternative habitat, leading to a
RI based on immigrant inviability (Nosil et al. 2005). Microhabitat isolation detected
between E. denticulatum and E. orchidiflorum suggests that flooding and shading tol-
erance may act as important selective forces shaping specific ecological traits in each
parental species. In fact, different ecological traits are associated with flood and shade
tolerance, drastically changing morphological and physiological responses in roots,
stems and leaves. Flooding tolerance involves synergies among traits for improved inter-
nal aeration, anoxia tolerance and recovery, both for roots during soil waterlogging and
shoots during submergence (Colmer and Voesenek 2009). On the other hand, high lev-
els of plasticity in leaf morphological features optimizing light capture, are expected
in shade tolerant species (Valladares and Niinemets 2008). Indeed, high levels of hab-
itat isolation have been found in hybrid zones composed of species with contrasting
responses to flood and shade. Martin et al. (2006) studied a hybrid zone during a sea-
sonal event of flood and detected higher survival rates in the flood-tolerant Iris fulva
than its congener adapted to dry habitats, I. brevicaulis. A gradient from high light lev-
els to shady sites segregates pure parental genotypes of two hybridizing fern species,
shaping the genetic architecture of this hybrid zone (Kentner and Mesler 2000). The
evolution of different habitat preferences between E. denticulatum and E. orchidiflorum
probably occurred in allopatry since both species are currently distributed in different
regions (Pinheiro et al. 2015; Pachon 2016).

Prezygotic isolation in orchids is traditionally considered to be related to the highly
specialized pollination strategies (Armbruster and Muchhala 2009). However, polli-
nation strategies are extremely variable in the orchid family and are often generalized
allowing for intense pollinator sharing and thus weak pollinator-mediated reproductive
isolation (Cozzolino et al. 2005; Jersakova et al. 2006). Here we investigated isolating
mechanisms between two Epidendrum species with different pollination strategies (the
rewarding night pollinated E. orchidiflorum and the food-deceptive daily-pollinated E.
denticulatum). Contrarily to our expectations, our data on pollinia removal suggest a
weak role for pollinator isolation. We have not directly estimated this barrier but we
found that hybrid and parentals attract pollinators both during the day and during the
night thus suggesting some extent of pollinator sharing. Despite the mix of parental
genomes with very different adaptations, hybrid plants are still able to attract pollinators
and show a pollination success similar to one of the parental species, the food-deceptive
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E. denticulatum. In addition, our experiment showed pollinia removal in hybrid plants
during day and night, suggesting a flexible pollination system where flowers emit sig-
nals able to attract diurnal and nocturnal pollinators.

Phenological isolation is another important RI barrier between closely related orchid
species (Pegoraro et al. 2016). The potential for this barrier in tropical environments is
elevated, as opposed to zones with temperate climates where flowering displacement is
constrained by seasonality. In the present study case, however, phenological isolation was
very weak and was responsible only for a modest reduction of gene flow. This low contri-
bution is due to the large overlap in flowering time observed between E. denticulatum and
E. orchidiflorum (Table 2), which produce flowers almost the entire year (Sdo Ledo 2012).
Pollen stigma incompatibility, the last prezygotic mechanism we investigated, was found to
contribute weakly to RI (0.069 E. denticulatum, 0.194 E. orchidiflorum). This barrier was
found to be important in keeping species boundaries in groups that are more likely to expe-
rience pollinator sharing (Scopece et al. 2007).

