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Resumo

As Veredas sdo ambientes Unicos do bioma Cerrado, sendo responsaveis por
abrigar grande diversidade e prover importantes servigos ecossistémicos. Esses ambientes
sdo particularmente diversos em Orchidaceae. Nessa tese, nos estudamos a biologia
reprodutiva de orquideas ameacadas que ocorrem em Veredas com o intuito de
demonstrar a diversidade de processos e o potencial de geracdo de conhecimento que
esses ambientes abrigam. Cyrtopodium hatschbachii ¢ uma espécie primariamente
polinizada por abelhas, mas que apresenta taxas de frutificagdo baixas e até ausentes em
alguns anos. Entretanto, nés demonstramos no primeiro capitulo como a herbivoria e a
chuva, dois fatores que sdo detrimentais em separado, podem juntos facilitar a autogamia
em uma planta e promover seguranca reprodutiva. Phragmipedium vittatum ¢ uma
orquidea sapatinho que, para se reproduzir, aprisiona os polinizadores em seu interior. No
segundo capitulo, ndés demonstramos as varias estratégias que essas flores adotam que
permitem o sucesso da polinizacdo, desde a captura do polinizador, passando pelos
movimentos intraflorais que eles sao for¢cados a fazer, até a transferéncia de pdlen e sua
saida da flor. Para tanto, P. vittatum usa um sistema de mimetismo de afideos que engana
fémeas gravidas de dipteros Syrphidae durante a entrada e saida da flor, j& que elas estao
a procura de sitios para oviposicdo onde suas larvas predadoras de afideos irdo se
alimentar. Ainda estudando P. viffatum, encontramos que esta espécie trata-se de um
modelo unico no mundo pois apresenta variagao intrapopulacional na ressupinagao floral.
Este processo trata-se do giro de aproximadamente 180° das flores, o que as deixa com o
aspecto de estarem de cabeca para baixo. No terceiro capitulo, nds encontramos que
aproximadamente 10% das flores da populagdo ndo ressupinam. NOs testamos
experimentalmente o papel da ressupinacdo no processo de reprodugdo das flores e

encontramos que apenas flores com o labelo voltado para baixo apresentam sucesso



reprodutivo masculino e feminino quando comparadas a flores com labelo posicionado
para cima e para o lado. Esses resultados sao importantes pois corroboram que a evolugao
da ressupinagdao provavelmente esteja relacionada a polinizagdo, sendo que o labelo
funciona como uma plataforma de pouso ou armadilha e a coluna voltada para baixo
promove a deposigao precisa de poélen. Por fim, no quarto capitulo demonstramos que a
probabilidade das flores nao ressupinarem esta negativamente relacionada ao peso das
mesmas. Essa ¢ a primeira vez que se ¢ demonstrado que o processo de ressupinagao
floral ¢ dependente do peso. Em suma, esses resultados mostram a diversidade de
diferentes historias que esses organismos a beira do desaparecimento podem nos contar,
bem como o potencial de geracao de conhecimento. Assim, a conservagao dessas espécies
ameacadas e dos seus respectivos ambientes ¢ de extrema relevancia para a manutengao
de tais processos e interagdes, que certamente estdo associados a um ambiente equilibrado
e provedor de numerosos servigos ecossistémicos.

Palavras-chave: Orchidaceae, Poliniza¢dao por Engano, Ressupinacdo, Vereda.



Abstract

The Veredas wetlands are unique environments in the Cerrado biome, harboring
high diversity and providing important ecosystem services. These environments are
particularly diverse in Orchidaceae. In this thesis, we study the reproductive biology of
endangered orchids that occur in Veredas wetlands to demonstrate the diversity of
processes and the potential for generating knowledge that these environments provide.
Cyrtopodium hatschbachii is a species primarily pollinated by bees, but with low fruit set
rates, which may even be null in some years. However, we demonstrate in the first chapter
how herbivory and rainfall, two factors that are detrimental when considered separately,
can together facilitate autogamy and promote reproductive assurance in this species.
Phragmipedium vittatum 1is a lady’s slippery orchid that traps pollinators in order to
reproduce. In the second chapter, we demonstrate the various strategies that these flowers
adopt to enable successful pollination, from pollinator capture, through the intrafloral
movements they are forced to make, until pollen transfer during their exit from the flower.
To do so, P. vittatum uses an aphid mimicry system that deceives gravid females of
Syrphidae dipterans during flower entry and exit, as they are looking for oviposition sites
where their aphidophagous larvae will feed on. Using also P. vittatum as model, we found
that it is a unique species in the world as it presents intrapopulation variation in floral
resupination. This process refers to the twist of approximately 180° that occurs in some
flowers before or during anthesis, which makes them upside down. In the third chapter,
we show that approximately 10% of the flowers in the population do not resupinate. We
experimentally tested the role of resupination in the process of reproduction and found
that only flowers with the lip facing downward have male and female reproductive
success, when compared to flowers with the lip positioned upward and sideward. These

results are important because they corroborate that the evolution of resupination is related



to pollination success, with the lip acting as a landing platform or trap and the column
facing downward promoting precise pollen deposition. Finally, in the fourth chapter, we
demonstrate that the probability of flowers failing to resupinate is negatively related to
their weight. This is the first time that flower resupination has been demonstrated as being
a weight dependent process. In short, these results show the diversity of life histories that
these organisms threatened by extinction can tell us, as well as their potential for
generating detailed knowledge. Thus, the conservation of these species and their
respective environments is extremely important for the maintenance of such processes
and interactions, which are certainly associated with an equilibrated environment that

provides several ecosystem services.

Keywords: Orchidaceae, Pollination by Deception, Resupination, Vereda Wetlands.



Introducio Geral

Savanas tropicais sao ambientes de elevada diversidade. A savana mais biodiversa
do mundo trata-se do Cerrado brasileiro. Localizado na por¢ao central do Brasil, ¢ o
segundo maior bioma do pais (e da América do Sul), ocupando cerca de 22 % do territorio
nacional (Ribeiro & Walter 2008). O Cerrado ¢ um considerado um hot spot, isto ¢, um
bioma com elevada diversidade mas ao mesmo tempo com uma porg¢ado significativa ja
tendo sida devastada. Isso faz do bioma uma regido prioritaria para conservagao. Uma
das caracteristicas que esta associada a diversidade de espécies ¢ a diversidade de
formagdes vegetais que as espécies podem ocupar. Ao contrario de outras savanas do
mundo, o cerrado apresenta uma ampla gama de paisagens fisiondmicas que vao desde
formagdes campestres com predominio de gramineas, passando por formacgdes
tipicamente savanicas com presenga de arbustos co-ocorrendo com gramineas, at¢ mesmo
formagdes florestais com predominio de espécies arboreas que formam um dossel
continuo (Ribeiro & Walter 2008).

O Cerrado apresenta uma marcada sazonalidade climatica. Isso faz com que
existam duas estagdes bem definidas: uma chuvosa (de Outubro a Mar¢o) € uma seca
(Abril a Setembro) (Alvares et al 2013). Essa restri¢ao da disponibilidade hidrica faz com
que varias espécies apresentem tragos adaptativos modelados por tal condi¢dao. Como a
paisagem do cerrado apresenta um aspecto menos umido durante uma parte do ano,
algumas pessoas nao associam que alguns grupos de organismos possam ocorrer em tais
formagdes. Por exemplo, apesar de as orquideas serem popularmente associadas a
formacgodes florestais, elas ndo sdo associadas a formagdes mais abertas, que estdo mais
suscetiveis a variacdo de umidade e maior exposi¢ao solar, como € o caso das formacgdes
campestres e savanicas. Entretanto, o Cerrado apresenta uma grande diversidade de

orquideas nesses ambientes (Batista & Bianchetti 2003). De maneira similar as outras



espécies que ocorrem em tais formacgdes, as orquideas também apresentam adaptagdes
que permitem a persisténcia em tais ambientes. Isso inclui o habito terrestre, muitas vezes
com 0rgaos de reserva localizados no subterraneo, floracao e reprodugdo no periodo
chuvoso acompanhando a sazonalidade e resiliéncia ao fogo.

Entretanto, um ambiente especial onde a diversidade de orquideas ¢
particularmente alta trata-se das Veredas do bioma Cerrado (Batista & Bianchetti 2003).
Esses locais apresentam vegetagdo graminosa-arbustiva tipica, geralmente com a
presenca da palmeira buriti (Aragjo et al. 2002). Uma caracteristica preponderante trata-
se dos solos desses ambientes, que sao permanentemente umidos (hidromorficos). Isso
acontece porque € nas veredas que ocorre a surgéncia do lengol fredtico, geralmente em
locais com topografia caracteristica de vales encaixados (Boaventura 2007). Por
apresentarem permanente disponibilidade hidrica, as veredas sdo consideradas como os
“odsis” ou o “ber¢o das aguas” do Cerrado. Elas sdo de crucial importancia na
manuten¢do de mananciais e provisionamento de dguas que alimentam corregos e rios
que correm no interior do cerrado e para todos os biomas adjacentes. Pela sua localizagao
em uma area de planalto, o Cerrado ¢ considerado a “caixa d’dgua” fornecendo 4gua para
o consumo da maior parte dos brasileiros. E nas Veredas que nasce a maior parte dessa
agua. Além disso, as Veredas apresentam uma importancia intrinseca na formagao de
corredores ecoldgicos, fornecimento de 4gua para plantas e animais e como habitat para
diversas espécies adaptadas as condigdes especificas de solo hidromorfico (Boaventura
2007). E por isso que elas sdo consideradas APP, sendo que sua exploragio ¢ proibida
por lei (Brasil 2012).

As Veredas sdao ambientes particularmente ricos em espécies da familia
Orchidaceae. Por exemplo, em um levantamento realizado no Distrito Federal, um ter¢o

de todas as espécies de orquideas aparecem nessas formagdes umidas (Batista &



Bianchetti 2003). At¢é o momento ndao se sabe exatamente o porqué de tamanha
diversidade de orquideas nesses ambientes, mas aparentemente isso pode estar
relacionado a maior disponibilidade hidrica e maior incidéncia luminosa devido a falta de
um dossel lenhoso continuo. As orquideas ja sdo, por si sO, organismos iconicos,
fascinantes e misteriosos, com uma enorme diversidade de formas, cores e historias de
vida. Por serem um grupo tao carismatico e intrigante, as orquideas tém atraido a atengao
de diversos tipos de pessoas, desde o publico comum até célebres cientistas como o caso
de Charles Darwin que dedicou dois volumes de um livro inteiramente escrito sobre elas
(Darwin, 1862; 1877). A beleza das flores de orquideas bem como os sistemas de
polinizacao especializados estao entre os principais fatores que despertam interesse nesse
grupo.

No caso das orquideas de Veredas, apesar de se saber muito pouco ainda, muitas
delas sdo ainda mais especiais. Isso se deve nao somente ao fato de serem orquideas ou
apresentarem caracteristicas florais e vegetativas especificas, mas infelizmente por serem
ameacadas de extingdo. Por exemplo, esse ¢ o caso das espécies Cyrtopodium
hatschbachii e Phragmipedium vittatum. A primeira trata-se de uma espécie com flores
de um rosa tinico e centro amarelado, com inflorescéncias altas que podem chegar a quase
2 m de altura. A segunda trata-se de uma orquidea sapatinho de princesa que recebe esse
nome pela morfologia do seu labelo. Essa espécie € representante do unico género de
orquideas sapatinho encontrado no Cerrado, sendo bastante rara desde muitas décadas
atrds (Menezes, 1989). A fragmentacdao e destrui¢do dos habitats bem como a coleta
excessiva dessas espécies levaram a sua inclusdo na lista de espécies ameagadas.

Tendo em mente o potencial das orquideas de cerrado e especialmente as de
Veredas, essa tese de doutorado trata-se de uma coletanea de estudos que usa orquideas

como modelo de estudo para demonstrar como espécies de ambientes de Vereda e a beira



da extingdo guardam historias Uinicas e apresentam diversos aspectos que podem ser
estudados numa perspectiva mais ampla, gerando conhecimento em diversas areas,
podendo ser expandido para além das fronteiras do Cerrado per se. Para tanto, usamos
como espécies modelo nesse trabalho C. hatschbachii e P. vittatum, tipicamente de
Veredas.

Muitas orquideas apresentam limitagdo de polinizagdo, como ¢ o caso de C.
hatschbachii, que apresenta apenas em média 1 % de formacao de frutos por visitas de
abelhas. Assim, quaisquer frutos adicionais formados por outros mecanismos como, por
exemplo a autopolinizagdo, podem ser importantes para a geracdo de sementes na
populagdo, funcionando como seguranga reprodutiva. No primeiro capitulo
demonstramos como a florivoria seguida de chuva, dois fatores que sdo detrimentais em
separado, podem promover o sucesso reprodutivo por autogamia em C. hatschbachii.
Gafanhotos as vezes consomem as flores incompletamente, removendo a capa da polinia
intacta. Isso facilita que essa polinia se hidrate, fique mais pesada e entre no estigma
depois de um evento de chuva. Nos confirmamos isso em campo e experimentalmente e
discutimos que esses eventos de autopolinizagdo sdo importantes na formacdo de
sementes vidveis numa populagdo que tem limitacdo na polinizagdo cruzada, que pode
inclusive ser ausente em determinados anos.

Algumas espécies de plantas adotam a estratégia de aprisionar os polinizadores.
Estas armadilhas envolvem vérias adaptacdes que permitem desde a captura, passando
pela remogao e deposicao de polen até a saida do polinizador. Essa estratégia de armadilha
¢ adotada por P. vittatum, que apresenta o labelo em forma de bolsa. No segundo capitulo,
descrevemos o mecanismo de armadilha e as varias adaptagdes morfoldgicas que

permitem que o sistema funcione efetivamente. Nos demonstramos que a planta adota o



sistema de mimetismo de afideos, imitando locais de oviposi¢cdo que enganam fémeas
gravidas de dipteros Syrphidae, cujas larvas se alimentam de afideos.

Um importante trago floral que ¢ basal e amplamente distribuido na familia
Orchidaceae ¢ a ressupinagdo. Essa se trata do giro de aproximadamente 180° da flor,
geralmente na fase de botdo, o que deixa as flores de cabeca para baixo. NOos observamos
que P. vittatum trata-se de um modelo tnico em Orchidaceae onde as flores usualmente
resupinam, mas algumas flores na mesma populacdo apresentam falha no processo,
permanecendo imobilizadas nas bracteas. No terceiro capitulo, nos testamos o papel da
ressupinac¢ao no sucesso da polinizagdao. Através da manipulacao de flores em diferentes
posigdes, ndés demonstramos que flores que ndo resupinam apropriadamente nao
aprisionam efetivamente os polinizadores, ¢ portanto ndo exportam nem recebem
polineas. Esses resultados demonstram como o processo de ressupinacao arranja as flores
numa posi¢ao apropriada que permite o sucesso da polinizagao.

No quarto capitulo, nos testamos quais sdo os fatores que sdo responsaveis pela
ressupinagdo floral em P. vittatum. Através de experimentos manipulativos, nos
mostramos a importancia do peso da flor no processo de ressupinacdo. Assim, aquelas
flores que ndo resupinam na populacdo sdo as flores mais leves cujo peso nao € suficiente
para completar o giro. A influéncia de auxinas na ressupinacao floral ja ¢ conhecida, mas
esse trata-se do primeiro caso que descreve a influéncia do peso no processo. Além da
maioria das orquideas, a ressupinacao ¢ um mecanismo que ocorre em diversas outras
familias. Assim, nossos resultados podem ser estendidos para tantos outros sistemas, o
que coloca o peso, até¢ entdo negligenciado, como um importante traco na orientagao
floral.

Em suma, ao final dessa tese, além de discutir a importancia intrinseca das

espécies, nés demonstramos que espécies de Veredas, em especial as orquideas, sdao
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importantes no equilibrio das interagdes no ecossistema, muitas delas unicas. Além disso,
mostramos que essas espécies sao importantes na geracdo de conhecimento em diversas
areas, sendo passiveis de manipulagdes experimentais que complementam as observagoes
naturalisticas. Assim, a conservacao dos ambientes pristinos € emblematicos de Vereda
viabiliza a manuten¢do de mecanismos especiais como os demonstrados aqui, permitindo
a conservacdo do ambiente em equilibrio e mantendo os importantes servigos

ecossistémicos que somente as Veredas oferecem no Cerrado.
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Capitulo 1

Florivory can facilitate rain-assisted autogamy in a deceptive tropical orchid

Abstract

Florivores and rainfall generally have negative impacts on plant fecundity.
However, in some cases they can mediate fruit set. Some plants face severe pollen-limited
fecundity and any additional fruit set, even if from self-pollination, can be advantageous.
This is the case in some tropical deceptive orchids, such as the threatened Cyrfopodium
hatschbachii. Here we test the hypothesis that florivory of the anther cap would facilitate
rain-assisted autogamy in this species. In the field, we followed flowers in which the
anther cap was removed by the orthopteran Stenopola sp. and found cases where pollinia
self-deposited after rainfall and in one case this resulted in swelling of the column typical
of fruit development. This event comprised 33% of all fruit set in the population in 2019.
We then experimentally varied anther cap removal and rainfall in a factorial design and
found increased fruit set in the group with cap removal (simulated florivory) followed by
rain. The water absorption by pollinia makes them heavier, causing the stipe to bend. The
droplet of water on the stigma then shrinks and pulls the pollinia back onto the stigma,
causing self-pollination. Seeds from self-pollination have considerable viability and may
allow population persistence, given that bee-mediated cross-pollination is uncertain and
even absent in some years. Our study provides a unique example of how two unrelated

factors (i.e. florivory and rain) that are detrimental alone may together promote fruit-set.

Keywords: florivory, rain-assisted self-pollination, reproductive assurance
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Introduction

Multiple biotic and abiotic factors can impact the pollination process and
consequently fecundity of plants. The fitness effects of biotic interactions can vary
according to context. For example, florivores (i.e. flower herbivores) will usually have a
negative effect on plant fecundity by consuming perianth parts (diminishing
attractiveness of flowers to pollinators and removing photosynthate structures) or
reproductive parts (removing the potential gametes for seed production) (McCall and
Irwin 2006). However, there can be “exceptions to the rule” when florivores have positive
effects on fitness by facilitating autogamy (Hillier et al. 2018) or acting as a vector of
pollen grains (Tan and Tan 2018). It has been suggested that the earliest pollination
mutualisms would have involved vectoring of pollen by mandibulate insect florivores
feeding on reproductive tissues of plants (Labandeira and Currano 2013). Here we
examine a complex interaction between florivores and rainfall that results in increased
seed production in an orchid with severely pollen-limited fecundity.

Many tropical epidendroid orchids do not offer floral rewards and experience very
low levels of pollen removal and deposition, leading to pollen-limitation of fecundity
(Tremblay et al. 2005). As an adaptive response to the low incidence of pollinator
visitation, flowers of tropical epidendroid orchids are often extremely long-lived, a
feature that has been important for their popularity as horticultural subjects. However,
flower longevity can increase the risk of florivory as well as damage from abiotic
environmental factors such as rainfall.

The effects of rainfall on the pollination process are generally considered to be
negative. Rain can cause nectar dilution, pollen degradation (through osmotic shock) and
disrupt pollinator foraging patterns and sensory signals (Lawson and Rands 2019).

However, rainfall can also play a role mediating self-pollination (Hagerup 1950). Rain-
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assisted autogamy has been shown to occur in several orchid species (Catling, 1990).
Autogamy is widespread in the Orchidaceae (Catling, 1990) and its frequent evolution
may reflect the low degree of herkogamy (i.e. anther-stigma separation) in this family.
Rain-assisted autogamy in orchids can be achieved in several ways. For instance, in
Cranichis candida, the viscidium remains in the rostellum, and the raindrops promote
self-pollination by dislodging the pollinarium or fragments of the pollinia (Pansarin et al.
2018). In Liparis loeselii (Catling, 1980) and L. kumokiri (Suetsugu, 2019), the anther
cap rises during flower lifespan due to tissue degeneration. This leaves pollen masses
exposed and water droplets that shrink by evaporation pull back the pollinia onto the
stigma. In Oeceoclades maculata, rain removes the anther cap and bends the stipe
downwards, bringing the exposed pollinia in contact with the stigma (Aguiar et al. 2012;
Gonzalez-Diaz and Ackerman 1988). The mechanical force of raindrops also removes the
anther cap of Acampe rigida and causes pollinia to be ejected upwards and, pulled back
by the stipe, to fall directly into the stigmatic cavity (Fan et al. 2012). Finally, in the genus
Cyrtopodium, water droplets accumulate on the stigma and their evaporation draws the
pollinaria onto the stigma (Pansarin et al. 2008). This mechanism was described for three
species including C. polyphyllum (Pansarin et al. 2008), C. paludicolum and C.
hatschbachii (Maciel et al. 2020). For the latter species it was shown that out of 2,528
flowers surveyed, 1.2% developed fruits as a result of bee visits while 0.16% developed
fruits through rain-assisted self-pollination (Maciel et al. 2020). Thus rain-assisted
autogamy accounted for 13% of all fruit formation in the species, though the viability of
selfed seeds was not assessed by Maciel et al (2020). Rain-assisted self-pollination in
Cyrtopodium differs from the other mentioned examples because the pollinia does not

break up and the anther cap typically remains in place (Maciel et al. 2020). What if the
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anther cap is removed as in the other described systems? Which mechanisms could cause
anther cap removal and would this increase the chances of autogamy?

During our studies of rain-assisted fruit production on C. hatschbachii, we
observed that the long-lived flowers often suffer damage from florivores, particularly
from the grasshopper Stenopola sp. (Orthoptera, Acrididae, Leptysminae) (Fig. 1a). This
insect sometimes destroys the column, but in other cases it eats only the anther cap. We
hypothesised that flowers with pollinia exposed to incomplete florivory through removal
of the anther cap by grasshoppers would be more likely to mechanically self-pollinate
when exposed to rainfall. To investigate this, we tracked flowers in the field. To confirm
our prediction, we experimentally tested if the combination of florivory and rainfall
would have a positive effect on fruit set. We varied anther cap removal and rainfall in a
factorial design, expecting increased fruit set in the group with both anther cap removal

and rain. We also tested whether seeds arising from selfing contain viable embryos.

Methods
Studied species and sites

Cyrtopodium hatschbachii occurs at Veredas, a swampy habitat formation in the
Brazilian Cerrado savanna biome. Plants used in the greenhouse were transplanted from
a population occurring in the Clube Caca e Pesca Itoror6 de Uberlandia (CCPIU) and then
returned to this same location after the experiment. All other data were collected in a
population occurring at the margins of the MGC-455 road in Uberlandia municipality,

Minas Gerais state, Brazil.
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Fig 1 (a) Stenopola sp. feeding on reproductive structures of a Cyrtopodium hatschbachii flower.
(B) Intacted C. hatschbachii column showing anther cap (Ca), viscidium (Vi), rostellum (Ro) and
the stigma (St). (C) Anther cap manually removed showing the pollinia. (D) Column after rain
simulation at time of 0 min. (E) After 20 min showing the water absorption and swelling of
pollinia. (F) After 40 min showing the pollinia bending downwards and formation of a water
droplet linking it with stigma. (G-H) After rain the droplet starts to shrink and pulls back the
pollinia into the stigma. (I) Swollen column after 24h showing that self-fertilization has occurred.
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Photos in Figs b—i were taken from the same flower, with non-reproductive whorls removed to
improve visualization. Scale bar: 0.5 cm.
Procedures

To test our hypothesis under natural conditions, we censused flowers in the field during
September 2018 (n = 100 flowers/14 individuals) and 2019 (n = 203 flowers/22
individuals) classifying then as: (i) without florivory, (ii) florivory of the column
(including the pollinarium), (iii) florivory of the pollinarium (including pollinia), (iv)
florivory resulting in anther cap/anther cap removal. We also recorded the number of
pollinia removed (male success) and deposition (female success) by legitimate bee
pollinators. Flowers with anther cap removal were followed in 2018 (n =5) and 2019 (n
= 6) to assess if further rain events could lead to self-pollination under natural conditions.

We estimated seed viability of fruits from hand self- (n = 6), hand cross- (n = 8)
and open-pollinations (n = 7) using the tetrazolium test by submitting seeds from fresh
fruits to 1% 2,3,5 triphenyl tetrazolium chloride solution, wherein developed embryos are
stained red and rudimentary ones remain unstained (sensu Grabe 1970). We analysed
approximately 200 seeds per fruit and classified them as viable (stained) or unviable.

To experimentally test our hypothesis, we took nine C. hatschbachii individuals
(n =396 flowers) to the greenhouse. As flowers opened (acropetally), they were assigned
to one of the following treatments: (i) “Control”: flowers were kept intact (n = 90; Fig. 2
a, b); (if) “florivory”: anther cap was removed without further manipulation (n = 109);
(7ii) “rain”: rainfall was simulated on the flower (n = 100); and (iv) “florivory + rain”:
treatments 7i and iii were applied in sequence (n = 97). According to our hypothesis, we
expected that the highest number of fruits would be formed under the “florivory + rain”
treatment, followed by “rain” alone, and no fruit formation in the other treatments. We
simulated florivory of the anther cap by gently removing it with forceps, without causing

any damage to pollinia. We performed artificial rainfall using a pump pressure water
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sprayer. To simulate natural rainfall as appropriately as possible, we considered several
variables. The amount and frequency of water on flowers were calculated based on mean
monthly precipitation of the local geographical region (sensu Queiroz and Assungao
2013). We took into consideration the flowering period (August — November) and the
area of the flower (3.5 cm of diameter). We calculated that every flower would receive
12.33 ml of water. We also calculated the mean angle of rainfall in the flowering period
and found it to be 20.25° (sensu Assuncao et al. 2011). We used a pressure water sprayer
(Guarany® PCP-1P-04240000) loaded with distilled water to simulate rain on flowers. As
each shoot of the sprayer deposited approximately 1 ml of water on the flower, we
performed one shoot every 5 min during 1 h (Fig. 1 b—1). Water was sprayed at 40 cm to
ensure that the pollinia movement was not due to the mechanical force of water. We used
plastic cones to prevent water falling onto other flowers. Based on the mean interval of
rain events of the region for the flowering period (4.3 days; sensu Queiroz and Assuncdo
2013), we simulated rain in treatments iii and iv every 4 days for flowers that were in
anthesis. For each treatment group, we recorded (i) if pollinia contacted the stigma and
resulted in column swelling but not fruit set, (if) if there was fruit set, and (ii7) the flower
lifespan.

To investigate how the pollinia respond to water, we took pollinia before
(hereafter, dry) and after 30 min immersion in distilled water (hereafter, wet) (n = 10
flowers). We measured height and width of the two pollinia structure and height and width
of the respective stigma using a digital calliper (Digimess® 100.256; 0.01 mm accuracy).
Then we calculated the area of stigmas and dry and wet pollinia based on an ellipse and
the volume of dry and wet pollinia based on a prolate spheroid. Dry and wet pollinia were

also weighed to the nearest 0.001 mg using a microbalance (Sartorius® CPA2P).
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Statistical analyses
We investigated differences in the proportion of viable seeds according to treatments by
employing a GLM (Generalized Linear Model) with quasibinomial error distribution to
account for overdispersion and logit link function. We created our dependent variable by
combining the number of viable seeds relative to the number of unviable using the chind
function in the R base package (Crawley 2013; Zuur et al. 2009).

We investigated differences in the probability of (i) pollinia contacting the stigma
(and column swelling) and (ii) fruit set according to the distinct treatments by running
separate GLMMs (Generalized Linear Mixed-Effects Models) with binomial error
distribution using the R-package /me4 version 1.1-21 (Bates et al. 2019). Plant identity
was treated as random effect. Flower lifespan differences were investigated through a
GLMM incorporating a Gamma distribution with log link and plant identity as random
effect. We performed post hoc analysis using Tukey’s multiple comparison test in the
package emmeans version 1.4.7. (Lenth et al. 2020). Differences between control and
hydrated pollinia according to volume and weight were investigated through separate
GLMMs with Gaussian distribution and identity link setting flower identity as random
effect. We also investigated differences between the areas of stigmas and dry and
hydrated pollinia using another Gaussian GLMM with flower identity as random effect.
Post-hoc comparisons were conducted using Tukey’s test. We accessed the significance
of models by using the likelihood ratio test (i.e. comparing the null against the full model
to attain p-values; Zuur et al. 2009). Analyses were conducted using R software version

3.6.1 (R Core Team 2019).

Results
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We found that the 52.1% and 41.8% of flowers suffered florivory in 2018 and

2019 respectively. The most common damage affected the entire column, comprising
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Fig 2 (a) Intact Cyrtopodium hatschbachii flower and (b) close up on a column without florivory.
(c-j) examples of different florivory patterns: (c-e¢) florivory on the column (including
pollinarium); (f, g) florivory on pollinarium. (h-j) florivory on anther cap which left pollinia
exposed, (j) sometimes already oriented downwards. (k) Frequencies of flowers found in the field
in 2018 and 2019 including those without florivory and with the distinct florivory patters.
Frequencies within each year sum up to 100%. (I) Number of flowers from Fig k that had male
and female (i.e. fruit set by bees) successes as well as self-pollinia deposition after florivory
followed by rain under natural conditions. (m) Probability of pollinia self-deposition, (n)
probability of fruit set and (o) flower lifespan according to the distinct treatment groups. Dots and
line segments in Fig. m, n and o indicate back-transformed respectively marginal (model adjusted)
means and standard errors. Different letters in Fig. o indicate significant differences at 0.05 leve

29.8% and 28.0% of the total number of flowers in 2018 and 2019, respectively (Fig. 2c—
e, k). This type of florivory involved complete removal of pollinaria and damage to the
stigma. The second most common outcome was florivory of pollinaria (17.0% in 2018
and 10.6% in 2019), which prevented male success (Fig. 2f-g, k). Florivory that affected
just the anther cap involved 5.3% and 3.2% of all flowers in 2018 and 2019, respectively
(Fig. 2h—k). In 2018, the flowers we surveyed apparently did not experience rain and none
of those with anther cap florivory started developing fruits. In this same year, no fruit set
resulted from bee visits while pollinia removal occurred in only 6.4% of flowers, all of
them in flowers without florivory (Fig. 21). In 2019, however, rainfall did occur and two
out of six flowers with anther cap removal had self pollinia deposited onto their stigmas
(Fig. 21), and afterwards one of them showed swelling of the ovary typical of fruit
development. There were two additional fruits (1.1% of flowers in the population) that
arose from bee visits in 2019 and 12 flowers (6.3%) had pollinaria removed (Fig. 21). We
did not find significant differences among treatments in seed viability (y*> = 3.51; p =
0.173). Viability of seeds in selfed fruits was high (mean + SD: 52.7% =+ 16.3), and similar
to that in hand cross-pollinated (68.8% =+ 23.5) and open-pollinated fruits (74.1% = 16.8).

In our experiment that artificially assessed the effects of florivory and rain, we
found significant effects of treatment type on floral longevity (y° = 457.57; p < 0.001;

Fig. 20). Control flowers had the highest lifespan (8.7 + 2.4 days) followed by those under
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“rain” (4.8 = 1.5), “florivory” (3.2 + 1.2) and “florivory-+rain” (2.9 + 0.9), which were not
significantly different from each other. “Florivory+rain” was the only treatment group
wherein pollinia contacted the stigma and the ovary swelled indicating fruit-set potential
(Fig. 1b—1), occurring in 35% of a total of 97 flowers (x~ = 106.27; p < 0.001; Fig. 2m).
Fruit formation was observed only in this treatment, occurring in 19% of flowers (x> =
53.38; p <0.001; Fig. 2n). When we artificially removed the anther cap (as in Fig. 1b, c;
Fig. 2h—j), pollinia absorbed water and swelled (Fig. 1d, e). Wet pollinia (3.4 £ 0.8 mm?)
were, on average, 61.8% larger in volume when compared to dry pollinia (1.3 £ 0.5) (3
=34.6; p <0.001). In addition to volume, the wet pollinia (2.09 = 0.20 mg) were 69.4%
heavier than dry pollinia (0.64 + 0.13) (x> = 61.6; p < 0.001). The downward bending of
the wet pollinia is likely related to the increase in their weight (Fig. le, f). After rainfall,
a water droplet remains and links the pollinia with the stigmatic surface (Fig. 1f). When
the droplet shrank due to evaporation, the pollinia was drawn towards the stigma, by-
passing the rostellum and promoting self-pollination (Fig. 1g—i). This was possible
because even though bulkier, the wet pollinia still fit inside the stigma. The area of the
stigma (21.6 + 2.1 mm?) was respectively 43.1% and 73.1% larger than that of wet (12.3

+ 1.6) and dry pollinia (5.8 = 1.4) (%~ = 89.26; p < 0.001).