Variable intensities in postzygotic barriers

Given that E. denticulatum and E. orchidiflorum are not sister or closely related species, we
expected an important contribution of postzygotic mechanisms. We found that postzygotic
barriers contributed to RI with different intensities in the two parental species (Table 2).
Considering the intrinsic postzygotic barriers studied here, embryo mortality was less
effective in limiting gene exchange than hybrid sterility, which showed higher and simi-
lar values for both parental species. A significant decrease in seed viability was observed
when comparing intraspecific crosses and backcrosses, in which hybrids acted as pollen
recipients and donors to parental species. The large differences in chromosome numbers
and genome sizes detected between parental species (Table S1) may have affected hybrids
reproduction by increasing meiosis abnormalities (Table 5). This result is evident in the
crosses including only hybrids, which showed a mean seed viability of 29% (Table 3).
Differences in chromosome numbers have been considered instantaneous barriers to gene
exchange (Coyne and Orr 2004), mainly because interploidy crosses often result in strong
hybrid inviability and sterility (Kohler et al. 2010). According to Levin (2012), a pro-
nounced reduction in hybrid fertility tends to appear after lineages have been separate for
more than 4 million year, which is less than the divergence time of 5 million year observed
between E. denticulatum and E. orchidiflorum (Cardoso-Gustavson et al. 2018). Thus, we
believe most genetic incompatibilities and chromosome changes between parental species
may have occurred within this time interval. Hybrid sterility made a substantial contri-
bution among the post-mating isolating mechanisms, which is potentially connected to
the large differences in chromosome number found between parental species (E. denticu-
latum 2n — 52, E. orchidiflorum 2n=140). Several meiotic abnormalities were found in
hybrid plants, decreasing the seed viability of crosses where E. x purpureum acts as pollen
donor and receptor. Despite the meiotic problems and low fertility found in crosses includ-
ing hybrids, the values of seed fertility are highly variable, mainly in crosses between
hybrid plants, suggesting hybrids with different genetic background and potentially differ-
ent hybrid classes (F1, F2, backcrosses), a similar result was found in other Epidendrum
hybrid zones (Pinheiro et al. 2010, 2016).

The two extrinsic postzygotic barriers analyzed in this study returned contrast-
ing results. Hybrids were always found growing together with parental species, indi-
cating that RI associated with E. x purpureum exploring different habitats was absent
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(Rlgygrip nasrrat pirrerence =0, Table 2). On the other hand, Rlyygrip aTTRACTIVENESS
was the strongest postzygotic barrier found (Table 2). This barrier was strongly influ-

enced by differences in natural pollination success observed between parental species and
hybrids (Table 4). Pollination success was almost five times higher in E. orchidiflorum than
E. denticulatum and E. x purpureum, and this strong difference is probably related to the
presence of nectar only in E. orchidiflorum flowers. Nectar secreting species show higher
levels of pollination success than food-deceptive species (Tremblay et al. 2005; Scopece
et al. 2010). The number of pollinator visits and their flower constancy to rewarding plant
species increase pollination success and overall pollination efficiency (Tremblay et al.
2005; Scopece et al. 2010). In contrast, food-deceptive species are less visited by pollina-
tors, which also show low specificity for particular plant species (Cozzolino et al. 2005),
increasing pollen loss or heterospecific pollen deposition (Scopece et al. 2010). Similar
results were reported by Ren et al. (2014), confirming that contrasting pollination strategies
may influence RI mechanisms and the structure of hybrid zones.

Relative importance of pre and postzygotic mechanisms

The apparent dominance of prezygotic over postzygotic mechanisms may restrict our abil-
ity to interpret barriers of gene exchange acting in later phases. According to Martin and
Willis (2007), isolation mechanisms have a sequential nature, which gives the prezygotic
barriers a greater effect than postzygotic barriers, even if the different mechanisms have
an equivalent strength. Lowry et al. (2008) suggests that collapsing individual barriers into
categories based on the timing of mechanisms (pre- or postzygotic) may reduce the bias
in interpreting the relevance of pre and postzygotic barriers. Following this procedure, we
found both pre and postzygotic mechanisms act to prevent gene flow between parental spe-
cies. In E. denticulatum, the strongest effect of prezygotic barriers was confirmed since
postzygotic mechanisms (0.308) have nearly half the strength of prezygotic mechanisms
(0.637). However, in E. orchidiflorum similar values were found for both pre (0.806) and
postzygotic mechanisms (0.754). Contrary to predictions, we found postzygotic barriers
to be more variable than prezygotic barriers, a potential effect of the strong genetic differ-
ences found between parental species, expressed here as divergent chromosome numbers
and genome size (Table S1, Fig. S3).