Discussion

Previous studies have suggested that orthopteran florivores can lead to fruit set
even in self-incompatible plants with generalist morphology due to their movement in the
flowers while feeding on powdery (granular) pollen (see Tan and Tan 2018). In fact,
orthopterans may be legitimate pollinators in such cases where they effectively promote
crossing, as in the orchid Angraecum cadetii (Micheneau et al. 2010), highlighting the

negative-positive continuum of interactions between plants and florivores. In the bee-
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specialized orchid C. hatschbachii, opportunistic feeding by Orthoptera appear to have
multiple effects. From the results reported here, we infer that florivory in combination
with rainfall can lead to fruit set in C. hatschbachii, even although the overall effect of
florivory is probably negative for the reproduction of this species. We show that florivory
can completely impair female and/or male success when it affects the stigma or
pollinarium, or reduce flower lifespan when it affects the anther cap. However, cap
removal still preserves pollinia and stigmas, and although the florivore itself does not
directly deposit pollinia onto stigmas, it increases the possibility of rain-assisted self-
pollination.
Rain has complex effects for C. hatschbachii, reducing flowers lifespan and therefore the
likelihood of future bee visits, but also plays a role in the process of autogamy. Since rain
reduces foraging activity of pollinators and therefore the visitation chances (Hagerup
1950; Lawson and Rands 2019), the possibility of rain-assisted self-pollination provides
mating system flexibility. This occurs because flowers are available to pollinators during
rainless periods while they also have the chance of selfing during the rainy periods when
conditions are unfavorable for crossing (e.g. Fan et al. 2012). When rain reaches C.
hatschbachii pollinia in flowers not without an anther cap, the chances of self-deposition
of pollinia are high (35%), and most of these flowers will successfully develop fruits. The
formation of a water droplet and the selfing process is similar in flowers that still have
the anther cap (sensu Maciel et al. 2020), but the difference is that the pollinia bends down
much more easily without anther cap support, thus facilitating final self-deposition.

The mechanics of the pollinia movement is possible due to the sophisticated
orchid pollinartum, comprised of the pollinia and accessory structures. The viscidium, the
sticky and viscous structure which adheres the pollinia to the pollinators’ body (Johnson

and Edwards 2000), is diffuse and hydrophilic in Cyrtopodium (Mosquera-Mosquera et
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al. 2019). The viscidium becomes amalgamated with the stigma, serving as support for
the pollinia as they bend down. The tegular stipe (Mosquera-Mosquera et al. 2019) keeps
the pollinia hanging on the viscidium. Finally, the hard pollinia type of C. hatschbachii
(Mosquera-Mosquera et al. 2019) has elastoviscin, a sticky gumlike substance (Schill and
Wolter 1986), which provides cohesion and allows it to get wet without liquefying or
breaking apart. These traits, together with the low degree of herkogamy, make the
swinging movement of the pollinia and hence self-pollination possible.

It is known that deceptive orchids tend to have lower fruit set rates than do
rewarding ones. Tremblay et al. (2005) calculated the average of fruit set for several
orchid species and found that deceptive species have only half the success of rewarding
species (20.7% vs. 37.1%). However, some deceptive tropical species, such as C.
hatschbachii, show extremely low rates of fruit formation. In terms of bee-mediated fruit
formation, Maciel et al. (2020) found rates of 1.21% in 2011 and 1.23% in 2012, while
we recorded rates of 0% in 2018 and 1.06% in 2019. This highlights the uncertainty of
fruit set for this species and how it is variable over time. Thus, any additional fruit is
advantageous, even when arising from autogamy mediated by florivory and rain.
Although most orchids are self-compatible, seed viability under self pollination is, on
average, typically reduced (ca. 40.8%) when compared to cross (ca. 64.8%) (Tremblay
et al. 2005; see also Jersakova et al. 2006). However, we found similar seed viability
between self-and cross-pollinated fruits. The reasonably high seed viability in selfed fruits
(52.7%) indicates that more than half of the seeds from a selfed fruit still have viable
embryos that potentially can germinate and constitute seedlings.

One of the most important benefits of self-fertilisation is that it largely guarantees
zygote formation. Such reproductive assurance is specially valuable in populations in

which plants mostly or entirely fail to export and receive pollen, as in cases where little
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or no pollinator service is available (Cutter et al. 2019). Rain-assisted self-pollination may
be a mechanism of reproductive assurance in these cases (Hagerup 1950; Catling, 1990;
Fan et al. 2012). Although rare, florivory of the anther cap followed by rain-assisted self-
pollination accounted for one third of all fruit set in the C. hatschbachii population in
2019. It has been suggested that orchids are specialized for episodic pollination events
when it comes to fruit formation. Instead of maximizing pollinator attraction, they
maximize seed production from every eventual fruit that is produced (Pérez-Hérnandez
et al. 2011). Our results confirm that rare and episodic events of selfing may make an
important contribution to seed production dynamics and eventually seedling recruitment
in orchid populations. This is especially important when the size of the fruit is considered.
One strategy that may compensate such lower fruit set rates of deceptive orchids is the
production of fruits with higher seed numbers when compared to the rewarding
counterparts (Sonkoly et al. 2016). In agreement, Cyrtopodium hatschbachii fruits are
very large, probably having tens or hundreds of thousands of seeds. Thus, the
considerable seed viability of large selfed fruits may allow population persistence as bee-
mediated cross-pollination is uncertain and even absent in some years in this threatened
plant species. This study thus provides a unique example of how two unrelated factors
(i.e. florivory and rain) that are detrimental alone may together facilitate fruit-set in a

plant species.
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Capitulo 2

The lady's “slippery” orchid: Flowers of a Cypripedioideae reveal adaptations of
semi-trap flowers

Abstract

Trap flowers are fascinating cases of adaptation. Some are called semi-traps as
they force the pollinator to move actively through a pre-determined path, manipulating
its movements in a way that culminates in pollen transfer as it leaves through a secondary
opening. We used the lady’s slipper orchid Phragmipedium vittatum as model to
investigate the micro-morphological traits employed by semi-trap flowers that allow their
complex pollination, an issue still poorly understood. We showed that the flower is
rewardless, non-spontaneous selfer, and dependent on biotic pollination, performed by
females of two hoverfly species. We divided the pollination mechanism in three phases,
allowing to better depict which traits work at each moment. In the first phase (attraction
and trapping), dark and high elevated aphid-like spots attract the attention of hoverflies
to a slipping zone. This region has downward projecting papillate cells and mucilage
secretion that promote slipperiness, causing pollinator to fall into the labellum. In the
second phase (intrafloral movements), pollinator must perform a specific rout. As it goes
up, a lateral constriction of the labellum funnels the passage to the central region. It holds
on upward oriented hairs progressively longer in size that aid its grip. Inner aphid-like
spots signalize the rout. As pollinator climbs, it passes the stigma depositing pollen and
later by one of the articulated anthers where pollen smears are placed onto its back. In the
last phase (exit), pollinator leaves by one of the lateral tight holes by holding on hairs
projecting from the petals. Eggs found on both inner and outer aphid-like spots confirm
an oviposition-site mimicry, indicating that the same exploitation mechanism is also used

after insect trapping. We provide new highlights into the sophisticated micro-
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morphological traits used by trap flowers, allowing pollinator attraction and guidance and

surface slipperiness and adhesiveness, promoting precise pollen transfer.

Keywords: trap flowers, floral mimicry, floral traits, Cypripedioideae, Syrphidae.
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Introduction
“The labellum thus acts like one of those conical traps with the edges turned inwards”

Darwin (1862) when referring to a lady’s slipper orchid

Plants and pollinators carry out a mutualistic relationship where flowers get pollen
transport whilst pollinators gain resource (Ollerton, 2021). Some plants are dishonest,
bearing their rewardless flowers that allow exploiting pollinator’s service without
rewarding them (Johnson and Schiestl 2016; Ollerton, 2021). However, some flowers
exploit pollinators in a further level of cheating. This is the case of trap flowers, that
imprison pollinators to acquire and export pollen, causing them to spend time and energy,
and often not rewarding or even killing them (Faegri and Van der Pijl 1979; Endress,
1996; Richards, 1997; Johnson and Schiestl 2016; e.g., Vogel and Martens 2000). The
trapping strategy was first reported by Sprengel in his famous book published in 1793
(Faegri and Van der Pijl 1979) and are among the most sophisticated and fascinating
mechanisms that evolved under the pressure for effective pollination (Broderbauer et al.
2012). The key innovation of trap flowers is the architecture, commonly a chamber
wherein pollinators enter actively or passively, remaining for a shorter or longer time, and
where the insects contact the reproductive parts hidden inside (Faegri and Van der Pijl
1979; Endress 1996; Broderbauer et al. 2012; Johnson and Schiestl 2016). Although the
trapping strategy across several groups is related to similar traits, it is homoplasic
(Endress 1996; Johnson and Schiestl 2016). For instance, only within Araceae, trap
flowers evolved independently at least ten times (Broderbauer et al. 2013). In addition to
this later, trap flowers are widely distributed in several angiosperm families including

Annonaceae, Apocynaceae, Aristolochiaceae, Calycanthaceae, Hydnoraceae, Malvaceae,
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Nymphaeaceae, Orchidaceae, Rafflesiaceae, Solanaceae and Taccaceae (Faegri and Van
der Pijl 1979, Endress 1996; Richards 1997; Johnson and Schiestl 2016).

To attract pollinators into the trap, flowers use a complex combination of colors
and scents, some of them even using thermogenesis that potentiates the emission of
compounds (Faegri and Van der Pijl 1979, Richards 1997; Johnson and Schiestl 2016).
However, none of these traits would work without the trap per se. Trap flowers are often
considered as having bizarre shapes (Richards 1997). Such morphology is the responsible
for the capture, manipulation, and release of pollinators, ensuring pollen reception and
exportation. When compared to their pollinators, trap flowers are large. For instance,
some of the largest flowers in the world such as Aristolochia and Rafflesia are trap flowers
(Endress 1996). However, the reproductive structures per se are relatively small and most
of the size is formed by the perianth (in general) modified into trap (Endress 1996). In
addition to size, this structure has sophisticated traits that ensure a series of processes,
from capture until exit of pollinators.

Some trap flowers are called “perfect traps” as they retain pollinators for longer
and well determined periods, and usually the same entrance is also the exit (Faegri and
Van der Pijl 1979). For instance, they occur commonly in the Annonaceae, Apocynaceae,
Aristolochiaceae, and Araceae, which have protogynous trap flowers/inflorescences that
first receive exogenous pollen onto stigmas when pollinators arrive and latter coat these
with pollen before releasing them (Endress 1996; Richards 1997; Broderbauer et al. 2012;
Faegri and Van der Pijl 1979; Johnson and Schiestl 2016). In general, pollinators remain
in the chamber for one or more days until the plant switches the sex phases and have their
escape usually facilitated by the wilting and relaxing of the trap structures (Vogel 1965).
Thus, another aspect of perfect traps is that pollinators have a passive behavior as their

movement after trapped is ethologically irrelevant (Faegri and Van der Pijl 1979).
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Other trap flowers are so-called semi-traps (or imperfect traps), as they do not
impose pollinator imprisonment for a predetermined time interval, but rather force it to
be more active and to take specific pre-determined movements (Faegri and Van der Pijl
1979; Johnson and Schiestl 2016). Most semi-traps conduct the pollinator through a
specific route that will culminate in pollen deposition and then removal as it manages to
leave the flower using an exit formed by another opening (Johnson and Schiestl 2016).
Thus, such semi-traps involve specific narrow regions that restrict pollinator size,
direction, and positioning, allowing precise and accurate pollen transfer.

Describing in detail, the pollination cycle of a semi-trap flower can be divided into
three predetermined phases (Fig 1). In the first one, pollinator must enter the flower. For
this, several traits work together attracting its attention including visual, chemical, and
tactile traits. After it lands, it must be trapped into the chamber and this happens because
the organ where pollinator lands turns inside, or more commonly because it simply falls
(Faegri and Van der Pijl, 1979). For such kettle (pitfall) traps to work, the entry surface
may be slippery (Poppinga et al. 2010; Johnson and Schiestl 2016). When inside the
flower, the pollinator is not able to get out by the same entry hole because of the
slipperiness of this region. After trapped, the second phase consists in guiding the
pollinator through a path that leads to the reproductive organs and them to the exit. In the
relatively big chambers of semi-trap flowers, pollinator can potentially go to many
directions and position the body in many ways. Thus, it may be guided through an
intricate internal arrangement of organs in such a way that ensures precise and accurate
pollen transference. To avoid selfing, pollen deposition usually takes place first followed
by pollen removal. Finally, the third phase consists in pollinator leaving the flowers.
Although it appears simple, it involves tight holes where the pollinator must squeeze itself

and may even die if does not leave (e.g., Edens-Meier et al. 2011). To ensure pollen flow,
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semi-trap flowers constantly interact with their pollinators during the whole cycle,
exploiting them specifically on each of the phase. To do so, a series of complex flower
traits may have evolved under the pressure to increase fecundity mediated by pollinator

morphology and their innate sensorial systems.

Exit of the
flower
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Movements whithin
the flower

Phase lll
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« Color papillate cells increasing in size
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Figure 1. Phases of a trap-flower pollination having P. vitfatum as example highlighting the
respective traits that mediate pollination.

Semi-trap flowers employing the three-phase strategy are common in some
families, such as the Orchidaceae, where they are present in different and unrelated
groups. However, in no other group it is so widespread as in the Cypripedioideae
subfamily. In fact, the modified pouch-like labellum is a synapomorphic trait of the group
(Dressler 1981). It was lost only in a single species, the lipless Phragmipedium lindenii
that has a third/middle anther that promotes selfing (Pemberton 2013). Although some
other few cases of autonomous selfing have been described, the labellum plays a
fundamental role trapping pollinators and assuring cross pollination in most species
(Pemberton 2013; Edens-Meier et al. 2014). These orchids are primarily rewardless (but

see Jiang et al. 2020), employing different kinds of mimicry (Pemberton 2013; Edens-
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Meier et al. 2014). Although some knowledge has been gathered in the reproductive
biology and the identity of pollinators, the proximal mechanisms that boost the pollinator-
mediated pollen flow remain elusive. These include specially the morphological traits that
allow the pollination cycle in the flower, including all three phases. For instance, we still
do not know which micro-morphological mechanisms cause slipperiness and what guides
pollinators within the flower and in their way out.

As a first step towards filling these knowledge gaps, we investigated the
reproductive biology and the complex and well-articulated pollination mechanism of the
rare and vulnerable Phragmipedium vittatum. We used this model species to address the
following questions: what is its mating system and how is the plant dependent on the
pollinators?; what is the effectiveness of this pollination mechanism?; and which are the
micro-morphological adaptations that allow the mechanics of the pollination to work?
We used field experimentation and observations and applied anatomy and histochemistry
techniques that revealed some previously unknow traits related to pollinator trapping,
prisoning, guiding of its movement within the flower and exit, providing new insights in

the functional mechanics of semi-trap flowers.

Materials and Methods
Study species and site

Phragmipedium vittatum (Vell.) Rolfe (Cypripedioideae) is a paludal herb that
occurs mainly in Veredas (occasionally on forests), plant formations of the Brazilian
Cerrado biome, characterized by a dense herb-subshrub dominant layer, with scattered
small trees and frequently (but not obligatorily) the buriti palm (Mauritia flexuosa L. t.)
(Fig 1, Fig 2, Figda) (Aragjo et al. 2002). It is a rare lady's slipper species in vulnerable

state of extinction (Dias and Smidt 2020). We studied a population located on a private
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farm in the Goias state, Brazil, during December 2017 — January 2021. The region has a

seasonal climate (AW in the Koppen-Geiger classification), with a rainy summer and a

dry winter (Alvares et al. 2013).

g J 4

Figure 2. Phragmipedium vittatum on a vereda swamp.

Histological and histochemical analysis

We visually inspected opened flowers searching for any floral reward. We
investigated the presence of secretory tissues immersing fresh flowers in 0.1 % (*/y)
aqueous neutral red for 20 min (Vogel 1962, time adapted). To detect mucilage location,
we immersed the fresh flowers in ruthenium red for 5 min (Gregory and Baas 1989, time
adapted). We submitted longitudinal handmade cuts from flower samples to
histochemical tests to detect chemical compounds related to pollination process. To
investigate the presence of nectar, tests were carried out for reducing sugars (glucose,

fructose) with Fehling reagent (Purvis et al. 1964), and starch grains with Lugol (Johansen
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1940). We used Periodic acid-Schiff’s (PAS) to test for the presence of total insoluble
carbohydrates (Johansen 1940), Sudan red for total lipids (Sass 1951), Bromofenol blue
for total proteins (Johansen 1940) and NADI reagent for terpenoids (David and Carde
1964). For all histochemical tests, appropriate controls were run simultaneously. Light
microscopy observations were carried out using a coupled Uphoto system (Leica®
ICC50HD).

For histological studies we made free-hand sections of sepals, labella, and other
petals, clarified in sodium hypochlorite (Johansen 1940), and stained with Safranin and
Astra blue (Gerlach 1984). Flowers were also submitted to scanning electron microscopy
(SEM). The alcohol-fixed parts were dehydrated in an ethanol series, critical point-dried
(using Leica® CPD 300) and them mounted on aluminium stubs with conductive
adhesive. Samples were coated with gold in a sputter coater (Leica® EM SCD050) and

photographed using a scanning electron microscope (Zeiss® EVO MA10) at 5 kV.

Mating system

The mating system (sensu Cardoso et al. 2018) was investigated in December
2020 by submitting newly opened flowers of previously bagged buds from different
individuals to one the following hand-pollination treatments (sensu Kearns and Inouye
1993): 1) cross-pollination: the pollen smears of one anther were inserted in the stigma
of other flower (n = 17); 2) self-pollination: the pollen smears of one anther were inserted
into the stigma of the same flower (n = 13); 3) spontaneous self-pollination: buds were
only bagged, without any manipulation (n = 21); 4) emasculation: the pollen smears of
both anthers were removed, without posterior treatment (n = 17). We used “pollen
smears” instead of pollinia throughout the manuscript because, technically, there is no

pollinarium in the Cypripedioideae since pollen is loosely held together and the pollen
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mass is not attached to a viscidium (Dressler 1981). We also investigated the reproductive
success of flowers from open pollination by inspecting fruit formation on 72 flowers from
22 individuals. The self-incompatibility index was determined by the ratio between the
percentages of self- and cross-pollinated fruits, assuming that P. vittatum is self-
incompatible if the obtained value is lower than 0.2 (ISI sensu Zapata and Arroyo 1978).
Reproductive efficacy index was investigated by dividing percentages of open pollination
by those of manual cross-pollination, in which values below 0.2 indicate pollen limitation

(RE sensu Zapata and Arroyo 1978).

Seed analysis

We took ripe fruits from the different treatments (8 self-pollinated, 10 cross-
pollinated and 9 open-pollinated) just before the capsule opening process (April 2017).
Fruits were placed in separated vials until they fully opened. We submitted 500 fresh
seeds per fruit to the tetrazolium test to investigate seed viability (sensu Grabe 1970). All
the seeds of a fruit were separated (including those used in viability analysis and those
remaining in the capsule), then immersed in a 50 ml solution containing /s ethanol 70 %
and !/5 glicerine. This solution provides a homogeneous distribution of the seeds after
mixed. Three aliquots of 0.25 ml were taken per fruit using a volumetric pipette and the
number of seeds counted in microscope (mean value extracted). Afterwards, the

proportion to the total volume was made to estimate the total number of seeds per fruit.

Pollinator observation
During 2018 and 2019, we performed 56 observation hours between 8 - 12h and
14 - 18h (totaling seven days). Observations were conducted by the same person, at

approximately 1.5 m from a given patch containing approximately five open flowers. We
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them recorded pollinator visits, their frequency, behavior and if they were carrying pollen
smears. Due to the low frequency of pollinator visits found through the direct observation
method, in 2021, we conducted an experiment to assess flower visitation rates on a larger
number of flowers. For two days, we stuffed cotton into both exiting holes of previously
bagged plants, which prevented that any trapped pollinator would scape by the exiting
holes. We unbagged flowers at 6AM and investigated the presence of any pollinator
recording its identity every three hours until 18PM. Although some flowers detached
throughout the day, we reached the final of the first day with 47 flowers and the second

day with 42.

Pollinator effectiveness

To estimate the effectiveness of pollinators on male and female successes, we
inspected flowers during 2016 - 2017 (n = 306 flowers), 2017 - 2018 (n = 161), 2018 -
2019 (n=301) and 2020 - 2021 (n = 67) flowering seasons. We selected old flowers that
were near to detach the stem or that were already detached. The pollen removal (male
reproductive success) was inferred as one or two anther pollen removal. The
presence/absence of female reproductive success was inferred by inspecting the
deposition of pollen smears on stigma. In addition, we also calculated the reproductive
efficacy index based on female success for the aforementioned flowering seasons by
dividing pollen deposition percentages by those of manual cross-pollination (adapted

from Zapata and Arroyo 1978).

Statistical analysis
To determine the mating system of P. vittatum, we compared the proportion of

fruit set among those treatments that successfully set at least one fruit (emasculation and



41

control excluded) through a GLM (generalized linear model) with binomial error
distribution and logit link function. As response variable, we took the number of flowers
that developed into fruits relative to the number of flowers that did not per individual
using the cbind function in R software base package (Crawley 2013; Zuur et al. 2009).
We used this same procedure to investigate differences related to seed viability according
to treatments that formed fruits: we took the number of viable seeds relative to the number
of unviable per fruit (i.e., the proportion of viability) as dependent variable and fitted a
binomial GLM with logit link. Differences in the number of seeds among treatment levels
were investigated by fitting a GLM with gaussian distribution and identity link.

We compared if the presence of reproductive success on flowers differed
according to sex (male vs. female), flowering season and the interaction term by fitting a
binomial GLMM (generalized linear mixed-effects model) having flower identity as
random effect. For the presence of male reproductive success, we grouped flowers with
one and two anther pollen removal.

GLMs were built in R base package while the GLMM in the R-package /me4
version 1.1.23 (Bates et al. 2015). Models’ significance was tested using type II tests
using the R-package car version 3.0.10 (Fox and Weisberg 2019). Whenever we had a
significant predictor with more than two levels, post hoc analyses were performed using
the Tukey multiple comparison test in the R-package multcomp version 1.4.13 (Hothorn

et al. 2008). All analyses were carried out in R version 4.0.2 (R Core Team 2020).

Results
General observations
Phragmipedium vittatum flower once a year, between October until May, but

peaking in December - February. Flowers open acropetally, with a mean number of 6.86
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(£2.22 SD) flowers per individual and a mean inflorescence height of 74.79 cm (£ 16.87)
(n = 100). Virgin/bagged flowers lasted an average of 9.46 days (£ 0.86) (n = 26). After
approximately six days, flowers become old and later detach from the stem. After
senescence and detachment of a flower, another opens, and usually a single flower is
opened at a time per inflorescence. Average flower size, measured as the longitudinal size
of the labellum, was 3.87 cm (= 1.69; n = 507). Labellum color ranges from greenish,
through yellowish until brownish, with wavy lateral petals bordered by dark reddish
brown at the base and fully colored at the tip. Flowers were rewardless and odor to human

nose was not found.

Mating system and seed analysis

No fruits were formed after spontaneous self-pollination or emasculation.
Phragmipedium vittatum was self-compatible, presenting an ISI 0f 0.96 (< 0.2). However,
there were differences among the treatments that set fruits (x> = 27.56, df = 2, p < 0.001),
with open-pollination showing smaller fruit set proportions when compared to cross- and
self-pollinated flowers, which were not significantly different from each other (Table 1).
We did not find pollen limitation in 2021 since the population had a reproductive efficacy

index of 0.36 (< 0.2).

Table 1. Results concerning the three treatments that set fruits in Phragmipedium
vittatum. Fruit formation indicates number of fruits developed per number of flowers
observed (percentage in parenthesis). Number of seeds and seed viability proportion
indicate mean + SD values. Distinct letters indicate statistically clear differences at 0.05
level.

Self-pollination  Cross-pollination  Open-pollination
Fruit formation 11/13 (84.62 %)°®  15/17 (88.24 %)°  23/73 (31.51 %)?
Seed number 50825+ 17212* 74423 + 13445* 61687 + 15283*>
Seed viability 0.12+0.12? 0.32 + 0.20" 0.61+0.11°
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Seed number estimates varied widely, ranging between 25650 and 101460. We
found significant differences in the number of seeds across pollination treatments (y~ =
10.46, p = 0.005; Table 1). Cross-pollinated fruits had, on average, 54 % more seeds than
self-pollinated fruits. However, there were not differences between open-pollination and
the two other hand-pollination treatments. We also found significant differences in seed
viability (x> = 2252.3, df = 2, p < 0.001; Table 1). All groups were different from each
other. On average, the number of viable seeds from cross-pollination fruits was
approximately twice that of self-pollination, and the number of viable seeds of open-

pollination was around twice that of cross-pollination.

Pollinators and their interplay with floral morphology

During our systematic pollinator observation, we found that P. vittatum was
pollinated by two species of female hoverflies (Diptera: Syrphidae): Allograpta exotica
(Wiedemann, 1830) (Fig 3a-j) and Dioprosopa clavata (Fabricius, 1794) (Fig 3k-n). In
our direct observation, we found 20 approaches from A. exotica. They only hovered in
front of the flower seven times (35 %) and landed in one of the whorls 13 times (65 %),
never falling into the pouch. Three of these flies (15 %) had pollen smears attached to
their back. Concerning D. clavata, we found three approaches. In one of them, it only
hovered while in the other two they did fall and were trapped within the pouch. None of
them had pollen smears attached.

Later, during our exiting hole blocking experiment, we found a total of 22
individuals trapped. 13.64 % of these were captured between 6AM — 9AM, 54.54 %
between 9AM — 12PM, 22.73 % between 12PM — 15PM and 9.09 % between 15PM —

18PM. Except for one Allograpta exotica found between the 9AM — 12PM period, all
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remaining individuals were D. clavata and pollen smears were present on the back of only
one of these.

We found that as pollinators walk on flowers, they make abdomen movements
typical to oviposition behavior. Allograpta exotica usually first hovers in front of flowers,
sometimes landing on sepals and lateral petals (Fig 3a). Then, it lands on the labellum
border and starts to move through the opening hole towards the region of the infolded
lobes (Fig 3b-e). When compared to D. clavata behavior, it generally lands quicker and
directly on this area.

This region where the two infolded lobes of labellum are welded forms a vertical
slipping zone with the presence of characteristic dark spots. Through SEM technique it
was possible to identify that this region has downward projecting papillate cells displayed
in rows, forming a ridged micropattern (Fig 4b,c). In the lower portions where labellum
folds, cells become convex-shaped and arranged in a homogeneous pattern (Fig 4d).
Anatomically, it is possible to have a different view and notice the shape differences in
the epidermal cells of the slipping zone, forming a gradient relief between the dark spots
and the other cells surrounding them (Fig 4g). Such dark spots are formed by cells that
group together and besides having different coloration, are taller than the surrounding
cells and digitiform, forming high relief punctuations (Fig 4e-g). At this same frontal
region, we found a positive reaction with the neutral red, indicating high metabolic
activity (Fig 41). We also found a reaction with ruthenium red, indicating the presence of
mucilage (Fig 4m). We then confirm that mucilage is produced and secreted by the
epidermis cells as signalized by the positive reaction with Periodic acid-Schiff’s (Fig 4n).
As the pollinator reaches this slippery region, probably attracted by the dark spots, it loses

hold and falls into the labellum pouch (Fig 3e,f). Both the orientation of downward
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projecting papillate cells of epidermis and mucilage secretion probably increase

slipperiness in a way that the animal cannot hold on and slide down.

Figure 3. Pollination process of Phragmipedium vittatum. (a-d) Allograpta exotica walking
through the flower until it (e) reaches the slipping zone and (f) falls in the labbelum pouch. (g)
Allograpta exotica trying to get out by the pouch entrance and (h-i) effectively leaving by one of
the exit holes (pollen removed by a previous pollinator visit). (j) A/lograpta exotica arriving on a
flower carrying pollen smears on the dorsum. (k) Dioprosopa clavata trying to leave by one of
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the exiting holes grabbing the hairs from the petal. (1-n) Dioprosopa clavata leaving the exiting
hole with pollen smears attached to its dorsum. Arrows indicate pollinators. Scale bars = 1 cm.

The basal part of the labellum constitutes a slipper-shaped pouch (Fig 4a). The
posterior part of the entrance hole margin is constituted by the infolded lobes which are
formed by a smaller portion of the parenchyma that gradually thickens (= 22 cell layers)
towards the anterior region where the outside of the labellum folds into the pouch forming
a thicker tissue (that forms a hollow space between the two portions of the labellum) (Fig
4h). Both outer and inner (arrow) surfaces are covered by the same uniseriate and simple
epidermis (Fig 4h). Internally it forms a thin and slippery surface that prevents the
hoverfly to get out, causing it to fall repeatedly when trying to escape by the entrance
hole (Fig 3g; Fig 5f).

The interior of the pouch is covered by tectorial trichomes, except in the front wall
near to the entrance. The bottom where pollinator falls has shorter trichomes bearing 3 to
5 cells (Fig 4a, 1). The posterior wall of the pouch has upward oriented trichomes (Fig 3a)
that gradually increase in number and size (6 up to 12 cells approximately) from the
bottom to the top (Fig 4a, j). The trichomes have a thick cuticle that stained with Sudan
red (Fig 40). In order to get their way-out, pollinators need to climb through this posterior
portion of the labellum. The progressive increment in the size of these hairs, their upward
orientation and stickiness provided by the cuticle probably helps the pollinator to cling.
This labellum posterior zone also has some dark spots similar to those of the slipping
zone (Fig 4a) that gradually increase their density and apparently form a path that guides
the pollinator together with the hairs. The posterior region of the pouch also has a lateral
constriction that funnels the passage to the central region (where bigger hairs and spots
are located) (Fig 4a). When reaching the top of the labellum, pollinator must squeeze

itself between the posterior wall and the stigma located below the staminode in a way that
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pollen smears present on their back remain adhered on the minute papillae of the stigmatic
surface. The staminode that is positioned at the tip of the column has a flattened shape
that blocks the base of the labellum and creates two basal lateral apertures. The anthers
are also laterally positioned, just before the exiting of these holes. When pollinator is
almost getting out by one of the holes, pollen is deposited onto its back by the respective
(right or left) anther that act like an articulation mediated by the unidirectional movement.
The exit hole is covered by long and abundant hairs from the lateral petals that are grabbed
by the pollinator and help it to push its way out (Fig 3hk,l). After leaving, some
pollinators immediately fly away while others may still spend some time on the
inflorescence cleaning themselves. Then, if the hoverfly is deceived again and gets
trapped by another flower, it will perform cross pollination (Fig 3j).

Considering our anatomical and histochemical analyses, we did not find any
elaiophores (i.e., specialized oil secretory glands) or nectaries in histological sections.
Neither of the tissues reacted positively with the Fehling reagent, Lugol, Bromophenol
blue nor NADI reagent.

We found that syrphid flies laid their eggs on several external flower parts
including in the petals, staminode and labellum (Fig. 5a-1). In this latter, eggs were found
in the external structure of the pouch, around the entrance and in the infolded lobes where
the dark spots are located. We also found eggs laid internally on the labellum posterior
zone where dark spots were also present (Fig. 5j-k). Such egg-laying pattern suggests that
flowers probably employ oviposition-site mimicry. We never found any aphids on

flowers.



Figure 4. Floral morphology of Phragmipedium vittatum. (a) Frontal view of a flower (1), lateral
(2) and frontal (3) views of the labellum sectioned. The blue dotted line in 2 indicates the route
traced by the pollinators. IL: Infolded Lobes; LF: Labellum Front; LT: Labellum Top; LB:
Labellum Base. (b, c) SEM in the IL in the slipping zone of the IL with different zoomings. (d)

48
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Transition between the slipping zone the lower part of the IL. (e, f) SEM in the dark spots in the
IL with different zoomings. (g) Anatomy of a spot in the IL. (h-j) Anatomy of LF, LB and LT,
respectively. (k) Normal labellum followed by (1) neutral red and (m) ruthenium red treated
labella. (n) Periodic acid-Schiff’s positive reaction on the IL. (o) Sudan red positive reaction on
the trichomes of the TL. Scale bars: a, k=1cm; b, d, e, f, h, 1, j =200 um; ¢, g, I, m = 50 pm.

Figue 5. Egg laying patterns by syrphid flies in hragzedium vittatum (indicated by arrows).
(a) Eggs seem from distance on a flower. Eggs layed in the (b-c) labellum, (d) petals and (e) the
staminode. (f) Dioprosopa clavata trying to escape after falling on the pouch and (g) falling back
again after deposited the eggs in the spots. (h) Eggs laid in the spots with detail of the pollinator
inside seen in right exit hole (bigger white arrow). (i) zooming of those same eggs. (j, k) eggs laid
in the inner part of the flower on the dark spots in different zoomings.
Pollinator effectiveness

We found significant differences in reproductive success according to sex (y° =
415.52,df =1, p <0.001, Table 2), with male success (38.44 %) being more than twice

as large than the female (16.05 %). Considering only male success, one anther pollen

removal (30.42 %) occurred more frequently in flowers than two anther removal (8.02



50

%) (Table 2). Pollen smears removal from two anthers indicates that some flowers were
visited by hoverflies at least twice. There were no differences among the distinct
flowering seasons (x> = 0.98, df = 3, p = 0.81) or the interaction term (sex*season: x> =
1.99, df =3, p = 0.58). Considering the RE index across flowering seasons, we found that
it ranged around the 0.2 cutoff value, being larger once and smaller three times (Table 2).

Average RE index was 0.18 suggesting some pollination limitation.

Table 2. Total number of Phragmipedium vittatum flowers surveyed, percentages of male
and female successes of and the reproductive efficacy (RE) index across four flowering
seasons.