Consistent with previous studies (reviewed by Baack et al. 2015), we found prezygotic
barriers contribute more to total RI. Studies investigating the evolution of RI mecha-
nisms have shown prezygotic barriers appearing sooner and developing at faster rates than
postzygotic barriers (Scopece et al. 2007; Lowry et al. 2008; Turissini et al. 2018). It is
expected that natural selection has a primary role in acting upon prezygotic isolation mech-
anisms, such as divergent habitat preferences and floral attractants, accelerating the evolu-
tion of such ecological traits (Schemske 2010; Levin 2012). In contrast, the intensity of
postzygotic mechanisms is related to the gradual stochastic accumulation of many genetic
incompatibilities and chromosomal rearrangements (Orr and Turelli 2001; Scopece et al.
2008). Consequently, the time required for the formation of postzygotic barriers may be
several orders of magnitude longer than the time required for prezygotic isolation (Scopece
et al. 2007). Thus, the strong difference in strength between pre and postzygotic mecha-
nisms observed in E. denticulatum and E. orchidiflorum may be related to the ecological
divergence observed between the species, reflected by contrasting habitat preferences. Sev-
eral studies have shown this asymmetric pattern of strength between pre and post-mating
barriers (reviewed by Baack et al. 2015), and similar asymmetry is found between pre and
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postzygotic mechanisms (Nosil et al. 2005; Martin and Willis 2007; Lowry et al. 2008,
Paudel et al. 2018).

What could be the fate of E. x purpureum?

Hybrid plants showed lower reproductive success than parental species in crossing experi-
ments (Table 3) and higher meiotic behavior abnormalities (Table 5), which made a sub-
stantial contribution to the RI observed between E. denticulatum and E. orchidiflorum.
Hybrids’ reproductive failure may be interpreted as a direct product of Bateson-Dobzhan-
sky-Muller genic incompatibilities (Orr and Turelli 2001), transposable element repressor
mismatches (Serrato-Capuchina and Matute 2018) and differences in chromosome number
and genome size observed between parental species (Table S1, Fig. S3). Differences in
ploidies and genome size have been traditionally recognized as instantaneous barriers to
gene exchange due to the extensive abnormalities in chromosome pairing, meiosis and low
fitness found in interploidy hybrids (reviewed by Marques et al. 2018). However, a closer
inspection of the results revealed highly variable levels of fertility among hybrid plants,
suggesting some individuals have overcome the ploidy barrier. In fact, a number of studies
have shown that interploidy crosses may result in viable odd-ploidy offspring (Burton and
Husband 2000; Chapman and Abbott 2010; Vallejo-Marin et al. 2016), including Epiden-
drum species (Pinheiro et al. 2010; Moraes et al. 2013; Vega et al. 2013; Marques et al.
2014).

While hand pollination experiments show low levels of hybrid fertility, natural pollina-
tion success show a different picture. Despite the fact that natural pollination success was
much higher in the rewarding parental species (E. orchidiflorum), E. denticulatum and E.
x purpureum showed lower but similar values (Table 4). According to Cardoso-Gustavson
et al. (2018) E. x purpureum does not offer any reward to pollinators as E. denticulatum,
suggesting a similar pollination strategy based on generalist pollinators. We have no infor-
mation regarding the identity of E. x purpureum pollinators, and field observations are
crucial to understand which insects visit hybrid plants. However, considering that pollinia
removal occurred during the day and night in hybrid plants (Table 1), we may expect that
E. x purpureum is visited by butterflies and moths which also visit E. denticulatum and E.
orchidiflorum. Parental species and E. x purpureum belong to subgenus Amphyglottium, a
clade characterized by the generalist nature of pollination strategies, in which most spe-
cies are food-deceptive (reviewed by Pinheiro and Cozzolino 2013). In fact, food-deception
appears to be a stable evolutionary strategy in Epidendrum because significant asymmetric
transitions to food-deception, from ancestral rewarding species, were detected (Cardoso-
Gustavson et al. 2018).