Year Flowers & Success Q Success RE
One anther Two anthers Total
2016 306 32.03 % 8.17 % 4020% 15.03%  0.17
2017 161 31.06 % 5.59 % 36.65% 2050%  0.23
2018 301 27.24 % 6.31 % 33.55%  15.28%  0.17
2020 67 35.82 % 20.90 % 56.72% 1343%  0.15
Discussion

Flower traits in semi-trap flowers are thought to work effectively attracting
pollinators, keeping then imprisoned for a while and then guiding their exit through a
specific path where pollen transference occurs along the way (Faegri and Van der Pijl
1979; Johnson and Schiestl 2016). Here, using a lady slipper as model system, we depict
the several traits a semi-trap employs that promote pollinator attraction (when outside and
inside the flower), trapping, and guiding of their specific intrafloral movements until the
exit. First, we investigated the reproductive biology and pollination dynamics of P.
vittatum, showing that it is a rewardless, non-spontaneous selfer, which depends on biotic
pollination performed by syrphids. Then, we demonstrated that P. vittatum pollination is
based on a complex semi-trap system involving specific characteristics that come into

play in each one of the three phases of the pollination cycle, ensuring pollen transference.
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We also demonstrate that the system works based on oviposition-site mimicry
mechanism, in which the plant uses aphid-like cues to deceive gravid female hoverflies
looking for oviposition sites to supply their aphidophagous larvae, being deceived into

serving as pollinators. Below, we discuss in detail our findings and their implications.

Mating system and reproductive success

We show that P. vittatum is a rewardless, self-compatible, non-apomictic and non-
spontaneous selfer species. Artificial self- and cross pollination successes were both high
and similar, demonstrating that there is no self-incompatibility mechanism influencing
fruit set. However, we found smaller values of seed viability in artificially selfed fruits
when compared to both artificial cross and open pollination, suggesting inbreeding
depression. Furthermore, seed numbers after selfing were lower when compared to cross
pollination. Thus, autogamy apparently brings deleterious effects, and our results
highlight the importance of pollinator mediated crossing in seed quality and quantity.

Although some Cypripedioideae are autogamous, including some Phragmipedium
(e.g., P. reticulatum, P. lindenii, P. boisserianum and P. longifolium) (Pemberton 2013;
Edens-Meier et al. 2014; Morales 2017), P. vittatum is dependent on biotic pollination.
Studies in Phragmipedium reproductive biology are scarce, but the existent evidence
shows that fruiting success varies with P. besseae having only 4.3 % (Edens-Meier et al.
2014), P. longifolium having 12 % (Morales 2017), P. pearcei having 50 %, and the
autonomous selfers (P. reticulatum and P. lindenii) showing 100 % (Edens-Meier et al.
2014). Our studied P. vittatum set 31.51 % exclusively by pollinator visits, having
intermediate values when compared to its congeners.

Along the four flowering seasons, pollen smears removal from one anther occurred

30.42 % while removal from two anthers occurred only in 8.02 %, indicating repeated
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visits to a flower are possible but only occasional. In addition, pollen smears deposition
rate is much smaller than removal, indicating that probably most flies do not visit flowers
twice (i.e., removing and not depositing the pollen). Looking at pollen removal and
deposition over time show that it may vary across flowering seasons. Although we had a
higher RE index when we surveyed fruits (0.36), the RE values based on pollen smears
deposition using a larger sample size and a wider period showed lower values and
indicated pollination limitation (< 0.2 RE) in three out of four years. This highlights that
the flowers do not reach their maximum fruit set potential due to pollinator limitation,
which agrees with the smaller fruit set proportions that deceptive flowers usually have

when compared to the rewarding ones (Tremblay et al. 2005).

Phase I: attraction and trapping

As in other flowers, pollinator attraction is the first step of pollination also in semi-
trap flowers (Fig. 1). The usage of trapping devices is a key trait associated to several
oviposition-site mimicry systems (Broderbauer et al. 2013; Johnson and Schiestl 2016).
Hoverfly pollination in some slipper orchids apparently takes place by oviposition-site
mimicry. Most syrphidae gravid females are specialized in laying their eggs on aphid
colonies, on which predatory larvae feed (Schneider 1969; Rojo et al. 2003; Almohamad
et al. 2009). During their searching behavior, syrphid females use several cues including
visual, olfactory, gustatory, and tactile (Almohamad et al. 2009). The spots on P. vittatum
labellum seems to mimic aphid agglomerations and the respective cues they emit,
exploiting the preferences of the gravid females. Such strategy has been observed in the
hoverfly pollinated Cypripedium lentiginosum (Zhongjian et al. 2008), Paphiopedilum
and other Phragmipedium (Pemberton 2013; Edens-Meier et al. 2014). Interestingly, non-

hoverfly pollinated Cypripedium and Paphiopedilum usually do not bear the aphid-like
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spots. The visual resemblance and the behavior of pollinators are among the main
indication of oviposition-site mimicry, with egg-laying providing hard evidence that
females have been effectively duped by flowers (Urru et al. 2011; Johnson and Schiestl
2016). Here we show that P. vittatum aphid mimicry system seems so effective that
female hoverflies lay their eggs in several flower parts, including on the dark spots.
Female aphids may lay eggs directly on aphids, but also close to the colonies (Almohamad
et al. 2009), which may explain oviposition in other parts of the flower such as on the
external part of labellum, petal, and staminode.

In Phragmipedium, the slipping zone consists in the flat surface formed by the
infolded lobes of the labellum where the spots are located, seemingly mimicking aphids.
While in Paphiopedilum spots seem to be elevated and shiny warts, they visually did not
look elevated in Phragmipedium. However, here we show that in addition to the color
change, there is an increase in the relief of the aphid-like spots that is distinguishable
under magnification. Since syrphid females can use the shape of aphids as a visual cue
(Almohamad et al. 2009), such relief may be noticed by hoverflies when they come closer
and be important in attraction. In addition, syrphid females prefer to oviposit on colonies
with higher number and density of aphids (Almohamad et al. 2009; Nelson et al. 2012).
Thus, the occurrence of several spots simulating an agglomeration pattern may also be an
important attractant, which mimics a suitable food supply for larvae and elicit their
landing and oviposition behaviors. In addition, the vertical surface of the slippery zone
can be important since some female hoverflies prefer vertical over horizontal structures
of plants (Almohamad et al. 2009 and references therein). Color is also an important cue.
The yellowish tones of several color parts of P. vittatum may function as attractant, since
hoverflies have an innate preference for yellow colors of flowers (e.g., Neimann et al.

2018; Rodriguez-Gasol et al. 2019). Some darker structures of P. vittatum, such as the
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descending petals, may also be an important attractant because some female hoverflies
prefer plants with darker than lighter strips (Almohamad et al. 2009 and references
therein). Finally, aphids’ honeydew is a potential attractant as syrphid females use it as a
food source (Schneider 1969) and also as gustatory cue, triggering their oviposition
behavior (Almohamad et al. 2009; e.g., Budenberg and Powell 1992). Thus, as mucilage
constitutes a hydrogel (Ron et al. 2016), it is likely that its presence in the slipping zone
also plays a role in pollinator attraction, probably mimicking aphid honeydew. Other
possible roles of mucilage involving slipperiness are discussed in the next topic.

Aphid mimicry is an interesting mechanism known only for two orchid lineages: in
some members of the Cypripedioideae subfamily and in others of the genus Epipactis
(Epidendroideae). Egg laying on external parts of the labellum were also reported in the
congener Phragmipedium longifolium (Morales 2017). Aphid mimicry has been
described in some hoverfly pollinated species from the sister genus Paphiopedilum, with
some cases involving oviposition, such as in P. rothschildianum (Atwood 1994), P.
callosum (Johnson and Schiestl 2016), and in P. dianthum (Shi et al. 2007). Although
several factors are responsible by triggering oviposition behavior in female hoverflies,
olfactory cues are among the most important (Almohamad et al. 2009; Stokl et al. 2011),
probably being the factor triggering egg-laying behavior on both Paphiopedilum
(Bénziger et al. 2012) and Phragmipedium. In agreement, a study with another lady’s
slipper, Cypripedium subtropicum, showed that flowers mimic aphid alarm pheromones
which are important volatile components in the attraction of hoverflies, although no eggs
were found on these flowers (Jiang et al. 2020). This species has hairy tufts at the slippery
zone that both visually resemble an aphid colony covered with honeydew and rewards
hoverflies, characterizing a reward mimicry mechanism and being the only rewarding

lady’s slipper described so far.
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Some Epipactis (Epidendroideae) have black callus-like swellings on the labellum
hypochile that are thought to imitated aphids and induce egg laying (Ivri and Dafni, 1977;
Jin et al. 2014; Srimuang et al. 2018). Stokl et al. (2011) showed that E. veratrifolia
flowers emit a mixture of volatile compounds similar to those alarm pheromones released
by several aphid species. In agreement, they also showed via electrophysiological
experiments that such compounds are detected by the antennae of hoverflies. Finally, both
headspace samples of the scent released by flowers and a synthetic mixture of four
compounds (produced by the flowers) increased the egg-laying by hoverflies. As a
specific aphid alarm pheromone is not released, it is probably that flowers employ a
generalized aphid mimicry system. This is in agreement with the oviposition behavior of
hoverflies, that usually lay eggs on several aphid species. For instance, Allograpta
exotica, one of P. vittatum pollinators, is known to exploit at least 18 different species of
aphids (Rojo et al. 2003).

After insect attraction, trap flowers must effectively imprison them, in order to
proceed with the pollination process (Fig. 1). Generally, insects have two attachment
devices on their forelegs: claws allow them to cling on rough surfaces and adhesive pads
to smooth surfaces (Beutel and Gorb 2001). Falling depends on nullifying the adhesive
devices of insects. Kettle trap flowers and carnivorous plants have several micro-
structural strategies that induce slipperiness, including traits (and their combinations)
such as epidermal cell curvatures, cuticular folding, idioblastic elements and three-
dimensional epicuticular wax crystals (Poppinga et al. 2010). Our study provides new
insights into the floral micro morphology characteristics that contribute to pollinator
prisoning within the pouch. An important trait is the presence of downward projecting
papillate cells of epidermis. This is the most common slippery strategy among trap

flowers and carnivorous plants, having evolved independently several times (Poppinga et
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al. 2010). They boost slipperiness by preventing claw anchorage via hooking due to their
inappropriate cell shape (Poppinga et al. 2010). This type of sculptural surface has also
been found in unrelated groups including in trap flowers from Apocynaceae (Ceropegia),
Araceae (Arisarum, Arum, Biarum, Colocasia, Pinellia) and Aristolochiaceae
(Aristolochia) families as well as in carnivorous plants from Cephalotaceae (Cephalotus)
and Sarraceniaceae (Darlingtonia, Sarracenia) (Poppinga et al. 2010). However, as far
as we know, this is the first time it is reported in Orchidaceae.

Another important trait we describe is the mucilage secretion in the slipping zone.
Surfaces with a liquid film are thought to promote anti-adhesiveness by preventing the
attachment of adhesive pads leading to a ‘“aquaplaning” effect. For instance, some
Nepenthes carnivorous plants have radial ridges of smooth and overlapping epidermal
cells with hydrophilic surface chemistry, which makes the surface wettable (Bohn and
Federle 2004). Under natural conditions, liquid films are formed by nectar secretion, rain,
and condensation. However, the surface is not slippery for insects when is dry, indicating
that the peristome slipperiness is weather-dependent (Bauer et al. 2008). Contrary to this
unpredictable activation of Nepenthes pitcher traps, the mucilage secretion apparently
provides a permanent wet surface in P. vittatum. This viscoelastic and polyssaccaride-
rich hydrogel has lubricating and slippery properties (Ron et al. 2016), which may be
important in promoting slipperiness via aquaplaning. In addition, it is known that papillate
cells play an important role in surface wettability, turning surfaces superhydrophilic
because water naturally spreads throughout the area (Koch et al. 2008). Thus, the papillate
cells already mentioned can also improve mucilage permanence on surface. Furthermore,
the ridged micropattern formed by the papillated cells in P. vittatum may also improve
wettability functioning as water channels. In the Nepenthes example, the peristome ridges

accumulate extrafloral nectar, which renders wettability and make the surface slippery for
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insects (Bauer et al. 2008). As far as we know, we provide the first report of mucilage as
a potentially slippery strategy in insect trapping plants. As mucilage avoids tissue
dissection, other secondary effects may involve the maintenance of cell turgor and shape,
especially the elevated region of aphid like spots and the maintenance of a typical
shiny/wetted surface that resembles aphid exudate accumulation.

In Cypripedium calceolus, there are tabular epidermal cells with idioblasts that are
thought to offer no possibility for claw interlocking (Poppinga et al. 2010) in addition to
undetermined fatty liquids (Daumann 1968) hypothesized to contaminate the adhesive
pads of insects (Poppinga et al. 2010). In Paphiopedilum, Besi et al. 2021 showed the
presence of trichomes in the staminode (the slippery region in this genus) of three species
(P. barbatum, P. callosum and P. niveum). Despite these punctual observations,
knowledge about slipperiness traits in orchids and, more specifically in the
Cypripedioideae, is scarce. Here we provide new evidence on which traits mediate
pollinator falling via anti-adhesive micro-structural strategies. The combination of several
anthi-adesive strategies is thought to increase slipperiness (Poppinga et al. 2010). Thus,
downward projecting papillate cells and mucilage secretion on the vertical surface of the
labellum lobes are adaptations that can boost pollinators’ fall into the pouch via disruption

of both claw interlocking and adhesive pads, respectively.

Phase II: intrafloral movements and pollination

After trapped, insects may perform a specific and pre-determined rout within the trap-
flower structure (Fig. 1). Although the hoverflies try, they cannot get out from the pouch
by where they got in because they keep slippering back in the surface that labellum folds
inward. This region has convex-shaped cells that are also thought to prevent claw

interlocking (Poppinga et al. 2010). After imprisoned, how do they know they have to go
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up? A possible explanation is that light entrance on the top of the flower makes this region
brighter, attracting the attention of the insect. Since flies are positively phototropic,
illumination is used by several semi-trap flowers to guide the pollinators in the intrafloral
space to reach reproductive organs and the exit. This may be achieved by window panes,
colorless and translucent regions surrounded by areas with darker pigmentation, where
light from the outside can easily enter (Dafni 1984; Endress 1996; Faegri and Van der
Pijl 1979). Window panes have been reported in other orchid semi-trap flowers
(Lehnebach et al. 2005), including in the Cypripedium lady’s slippers (Sugiura et al. 2001;
Szlachetko et al., 2020). In P. vittatum, although it does not occur clearly at the top of the
flower, it is possible to notice areas with less pigmentation in the middle of the labellum
where the infolded lobes fuse, extending until the areas surrounding the exit holes. In
agreement, these regions coincide with the path pollinators go though, probably serving
as a lighting guide.

It is known that hairs may signalize routes of exit (Faegri and Van der Pijl, 1979).
Hairs in the posterior part of the labellum seems common in the Cypripedioideae, being
reported in other Phragmipedium (Pemberton 2013), Cypripedium (Sugiura et al. 2001;
Szlachetko et al. 2020), Paphiopedilum (Shi et al. 2009) and Selenipedium (Cribb and
Schiuteman 2015; Szlachetko and Kolanowska, 2016). Darwin (1862) hypothesized that
the extrafloral hairs probably secreted nectar as reward. In P. vittatum we observed that
these structures are non-secretory. Such hairs progressively increase in size as the
pollinator manages to go up, probably serving as a “stairway” for insects to hold on,
aiding their grip by grabbing the longer trichomes during climbing. Hair downward
orientation has been suggested to improve slipperiness (Richards 1997; Johnson and
Schiestl 2016). On the contrary, the upward hair orientation as we found here may reduce

slipperiness and allow the pollinator to hold on more firmly. In addition, the cover by
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lipids found in these hairs probably make them resistant and non-slip. This allows the
mechanical support to insects climb and reduce the water loss by cells, keeping them
turgid.

The effectiveness of the dark spots found into the labellum has never been reported
and suggest that flowers still use the aphid colony mimicry exploiting the pollinator
sensory system even after prisoning. The eggs found on this region corroborate this,
indicating the usage of the same oviposition-site mimicry mechanism to pollinator get in
and get out of the pouch. Such inner spotting may also be noticed in other lady’s slipper
orchids pollinated by hoverflies (e.g., Ren et al. 2011; Jiang et al. 2020) and even by bees,
such as Cypripedium reginae which has pink-magenta spotting in the labellum interior
(Edens-Meier et al. 2011). Although in bee and other insect pollinated species the
mimicry mechanism might be different (i.e., generalized food mimicry; Pemberton 2013;
Edens-Meier et al. 2014), our direct evidence with egg laying suggests that internal
spotting is important in guidance, and may probably function in other systems as well.

The labellum lateral constriction creates a central rout where hairs and spots are
concentrated, leading to reproductive organs. When the hoverfly reaches a certain height,
it is pressed against the flattened and papillose stigma depositing any pollen smears
located on its back. Pollinator continues its climbing and further ahead pollen is deposited
by one of the articulated (right or left) anthers while it comes across the respective exit
hole. In oviposition-site mimicry systems, insects tend to move around haphazardly
looking for oviposition places, which may not lead to efficient pollen transfer (Johnson
and Schiestl 2016). Thus, the usage of traps, chambers and narrow exit passages allow
plants to manipulate pollinators into a precise position for pollen placement (Johnson and
Schiestl 2016). In agreement, the set of features reported here such as less pigmented

regions that allow light passage, upward oriented hairs progressively longer, inner aphid-
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like spotting, and labellum lateral constriction forces the pollinator to walk narrow
intrafloral paths. Thus, although P. vittatum semi-trap flowers are relatively large
compared to their pollinators. this leads to a precise pollen deposition onto the thorax

back.

Phase IlI: flower exit

After pollen deposition by one of the anthers, pollinator must keep following its
course (Fig. 1). At this point, as it is closer to the exit, light entering by the exit holes
becomes more intense, guiding their way-out carrying pollen smears. Another trait that is
related to pollination biomechanics is the presence of hairs coming from the lateral petals
surrounding the holes. Such petals’ hairs projecting towards the exit opening holes have
also been reported in Cypripedium (Sugiura et al. 2001; Szlachetko et al. 2020),
Paphiopedilum (Shi et al. 2009) and Selenipedium (Szlachetko and Kolanowska, 2016).
We observed that, as pollinator holds these hairs, they also may increase anchorage and
get out through the tight hole. In fact, we found that some hoverflies may get stuck in the
exit hole and even die (Cardoso, personal observation), indicating that the absence of such
hairs would make this more common. After finally leaving, pollinators carry pollen
smears onto their back and will cross pollinate flowers if they are deceived again by a

different flower where the whole three-phase cycle starts again.

Conclusions

In this study, we used P. vittatum as model system to better understand the
different microstructures that allow a semi-trap flower to exploit their pollinators. In the
Cypripedioideae subfamily, the usage of semi-traps is basal and widespread. Although

they may be pollinated by a wide range of pollinators including flies (from
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Sarcophagidae, Drosophilidae and Syrphidae families), polyletic bees, bumblebee queens
and parasitoid wasps (Pemberton 2013; Edens-Meier et al. 2014), the several mechanisms
shown here may be extended to the other members of the lineage. First, we show that this
lady’s slipper is rewardless and dependent on biotic pollination to obtain seed quality and
quantity. Phragmipedium vittatum employs oviposition-site mimicry as flowers have the
aphid-like spots that deceive gravid female hoverflies with aphidophagous larvae. By
dividing the pollination mechanism into three phases, we could depict better which
potential anatomical and histochemical traits allow the system functioning on each period.
During the phase I, pollinator is attracted to the slipping zone of the labellum, which has
high elevated spots that resemble aphids in color, morphology, and arrangement. When
reaching this region, they lose their foothold because downward projecting papillate cells
and mucilage secretion probably promote slipperiness. After falling into the pouch, phase
IT takes place where pollinators are guided to perform specific intrafloral movements,
going up towards the reproductive parts. Upward oriented hairs progressively longer aid
their grip and create a path together with the lateral constriction of the labellum. Less
pigmented regions on the labellum probably allow light entrance guiding pollinators and
the inner aphid-like spotting are also used as visual cue. Pollination occurs after they pass
the stigma depositing pollen. Pollen exportation occurs after passing one of the lateral
anthers that comes next. In the phase three they exit the flower through a narrow hole
helped by the petal hairs that the pollinators use to hold on. Importantly, here we
demonstrate that the same mimicry mechanism (resembling an aphid colony) is used to
exploit the female hoverflies outside and inside the flower (i.e., trapping and then guiding
them within the flower), which is confirming by their egg-laying behavior on both. Our
results shed light into the sophisticated micro-morphological adaptations that semi-traps

have that allow them to exploit and manipulate their pollinators.
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Capitulo 3

Up around the flower bend: Disentangling flower resupination and its
consequences to reproductive success

Abstract

Some flowers show drastic changes in orientation during anthesis. This is the case
of resupination: the = 180° twist of flowers, leaving them upside down. It is thought to
arrange flowers in a proper position, which promotes pollinator landing in a specific
direction plane, allowing precise pollen transference. Although resupination is widely
distributed across 14 unrelated families, its adaptative value was never tested. To
investigate resupination effects properly, it is necessary a special system with variable
flower twisting. We found it in a rare lady's slipper orchid: Phragmipedium vittatum.
During two flowering seasons, we surveyed 4984 flowers and found that approximately
10% of them were not properly resupinate, being either non- (upward, 0° - 60°) or half-
resupinate (sideward, 60° - 120°). We conducted and experiment artificially twisting
flowers into non- (= 0°), half- (= 90°) and resupinate (= 180°) positions. We used a wire
to tie flowers in addition to a fourth control group with intact resupinate ones. Pollination
is specialized, involving the hoverfly trapping into the pouch and sophisticated intrafloral
movements that lead to the coupling of reproductive organs. We hypothesized that non-
and half-resupinate flowers would not allow any of these and pollen transference would
occur only in resupinate flowers. We corroborate this as resupinate treatment and control
groups were the only with pollen smears removal (both with 75%) and deposition
(respectively 13.89% and 10.71%). Although hoverflies were still attracted by non- and
half-resupinate flowers, their orientation seems ineffective to trap pollinators. Artificially
twisting resupinate flowers with pollinators inside into non- and half-resupinate positions

quickly caused the insects to come out by the same entrance hole. As the plant is non-
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autonomous selfer, those flowers that do not resupinate will not set fruits. We demonstrate
that resupination is related to precise pollen transference and its breakdown interrupts
fruit set chances.

Keywords: Flower orientation, resupination, pollinator behavior, Orchidaceae.
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Introduction
“Flower resupination — when the upper lip looks toward the ground, and the under lip

toward heaven.”

(Lee, 1774 apud Yam et al. 2009)

Angiosperms display a huge diversity of floral traits such as color, odor, shape and
size, that are hypothesized to optimize individual reproduction and evolve in response to
selection mediated by pollinators (Darwin, 1877; Stebbins, 1970; Harder & Johnson,
2009; Caruso et al. 2018). More recently, attention has been drawn to other traits such as
flower orientation, which is the angular arrangement of a flower in relation to the ground
(e.g., vertical, horizontal or pendant). For instance, a vertical floral orientation allows the
approach of pollinators from any random direction (Fenster et al. 2009). On the other
hand, other orientations such as horizontal, pendant and semi-pendant promote the
directionality of pollinator movement, leading to higher accuracy and precision of
pollination through the correspondence of reproductive organs and the pollen placement
in a specific area (Fenster et al. 2009). In addition to pollinator behavior, floral orientation
may be further related to plant male and female reproductive successes (Wang et al
2014a), reproductive isolation between phylogenetic related species (Campbell et al.
2016), diversity of pollinators and their relative importance (Wang et al. 2014b), flower
visual perception by pollinators (e.g., polarization of light; Foster et al. 2014), and
pollinator partitioning (Eisikowitch & Rotem 1987; Botes et al. 2009).

The floral orientations that promote pollinator unidirectionality are often related to
zygomorphic floral symmetry (Neal et al. 1998; Ushimaru et al. 2009). This is
traditionally recognized as a trait that forces the pollinator to occupy a specific direction

plane when arriving in a flower, also increasing pollen deposition accuracy and precision.
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In this sense, both zygomorphy and floral orientation are forms of phenotypic
specialization that act synergistically optimizing pollination (Neal et al. 1998). Although
floral orientation may change during a flower lifespan (e.g., Eisikowitch & Rotem 1987),
some zygomorphic flowers, may suffer even more drastic and specialized changes to
achieve a certain orientation. This is the case of resupination, a mechanism that refers to
the twist of = 180° of flowers (Ames 1938; Arditti, 2003; Yam, et al. 2009) based on the
torsion of pedicel, ovary, corolla or even the rachis (Ames 1938; Dworaczek & Claf3en-
Bockhoff, 2016 and references therein). After that, the flower that was directed upward
becomes downward leaving it upside down.

Although it may sound unusual, resupination is a widespread phenomenon across
angiosperms, evolving independently in 14 remotely related families (Dworaczek &
ClaBen-Bockhoff, 2016 and references therein). However, in no other family it is so
common as in the Orchidaceae, the largest family of flowering plants (Christenhusz &
Byng, 2016). In fact, it is a basal (Dressler, 1981) and dominant genetic trait in the family
(Kim et al., 2010) and, despite some reversals, it is part of the bauplan of most orchid
flowers.

The causal/proximal aspects of resupination in Orchidaceae are relatively well
understood including the genetic dominance (Kim et al. 2010), the anatomical (Dines et
al. 1994) and physiological components (Arditti, 2003; Yam, et al. 2009). However, its
ultimate consequence, i.e., on plant reproduction, has only been suggested since Darwin
and not systematically tested. Studies under natural conditions addressing consequences
in reproductive success as well as in the interaction with pollinators have never been done
so far. Although remarkable among orchids and a classical issue on early literature (e.g.,
Darwin 1877; Ames 1938; Hill, 1939), resupination remains largely unexplored when

compared to other traits of the orchids (e.g., column, pollinia, labellum, velamen). In
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addition, albeit several correlational and experimental studies highlight the importance of
floral orientation, the specialized case of resupination has never being addressed. Some
open questions include: (i) how the presence/absence of resupination influences the
interaction with pollinators and consequently (2) the reproductive output.

Resupination lies on the idea that the reversal arranges zygomorphic flowers in a
proper position that allows pollinator landing (Ames 1938 Darwin 1877; Van der Pijl &
Dodson 1966; Mondragén-Palomino & Theiflen, 2009). This arranges pollinator in a
specific direction plane, allowing precise and accurate pollen transference. To test this in
an appropriate way, we must have a special model with variable flower twist. Here, we
find this suitable model as being a rare and vulnerable lady's slipper orchid:
Phragmipedium vittatum (Cypripedioideae) (Fig. 1). This is a syrphid-fly pollinated
species that employs oviposition-site mimicry (Cardoso et al. in prep). These hoverflies
usually lay their eggs in aphid colonies in which aphidophagous larvae feeds on.
Apparently, the pregnant females are deceived by flower morphology, which includes
specialized aphid-mimicking spots located in a slippery zone of the pouch-like labellum.
In this region, there is also mucilage accumulation, and the epidermis has downward
pointing papillate cells (Cardoso et al, in prep). This makes the surface slippery,
preventing the pollinator from holding on and causing it to slide down into the pouch. It
can scape only after climbing the labellum back where pollen is deposited on stigma and
them removed from anthers before the hoverfly leaves by one of the exiting holes. When
inside, the posterior portion of the labellum interior has resistant hairs covered by cuticle
that progressively increase in size as the pollinator climbs, probably using them as a
“stairway” to hold on. There are also dark spots in this posterior region, suggesting that

flowers use the same mimicry mechanism exploiting the pollinator sensory system in their
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way in and out of the flower. Egg-laying on both inner and outer surfaces of flowers

provide a strong evidence of oviposition-site mimicry.

"’.: i Y
Fig. 1 Phragmipedium vittatum flowers on (a) non-resupinate, (b) half-resupinate and (c)
normal/fully resupinate positions, respectively. Scale bar: 1cm.

Having such a sophisticated pollination system as example, here we characterize the
different twist levels in the population and test how they may affect the reproduction of
plants. We hypothesize that pollination is only possible because of resupination, that
allows initial pollinator falling, trapping, and posterior pollen smears deposition and
removal as it manages to escape the flower. The lack of proper resupination changes floral
arrangement and disrupts the direction plane of arrival. In this sense, we predict that

flowers that do not fully resupinate will not show either pollen deposition or removal.

Material and Methods
Study species and site

Phragmipedium vittatum (Vell.) Rolfe have herbaceous habit and occurs mainly
in swampy regions of central Brazil (in the Cerrado biome). It is currently in a vulnerable
state, threatened of extinction (Dias & Smidt 2020). Flowers open acropetally and last
nine days, on average. After approximately six days, they start to become yellowish

before detaching from the stem. After detachment, another flower opens and usually a
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single flower is opened each time per inflorescence (Cardoso et al., in prep). We studied
a population that occurs at a private farm in the Goias state. Climate of the region is
seasonal with a rainy summer and a dry winter (Alvares et al., 2013). The studied
population flowers once a year, between October and May, but peaking in December —

February (Cardoso et al., in prep).

Procedures

We censused open flowers during 2016 - 2017 and 2018 - 2019 flowering
considering their level of twist, grouping then in three categories: 1) non-resupinate:
flowers positioned upward, between 0° - 60° (Fig. 1a; Fig. 2a); 2) half-resupinate: flowers
positioned sideward, between 60° - 120° (Fig. 1b; Fig. 2b); 3) resupinate: flowers
positioned downward, between 120° - 180° (Fig. 1c; Fig. 2c). Them, we investigated the
role of resupination by conducting an experiment in which we artificially manipulated the
orientation of flowers using plasticized white wires. During eight days in 2021, newly
opened flowers from previously bagged buds were submitted to one of the following
treatments: 1) non-resupination: flowers were tied on the bracts in an upside-down
position with the tip of the labellum facing up (= 0°; n = 17); 2) half-resupination: flowers
were tied in a lateral position with the tip of the labellum facing sideward (= 90°; n =31);
3) resupination: flowers were tied in their normal position with the tip of the labellum
facing downward (= 180° n = 35); 4) control: flowers were only unbagged without the
placement of the wire (= 180° n = 28). After tied, the excess of wire was removed using
pliers to reduce its display. The male and female successes (i.e., pollen smears removal
and deposition, respectively) were checked in the fifth day after treatment. In addition, to
correct for confounding factors, we collected the height of flower on inflorescence, the

number of the flower in inflorescence (from the botton to top) and the labellum length
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and width. We used these two latter to calculate the volume of the labellum based on the
formula of a prolate ellipsoid (#/3*pi*(labellum_height/, )k labellum width/))"2y = WWe ysed the

labellum volume since it is a good proxy of flower size and weight (Cardoso et al., in

prep).

Twist level

(degrees)

- +

Non-resupination

Half-resupination

Resupination

Fig. 2 Different patterns of flower orientation classifications in Phragmipedium vittatum
along the continuum of degrees of the semi-circle. (a) Non-resupinate: between 0° - 60°;
(b) half-resupinate: between 60° - 120°; (¢) resupinate: between 120° - 180°.

We stuffed cotton into both exiting roles of flowers to prevent captured pollinators
from leaving (see Cardoso et al., in prep). Later, when the Dioprosopa clavata pollinators

were inside the pouch, we artificially simulate half- (n = 7) and non-resupination (n = 9)

to investigate the role of flower orientation in allowing the pollinators to exit by the
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entrance hole. When the pollinator was at the bottom of the pouch, we manually twisted

the flower and recorded if it left by the entrance hole and the time spent to leave.

Statistical analyses

For each year of survey, we performed pairwise chi-square goodness of fit tests to
access if the frequency of flowers differed among the three category levels of twist (non-
, half- and full resupination). Using the p.adjust function in R base package, we applied
Bonferroni correction to the p-values of each year to reduce the chances of type I error.

We investigated differences among the treatment groups in the artificial twisting
experiment by fitting a GLMM (generalized linear mixed model) with binomial
distribution and logit link. We grouped data with male success (pollen smears removal
from one or two anthers) as our response variable having the treatment group as fixed
effect and flower heigh, number of the flower in the inflorescence and labellum volume
as random effects. We used model adjusted values for plotting by back-transforming
estimated marginal means and standard errors using the R-package RVAideMemoire
version 0.9-77 (Hervé, 2020). We did not investigate effects on the female reproductive
success because it comprised a smaller number of occurrences (see results).

We conducted the GLMM using the R-package /me4 version 1.1.25 (Bates et al.
2019) and tested the significance through the likelihood ratio (LR) test (i.e., by comparing
models with the predictor variable against that without it to attain p-values; Zuur et al.,
2009). Post-hoc analyses were conducted using the Tukey adjusted contrasts in the R-
package emmeans version 1.4.8. (Lenth 2020). Since the presence of only zeros in some
groups did not allow a proper post-hoc comparison, we added a constant of +1 in all
groups and re-ran the GLMM for conducting the contrasts. All analyses were carried out

in R version 4.0.3 (R Core Team 2020).
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Results

We observed that flowers did not fully resupinate because they remained trapped
between the bract and the stem (Fig. 1a,b). We surveyed a total of 2901 flowers in 2016
- 2017 flowering and 2083 flowers in 2018 - 2019 (Fig. 3a). In the first flowering, fully
resupinate flowers were the most common (92.31%), being significantly different from
non- (4.17%) (x~ =2335.9; df = 1, p < 0.001) and half-resupinate (3.52%) (x~ = 2387; df
=1, p <0.001), with these latter not being different from each other (x> = 1.62; df =1, p
= 0.61). We found similar patterns for 2018 - 2019 flowering season, with resupinate
flowers (89.63%) being significantly more abundant than both non- (5.09%) (x* = 1571.8;
df=1,p <0.001) and half-resupinate ones (5.28%) (x> = 1561.5; df = 1, p <0.001), which
were not different from each other (y° =0.074; df =1, p =0.79).