Our results do not support any ecological segregation of hybrid plants. E. x pur-
pureum co-occurs with parental species in the same habitats, and potentially explores
the same pollinators. In addition, the frequency of hybrid plants in the field is approxi-
mately 20 times lower than parental species (Pinheiro et al., unp. res.). Thus, at present,
there is no evidence that E. x purpureum can be regarded as a hybrid species. Hybrids
emerge in parental populations and must overcome competition with parental species in
order to avoid genetic blurring through backcrossing (Coyne and Orr 2004). In such a
scenario, ecological segregation may play an important role in hybrid speciation because
the colonization of new habitats and ecological niches would decrease the competition
with parental taxa (Marques et al. 2016; Vallejo-Marin et al. 2016). Regardless of the
outcome of this debate, the persistence of E. x purpureum is favored by a diverse array
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of ecological traits, such as asexual and sexual reproduction, perenniality, and high lev-
els of fertility found in some individuals, as reported for other plant species (Rieseberg
and Willis 2007). Hybridization can impact different developmental and physiological
traits, leading to shifts in ecological tolerances of hybrids, enhancing its ability to estab-
lish and spread within or beyond their progenitor populations (Levin 2012). Despite the
dry nature of the climate found at Restinga de Massambaba, there is a mosaic of vegeta-
tion physiognomies growing in different environmental conditions, which dramatically
increases species diversity found in the region, with estimated 664 plant species (Araujo
1992; Araujo et al. 2009). Thus, the heterogeneous nature of coastal habitats found in
the region may also provide the ecological opportunity required for the persistence of
the hybrid zone (Harrison 1990; Vines et al. 2003).

According to Ren et al. (2014), hybrid zones between rewarding and food-deceptive
species may provide the opportunity to test how the pollinator reacts to the phenotypic
admixture of floral traits selected for contrasting pollination strategies. Indeed, hybrid flow-
ers attract both diurnal and nocturnal visitors, suggesting an admixture of floral signals,
potentially combining shape, color and scent, and future studies should address this topic
in more details. Considering that hybrid fertility may persist for millions of years (Levin
2012), the window of opportunity for speciation in this hybrid zone is still potentially open.

Conclusions

Overall, our results indicate strong but permeable barriers to gene exchange between E.
denticulatum and E. orchidiflorum, preventing species collapse in this hybrid zone. Both
prezygotic (habitat isolation) and postzygotic (hybrid sterility) mechanisms made a sub-
stantial contribution to total isolation. Although the low levels of hybrid fertility and
absence of ecological segregation supports a typical tension zone model (balance between
dispersal and selection against hybrids), the question remains as to what extent ecological
selection associated with the habitat ‘mosaic’ of the coastal vegetation accounts for the
persistence of the hybrid zone (Barton and Hewitt 1985; Vines et al. 2003). This question
may be addressed by studying spatial patterns of hybridization, or associations between
hybrid genomic composition and environmental variables (Vallejo-Marin and Hiscock
2016). Having genomic data (e.g. SNPs distributed across the genome) may also allow us
to classify hybrid plants into different hybrid classes, which may be associated to differ-
ent levels of nectar production employing the method recently proposed by Scopece et al.
(2020). This may allow to gain clues on the genetic architecture of this important trait giv-
ing insights on the frequent transitions between deceptive and rewarding pollination strate-
gies in orchids (Cardoso-Gustavson et al. 2018).
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