We found significant effects in our experiment comparing artificially twisted
flowers with respect to pollen smears removal (x* = 80.93; df = 3, p < 0.001). Flowers
tied on a normal/resupination position had 75.00% of pollen smears removal (Fig. 3b),
with 50.00% being removal from one and 25.00% from two anthers. This group was not
different from that of control flowers, that had the same frequency of pollen smears
removal (75.00%; Fig. 3b), being 42.86% from one anther and 32.14% from two. This
indicates that there was no effect of the wire on floral display and visitation rates. On the
other hand, non-resupination and half-resupination groups did not have a single pollen

smear removal. (Fig. 3b).
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Fig. 3 (a) Frequency of resupination categories in 2016 - 2017 and 2018 - 2019 years. (b)
Probability of pollen smears removal according to the different treatment levels. Black dots and
line segments show back-transformed marginal (model adjusted) means and standard errors,
respectively. Colored dots show observed data points. Different letters indicate significant
differences at 0.05 level. White arrows show the wire tied on inflorescences, whenever present.
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We found similar patterns related to pollen smears deposition. Flowers from the
resupination group had 13.89% of deposition followed by those of control group that had
10.71%. Again, no female success was observed either in groups submitted to non- and
half-resupination. We observed that although non- and half-resupinate flowers still
attracted the attention of hoverflies, their orientation seems ineffective to trap them
through gravitational attraction, since they only fell in the pouch in the downward
oriented flowers.

Later, we confirm that the flower orientation is important in keeping the hoverflies
trapped, preventing them from leaving through the pouch entrance. After artificial twist,
all D. clavata individuals within flowers in which twist was simulated went out through
the initial entrance hole. In half-resupination simulation, they went out on an average of
only 6.67 sec (= 12.28 SD) while those under half resupination left in an average of 7 sec

(+5.89 SD).

Discussion

Phragmipedium vittatum has a highly phenotypically specialized pollination
mechanism involving several adaptive traits that ensure pollinator falling, trapping, and
climbing. These traits work together in the pollination biomechanics, allowing efficient
deposition and exportation of pollen smears. However, such a sophisticated system only
works because flowers are in a proper orientation. Here, we demonstrate that both pollen
smears exportation and deposition only occur in flowers that are upside down. Without
resupination, even though pollinators are attracted to the aphid-like spots at the slippery
zone, flowers fail in trapping them. In addition, they can easily get out by the entrance

hole of the labellum as we showed artificially twisting flowers with pollinators inside.
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Our results highlight the importance of floral orientation and, more specifically
resupination in the effective usage of pollinators.

Although the proportion of non-twisted flowers (non- + half-resupination) was lower
than those with normal resupination (7.69% in 2016 and 10.37% in 2019), this may have
important negative impacts in the overall reproductive output of the population. Since P.
vittatum is xenogamous and non-autonomous selfer (Cardoso et al., in prep), those ~ 10%
are faded to reproductive fail. This is important specially when we contrast with the
reproductive biology patterns. Cardoso et al. (in prep) report lower fruit formations in
natural pollination treatments (31.51%) when compared to manually cross (88.24%). In
addition, they found that the mean of pollinia deposition during four years of sampling
was only 16.06%, highlighting pollinator limitation in the long term. These results
indicate that flowers do not reach their maximum reproductive potential. This is
especially important at the individual level. For instance, an individual with 2 flowers
having one failing to twist would lose half of its chances of pollinator visitation and
reproduction. Orchids are r-strategists when it comes to the number of seeds set per fruit
unity, investing in quantity to increase chances of effective dispersion and seedling
establishment (Arditti & Ghani 2000). For instance, our studied species can have more
than a hundred thousand seeds (maximum = 101,460) (Cardoso et al, in prep). Thus, as
each single fruit can bear so many seeds, the reduction in fruit set by ontogenetic problems
related to resupination cannot be overlooked. Such wastage of flowers available to
pollination and the related fruit set reduction effects are especially important in the case
of P. vittatum, a threatened species that lives in highly restrictive and competitive
environments (swamps), which may further disrupt the equilibrium and maintenance of
populations. Thus, our results highlight the importance of proper orientation through

resupination in plant reproduction.
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Zygomorphy in flowers is considered a derived and more phenotypically specialized
trait related to the diversification of several groups (Neal et al. 1998; Sargent, 2004;
Endress 2012). It is often related to the horizontal orientation of flowers, restricting the
pollinator direction of approach to a single plane, and constraining its landing behavior
to a determined site. (Neal et al. 1998; Ushimaru et al. 2009). In addition, the horizontal
position of zygomorphic flowers may facilitate pollinator recognition and memorization
of complex flower traits (Neal et al. 1998; Ushimaru et al. 2009). After recognition and
consistent unidirectional landing, the clustering of stigmas and/or anthers found in several
species contact the pollinators’ body in a smaller area, reducing the variance and
promoting higher deposition accuracy (Fenster et al 2009). Orchids function as an
extreme of this, clustering pollen in pollinia or pollen masses that are placed in precise
locations on pollinators (Dressler, 1981; Armbruster, 2014). Although this increases both
accuracy and precision, a consistent pollinator approaching is required for the mechanism
to work. Thus, as resupination reorients flowers horizontally, it is apparently related to
other floral traits including zygomorphy, landing platform arrangement (e.g., labellum,
standard or other modified lip in other families) and clustering of reproductive organs.

Resupination is closely related to flower zygomorphy in several families. For
instance, in the subfamily Apostasioideae, the first branching group of the Orchidaceae,
resupination does not occur in the actinomorphic genus Apostasia, but is present in the
zygomorphic Neuwiedia (Kocyan and Endress, 2001). In agreement, one of the most
noticeable structure promoting zygomorphy in orchids is the labellum, that probably is
the result of the differential expression of specific genes when compared to other whorls
(Mondragon-Palomino & Theillen, 2009).

The relationship between labellum and pollination process has been assumed for a

long time (Ames 1938; Darwin 1877; Van der Pijl & Dodson 1966). In the classic orchid
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bauplan, the labellum seems to be adapted to several specific pollinators (Mondragon-
Palomino & Theiflen, 2009) and although it can attract and reward pollinators, one of its
major functions is that it serves as a landing platform in resupinate flowers (Ames 1938;
Darwin 1877; Van der Pijl & Dodson 1966). As discussed, this promotes consistent
pollinator directionality and pollen deposition. An important feature is that resupination
in orchid flowers not only places the labellum lowermost but also rearranges the column
uppermost, leaving anther and stigma in direct opposition to the labellum (Mondragon-
Palomino & Theiflen, 2009). When the insect enters the flower, pollen is deposited
nototribically (at the topside of the pollinator). When entering a different flower, stigma
is faced first, and pollen transference occurs successfully due to orchids low herkogamy.

Comparatively, non-resupinate flowers would have pollen deposited sternotribically
(at the underside of the body). This would make pollinia more easily removed by the
pollinator through cleaning behaviors and easier to fall due to gravity. Although the vast
majority of orchids are adapted to nototribic pollination (Johnson & Edwards, 2000) and
resupinate, a useful contrast is the pollination mechanics of species-rich orchid groups
with non-resupinate flowers, in which pollinia usually is transported ranging on the
proboscis or eyes of pollinators such as flies, butterflies and moths (e.g., Johnson 2000).
However, this bellow body deposition seems not effective in other pollinators. This would
be the case of bees (but see some examples as Johnson & Steiner, 1994), one the most
common group of orchid pollinators (Baguette et al. 2020), which would easily remove
pollinia from proboscis and venter due to their grooming behaviors. In fact, the midline
of the dorsal thorax is one of the safest sites for pollen deposition for being one of the
areas that bees least clean pollen (Koch et al. 2017; Tong & Huang 2018). Furthermore,
it was demonstrated that pollen-sacs and stigma of the apparently resupinate Salvia

pratensis (Lamiaceae) contacted the same safe site of the bee pollinator, which was the



87

dorsal thorax (Koch et al. 2017). The functional similarities are interesting as some
resupinate Salvia use the upper lip as landing platform (ClaBen-Bockhoft et al. 2004).
Thus, resupination, landing platform creation and nototribic pollination probably have a
correlated evolution, as sternotriby (bellow pollen deposition) would reduce the chances
of effective cross-pollen transportation. These ideas may open new avenues of
investigation.

Our study system with variable twist on flowers provides unique circumstances to test
the role of resupination. Further approaches with this special system indicate that flower
weight is the most important trait determining resupination success in this special species
(Cardoso et. al, in prep), which suggests a selection on flower weight that ensures
reproduction. Our results indicate that the breakdown of resupination affects the
pollination dynamics of flowers with complex mechanisms of pollen transference adapted
to specific pollinators. We provide important insights into the ecology and evolution of
floral orientation, which may be expanded to the several other flowers from distinct
angiosperm families that resupinate as an adaptive trait, thus enabling accurate pollen

transference.
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Capitulo 4

The flowers meet Newton: testing the role of gravitational pull in flower
orientation

Abstract

Resupination refers to the twist of flowers of approximately 180°, leaving them
upside-down. It is a widespread trait across angiosperms, but in no other family it is so
common as in the Orchidaceae, where it has been shown as driven by auxins. This
hormonal control puts resupination as a positive gravitropic phenomenon, which is an
active mechanism due to directional growth. In this study, we demonstrate that gravity
may influence resupination in another way: through gravitational pull. According to this
idea, the weight of the flower may influence the twist, this time as a passive mechanism.
We used a unique population of a lady’s slipper orchid that has variable twist, with some
flowers failing to resupinate. We hypothesized that heavier/more voluminous flowers are
more likely successfully resupinate. We show that flowers that naturally do not resupinate
are smaller and lighter. We conducted a manipulative experiment removing floral whorls
and show that both resupination probability (i.e., with more than 120° twist) and
proportion of arc degrees twisted (from 0° — 180°) were determined by flower weight. We
demonstrate that pre-anthesis buds gain considerable weight due to water uptake, which
increases the influence of gravitational pull on flowers. However, we still noticed that the
tip of the ovarium slightly bends due to gravitropism. Although this initial movement was
not enough to complete the twist, it is important to move the center of mass of the
zygomorphic flowers away from the inflorescence axis in a way that gravitational pull
may act on the weight. Finally, we demonstrate that the presence of unusual long bracts
is the reason why flowers get stuck, highlighting the importance of weight to flowers get

rid of them. The role of weight as an essential trait arranging flowers on a proper position
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provides new insights into the working machinery that ensures efficient attraction and

morphological fit of pollinators.

Keywords: Gravity, Orchidaceae, Resupination, Flower Orientation
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Introduction

“In almost all the species, one of the petals, which is properly the upper one, is larger
than the others and stands on the lower side of the flower, where it offers a landing-place
for insects, having been carried round by the twisting of the ovarium.”

Darwin, 1877, The various contrivances by which orchids are fertilised by insects

This quote by Charles Darwin in his famous book about orchids shows that, for a long
time, it has been known that orchids (and other flowers) do a weird thing: they twist and
change orientation drastically, getting upside down! This is called resupination, a
mechanism that was initially described by Linné in the 18" century (Linné, 1753).
Classical definitions of resupination characterize it as a complete turn of flowers through
rotation so that what was directed upwards becomes downwards (sensu Goebel, 1924).
Such traditional definition brings the idea of a fixed 180° twist, which is used by some
authors (e.g., Hill, 1939; Dworaczek & ClaBBen-Bockhoff, 2016; Smyth, 2016). However,
a more non-conservative definition (which we use herein), is that flower movement is
such that leaves the flower properly upside down oriented by performing a 180° circuit or
more or less than that, varying according to the initial position of flower or inflorescence
(Ames 1938; Nyman et al. 1984; Arditti, 2003; Yam, et al. 2009). Resupination is
associated to the torsion of pedicel, ovary or even corolla (Dworaczek & ClaBlen-
Bockhoff, 2016 and references therein) or rachis (Ames 1938). It is a homoplastic trait,
being scattered in 14 angiosperm families (Dworaczek & ClaBen-Bockhoff, 2016 and
references therein). However, in the monocots, it has been reported only in Heliconiaceae,
Zingiberaceae and specially in Orchidaceae.

Unlike in any other family, there are numerous interesting peculiarities of the twist in

orchids. For instance, the resupination presence may be related with sexual dimorphism
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in several Catasetum (Epidendroideae: Catasetinae) species that have
staminate/resupinate and pistillate/non-resupinate flowers (Dressler, 1981; Romero et al
2009). In other species, although it looks like that they are not twisted, they actually
performed hyper-resupination with a twist of 360° with the labellum returning to its
original/uppermost position (Darwin 1877; Ames 1938; Hill, 1939; Dressler, 1981;
Arditti, 2003; Yam, et al. 2009). In fact, some movements are complex and may occur at
different planes as in Angraecum eburneum (Epidendroideae: Angraecinae) whose
flowers twist themselves in so many directions and movements that together they sum
630° (Hill, 1939)!

In orchids, resupination is probably basal and occurs in most of species, having been
lost or modified in many groups (Dressler, 1981). As it is widespread, is probably that
resupination is inherited as a dominant character in orchids. Kim et al. (2010)
corroborated this by crossing wild/resupinate and cultivar/non-resupinate types of
Habenaria radiata (Orchidoideae: Habenariinae) and found that intraspecific hybrids had
resupinate flowers. At early ontogenetic phases of orchids, the labellum (a modified petal)
is adaxial, and becomes lowermost in the perianth prior to anthesis phase or soon after it
(Ames 1938; Hill, 1939; Dressler, 1981; Nyman et al. 1984; Nyman et al. 1985; Arditti,
2003; Yam, et al. 2009).

The movements involve ontogenetic tissue modification. For instance, by comparing
pedicels of the orchid Rhynchostele bictoniensis (Epidendroideae: Oncidiinae) prior and
after resupination, Dines et al. 1994 demonstrated that specialized raphide-bearing cells
in the cortex expand axially inducing the radial expansion of cortical parenchyma
promoting the twist. The changes in cell reconfiguration are physiologically driven by
auxins (Nair & Arditti 1991; Arditti, 2003; Yam, et al. 2009). Nyman et al. 1985

experimentally demonstrated that the removal of the entire gynostemium from buds, its
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tips (stigma and pollinia) or even pollinia solely prevents resupination of Dendrobium
(Epidendroideae: Dendrobiinae) hybrids. Since the pollinia produces large amounts of
indoleacetic acid, this suggested that the mechanism was related to auxins. This was latter
demonstrated by artificial applications of indoleacetic and naphthaleneacetic acids to non-
resupinate buds of another hybrid (4randa Kooi Choo, Epidendroideae) whose
gynostemium have been previously removed, causing the flowers to resupinate (Nair &
Arditti 1991). Such hormonal control puts resupination as a positive gravitropic
phenomenon. In agreement, working with the same hybrid, it was latter shown that the
application of gravitropism-affecting chemicals such as morphactin and 2,3,5-
tritodobenzoic acid (TIBA) prevent resupination (Nair & Arditti 1992).

By definition, gravitropism is the directed growth of a plant or plant organ in response
to gravity (Kiss, 2000; Nakamura et al 2019). Gravitropism involves complex
intracellular mechanisms with sequential mechanisms, since gravity sensing, gravity
signaling and intercellular signal transmission until the asymmetric organ growth (see
Nakamura et al 2019 and references therein). Thus, gravitropism may occur in nearly
weightless conditions (e.g., as in root tips) and is an active mechanism. However, are
there other non-gravitropic mechanisms that may relate to resupination?

Contrary to gravitropism, gravitation is a passive mechanism and dependent on
weight. According to Newton's law of universal gravitation, two body masses attract each
other with a force that is directly proportional to the product of the two masses, and
inversely proportional to the square of the distance separating them (Newton, 1687;
Cohen & Whitman, 1999). As the mass of the earth and the distance from its center to the
center of mass of flowers in a population can be considered constant, the weight of a
flower is the single determinant of how much it will be influenced by the Earth's

gravitational pull.
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The role of flower weight has not been dissociated from gravitropism itself in flower
resupination. The orientation of an organ may also be affected by its weight since heavier
structures tend to suffer more influence from the gravitational pull. Flower weight might
be especially important in orchids, that besides being frequently resupinate, have several
species with showy and heavy flowers. For instance, some orchid flowers weight more
than 100 g (Gerlach, 2011). An analogy with fruits can help us to understand how
gravitational attraction is different from gravitropism. Fruits usually appear hanging on
plants probably not because their pedicel grew directing down, but rather because fruits
are heavy, and them they change their orientation during development according to the
gravitational pull. Before anthesis, flower buds function as sinks of photoassimilates,
nutrients and mainly water (Galen et al. 1999). Thus, considering the resupination of
flowers, we hypothesize that in addition to the hormonal control already known, weight
gain through water uptake by pre-anthesis buds may also play a role, in which the
direction to twist is determined by the intrafloral weight differences provided by
zygomorphy. In this case, the labellum, which is the heavier part of several orchids, would
play the most important role. According to this idea, gravity would still act, but indirectly:
first on the weight attraction towards earth because buds become heavier before anthesis
and consequently in flower reorientation (and not only in flower orientation directly as an
intracelular mechanism). Although some authors have briefly speculated that weight may
play arole in flower resupination (Ames, 1938; Pfeifer, 1966; Kurzweil & Kocyan, 2002),
it has never been tested so far.

The ideal way to investigate the role of weight in flower resupination properly is to
have a special system in which the same population has both non-resupinate and
resupinate flowers, allowing to access if weight determines the chances of resupination.

Here, we found such model species as being Phragmipedium vittatum (Cypripedioideae
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subfamily), a lady’s slipper orchid with variable twist on the same population (Cardoso
et. al, in prep; Cardoso & Oliveira, in press; Fig. 1). Approximately 10 % of flowers are
non-resupinate. They fail to complete the twist because they remain trapped between the
bract and the stem (Fig. 1B; Fig. 4C,E). We characterize the flower twist of this species
and conduct a series of observational and experimental essays. According to our
hypothesis of weight influencing the chances of resupination, we predict that (i) the
whorls from buds right after resupination are heavier than those before resupination due
to weight increment via water uptake; (i1) lighter flowers have more changes of not
performing their natural resupination movement because they do not have enough weight
to get rid of bracts; and (iii) the experimental removal of heavier whorls would make
flowers lighter and therefore increase the chances on non-resupination. In addition to the
unprecedent test of weight on resupination, our results are important because they might
shed light into the evolution of the character on the several angiosperm families and
especially in the Orchidaceae, since our studied species is from the basal Cypripedioideae

subfamily, offering insights to comparisons with the more derived groups.
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Figure 1. Phragmipedium vittatum details. (A) Bract comparisons in relation to the flower for P.
vittatum (right plane) and for two representants of the sister genus Paphiopedilum
(Paphiopedilum cf. delenatii in the top left and Paphiopedilum sp. in the botton left). (B)

Phragmipedium vittatum in the habitat showing a resupinate flower (in the left) next to a non-
resupinate flower.

Material and Methods



102

Studied species

Phragmipedium vittatum (Vell.) Rolfe (Cypripedioideae) is a paludal herb that
occurs mainly in the veredas of the Cerrado (the Neotropical savanna in central Brazil),
characterized by by a dense herb-subshrub dominant layer, with scattered small trees and
frequently the buriti palm (Mauritia flexuosa L. f.) (Aragjo et al. 2002). It consists in a
rare lady's slipper species in vulnerable state of extinction (Dias & Smidt, 2020). Our
studied population is situated on a private farm in the Goias state, Brazil. All procedures

were carried out using plants under natural conditions between 2018 and 2020.

Resupination description

To characterize the twist along the semicircle and how it takes place along time,
we followed 25 flowers measuring their angulation with a protractor. We selected flowers
the day before they resupinate and followed them during five time periods for two days:
6AM, 9AM, 12AM, 15AM and 18AM.

We compared if the proportion of flower twist differ among the different time
periods by fitting a GLMM (generalized linear mixed-effects model) using the R-package
glmmTMB (Brooks et al. 2017) (as in all following GLMMs). We fitted a random slope
of time within flower identity with correlated intercept to account for temporal
pseudorreplication (Crawley, 2013). As response variable, we took the proportion of
resupination as response variable (Resupinate arc degrees/ o0y and used the beta distribution
(with logit link). The beta distribution allows values between 0 and 1 but not exactly equal
to these. The twist of flowers varied from 10° (proportion = 0.05555...) until 180°
(proportion = 1). To get around this methodological detail, we them redistributed data

setting 0.05556 as minimum and 0.99999 as maximum using the R-package scales
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(Wickham and Seidel, 2020). After this procedure, the relative distances between data
points did not change but rather their scale.

We tested model significance through the likelihood ratio (LR) test by comparing
the full against the null model (i.e., without the fixed effect) to attain p values to the effect
of the predictor variable (Zuur et al. 2009). Post hoc analysis was conducted by
comparing the estimated marginal means using Tukey adjusted contrasts in the R-package

emmeans version 1.5.0 (Lenth et al 2020) (as in all following post hocs).

Factors related to resupination

To investigate which factors are responsible for impairing normal resupination,
we sampled flowers in anthesis phase. To classify them, we used a protractor and divided
the 180° of potential twist into three categories (sensu Cardoso et al. in prep): 1) non-
resupinate — flowers between 0° - 60°, positioned upwards (Fig. 4C); 2) half-resupinate —
flowers between 60° - 120° positioned sidewards (Fig. 4E); 3) resupinate — flowers
between 120° - 180° positioned downwards (Fig. 4A). From a total of 507 flowers
surveyed, 71 were non-resupinate, 59 half-resupinate and 377 resupinate. On each flower,
we measured its position on the inflorescence (from one to six), bract size, labellum height
and labellum width. These later two were used to calculate labellum volume based on the
formula of a prolate ellipsoid (*/3*pi*(‘abellum height) )y (poim widin/2) 2). Labellum volume
was further used as a proxy to discuss the flower size and weight (see topic below).

We investigated the possible factors influencing flower non- and half-resupination
by applying a multinomial logit model using the R-package mlogit (Croissant, 2020). We
used position on the inflorescence, bract size and labellum volume as predictor variables

(correlations: flower position vs. bract: 0.06; flower position vs. volume: 0.07; bract vs.



104

volume: 0.45). In the levels of the response variable, we used full resupination as

reference level and non- and half-resupination as the two possible alternative outcomes.

Weights relationships and differences

To get a better understanding of the distribution of floral whorls weights, we took
106 newly opened flowers and used a microbalance (0.001g readability) to weight floral
parts separately. These included the labellum, petals, sepal and synsepal (fusion of the
two other sepals) (Fig. S1). Flowers were collected early in the morning to avoid any
weight loss due to evaporation because of sunlight incidence. We also measured the
labella height and width to investigate its relationship with weights.

To perform exploratory data analysis, we used the R-package GGally (Schloerke
etal. 2021) and created a Pearson-based correlation matrix between the labellum volume
and all the weight variables, including total weight. We them compared the weights of
whorls (labellum, petals, sepal and synsepal) by fitting a GLMM adjusting a gamma
distribution with log link and setting flower identity, flower number on the inflorescence
and inflorescence height as random effects. We tested model significance through the LR

and performed post-hoc analysis using Tukey adjusted contrasts.

Weights before and after resupination

To investigate if resupination process is related to the gain of weight due to water
uptake, early in the morning, we collect pre-anthesis buds that fully resupinate (n = 15)
and others that did not resupinate yet (n = 12). In addition to labellum volume, we
collected data on the weight of whorls (labellum, petals, sepal and synsepal) and in this

time we included the ovaria. We did so to show that the changes related to resupination
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are related to the gain in weight by flower whorls and not in the more basal floral part
(the ovary).

Considering this data of buds before and after resupination, we compared the
labellum volume, weights of whorls, flower total weight and ovarium weights through
Welch's t tests or Mann—Whitney U tests when outliers were present (defined when data
points fell out of upper and lower limits of boxplot whiskers). In both tests, we specified

the alternative hypothesis of higher values on post- when compared to pre-resupinate data.

Floral parts removal experiment

We accessed the role of distinct floral parts and their respective weights on the
resupination process by conducting an experiment removing them with forceps from pre-
resupinate buds that would open in the following day. The pollen removal (group 1)
constituted an important treatment to test the role of its auxin production and the influence
on twist (Table S1). Since in the Cypripedioideae subfamily there is no pollinarium
because pollen is loosely held together and the pollen smears are not attached to a
viscidium (Dressler 1981), we used the term “pollen” instead of pollinia. Non-
reproductive whorls were also removed including the petals, sepal, synsepal and labellum
(groups 2 - 5; Table S1). We hypothesized that the heavier the whorl removed, the higher
the chance of non-resupination, especially regarding the labellum, the heavier whorl and
the most important promoting zygomorphy. We also removed the bract to confirm its role
breaking the natural twist of flowers (group 6; Table S1). Since both bract and labellum
are key to our questions, we removed these both to investigate if the remaining whorls
are capable of resupinate without them (group 7; Table S1). To see the effect of labellum
presence and if the flower twists only with its weight, we had a group with bract and

whorls removal, but still leaving the labellum (group 8; Table S1). To see how the column
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behaves when free to resupinate without either bract or the non-reproductive whorls, we
removed all these (bract + whorls) (group 9; Table S1). Another group consisted in the
removal of all non-reproductive whorls, but this time leaving the bract to see its role in
breaking resupination when the flowers are much less heavy (group 10; Table S1). We
had a control group where buds were untreated (group 11; Table S1). A second control
group comprised buds that were only opened with forceps at the junction between sepal
and synsepal to check the effect of our manipulation in resupination (group 12; Table S1).
Overall, 318 flowers were treated (see sample sizes in Table S1).

After assigned to one of the following treatment groups, flowers were them
checked after two days when already in anthesis phase. Using a protractor, we recorded
if flowers resupinate (twist > 120°) or not and the amount of arc degrees of the semicircle
they twisted (from 0° to 180°). We also recorded the flower number on the inflorescence
and the height of flower from the ground to further correct for these factors.

We analyzed data from the experiment in two ways: considering resupination as
categoric (i.e., the probability — the presence of the complete twist) and as continuous
(i.e., the proportion — the arc degrees twisted). In the first, we fitted a GLMM adjusting a
binomial distribution with logit link followed by LR test on the presence/absence of
resupination. Treatment was treated as fixed effect and number of flower on the
inflorescence and flower height as random effects. After finding a non-positive-definite
Hessian matrix, we used the BFGS (Broyden—Fletcher—Goldfarb—Shanno) algorithm as
alternative optimizer to improve the model convergence. In the second GLMM on
continuous data, we fitted the same model structure, but in this time we adjusted a beta
distribution (with logit link) having the proportion of resupination as response variable

(Resupinatearc degrees/, o) Since the proportion of twist varied between 0 (0°) and 1 (180°), we
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them redistributed the data to be > 0.00001 and < 0.99999. In both GLMMSs, we

performed post-hoc using Tukey adjusted contrasts.

Flower weight vs. resupination hypothesis

We tested if the resupination mean probability and proportion across the treatment
groups from the “Floral parts removal experiment” topic may be determined by flower
weight. We took the groups: pollen removal, petals removal, sepal removal, synsepal
removal, labellum removal, all whorls removal and control 2. We chose these groups
because all of them where somehow manipulated (control 1 not included) and all of them
were controlled by the presence of the adjacent bract. Them, we considered the type of
floral whorls present on each group to calculate the mean flower weight of that respective
group based on the weights found in “Weights relationships and differences” topic. For
instance, the mean weight of the labellum removal group would be the difference between
the mean flower total weight and the mean labellum weight.

We fitted a GLM (generalized linear model) followed by LR test having the mean
probability of resupination as dependent variable and the mean flower weight as
independent variable adjusting a beta distribution (with logit link). Since we had the
presence of a zero value, we redistributed the data to be > 0.00001 and < 0.9333333 (i.e.,
setting a new minimum and keeping the same maximum). We fitted another beta GLM
having the mean proportion of the semicircle arc degrees twisted as dependent variable
(Resupinate arc degrees/, o) - As a goodness-of-fit measure of our model, we calculated the
Efron’s pseudo-R’ using the R-package performance version 0.4.8 (Liidecke et al. 2020).
We extracted the model marginal effects for plotting using the R-package ggeffects

version 0.16.0 (Liidecke, 2018).
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We visually checked the fit of the GLM and all other GLMMs (including those
from “Resupination description”, “Weights relationships and differences” and “Floral
parts removal experiment’” topics) using the histogram of residuals, and, in the R-package
DHARMa (Hartig, 2020), the QQ plot of residuals and the plot of residual vs. predicted
values after simulating residuals 250 times. Using the R-package RVAideMemoire
version 0.9-78 (Hervé, 2020), we back-transformed the estimated marginal means and
standard errors for plotting GLMMs adjusted values involving categorical variables. All

analyses were carried out in R software version 4.1.0 (R Core Team 2021).

Results

Following pre-anthesis buds prior to resupination on the day before resupination,
we found that their positions were not precisely facing up (first day p = 27.57°) (Fig. 2
A). We observed that this might slightly vary throughout the day and was apparently
occasioned by the tip of the inflorescence bending towards the sun. There were no
differences among the time periods of the first day, and they were all different from any
period of the second day. In the second day, flowers at 6AM (« = 94.00°) had an angle of
twist more than two times higher when compared to the previous period (first day/6PM u
= 30.40°). The 9AM (u = 116.60°) and 12PM (u = 122.80°) periods had significantly
higher values and were not different from each other. Then, 15PM (u« = 140.40°) had
higher proportional values of twist followed by 18PM (u = 162.60°).

By visually assessing flowers progression individually, we may affirm that they
resupinate in two different ways (Fig. 2 A). In the first, flowers perform most of their
twist (getting rid from the bract) overnight and in the first hours of the dawn. This may
be related to the water uptake by flowers, that is probably higher during the night and first

hours of the morning without the heat of the sun. In the following periods, mainly in the
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Figure 2. Description of the resupination process since the day before resupination (first
day) until the day twist occurs (second day) along distinct periods of the day (A). Values in y axis
show the proportion of arc degrees twisted, ranging from 0 (0° - flowers facing up) until 1 (180°
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- flowers facing down). Distinct letters show significant differences at 0.05 level. Distinct colors
of dots and lines refer to the control of flower identity. Probability of non-resupination (black)
and half-resupination (gray) (1.0) of Phragmipedium vittatum flowers according to labellum
volume having resupination (white) as reference level (0.0) (B). Labella at the bottom show the
volume variation in the population. yl shows the predicted probability and y2 shows the
frequency on each group. Box plots and their median, quartiles and outliers show the distribution
of each group.
afternoon, flowers started their anthesis (Fig. 2A). In the second group, flowers
progressively increase their angulation throughout the day, and perform their main twist
in the last time periods, thus getting rid from the bract. We observed that some of these
flowers even started their anthesis as the day passed by. In the final hours and in the
following days, flowers tend to reach their final position approaching 180° (Fig. 2A).
The increment of volume and weight in the flower buds was confirmed with the
comparison between pre- and post-resupinate buds. The volume of labella in post-
resupinate buds (5631.25 + 674.90 mm?) increased 71.16 % when compared to the pre-
resupinate ones (3290.14 + 663.67 mm?) (U = 0; p < 0.001; Fig. 3A). We found an
increase in the weight of whorls indicating water accumulation. Post-resupinate labella
(0.99 £ 0.09) was 45.59 % heavier than pre-resupinate (0.68 = 0.10) (t=8.20, p < 0.001;
Fig. 3B). Post-resupinate sepal (0.18 + 0.03 g) was 20 % heavier than pre resupinate (0.15
+ 0.03 g) (t = 2.26; p = 0.017; Fig. 3C). Post-resupinate synsepal (0.40 £ 0.07 g) was
14.29 % heavier than pre resupinate (0.35 = 0.07 g) (U = 54; p = 0.042; Fig. 3D). Post-
resupinate petals (0.17 = 0.03 g) were 41.67 % heavier than pre-resupinate ones (0.12 +
0.02 g) (U=18; p <0.001; Fig. 3E). In agreement, the total weight of post-resupinate
flowers (1.92 £ 0.23) was 31.51 % larger than that of pre-resupinate (1.46 + 0.24) (t =

491, p <0.001; Fig. 3F). However, post-resupinate ovaries (0.08 = 0.01 g) were not

different from those pre-resupinate (0.08 = 0.01 g) (U = 80, p = 0.32; Fig. 3G).
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Figure 3. Results from the comparison of pre- and post-resupination of buds regarding (A)
labellum volume, and (B) labellum, (C) sepal, (D) synsepal, (E) petals, (F) total and (G) ovary
weights. Box plots show median quartiles and outliers. Squares show means and dots the original
data points. Results from the experiment alternating the removal of the distinct flower parts of
Phragmipedium vittatum (H, I). Probability of resupination (1.0) according to the treatment levels
(H). y axis show the resupination absence (0.0) or presence (1.0). Proportion of resupination in
arc degrees twisted (I). y axis ranges from 0 (0° - flowers facing up) until 1 (180° - flowers facing
down). Black dots and line segments (in H and I) show back-transformed marginal (model
adjusted) means and standard errors, respectively. Grey dots show observed data points.



112

We found highly positive correlations regarding all pairwise combinations among
whorls and also regarding those with flower total weight and labellum volume (all above
0.815) (Fig. S1J). We found significant differences in the weight of the floral whorl types
(x> =1345.6,df =3, p <0.001, Fig. S1 K). The labellum was the heavier structure (mean
+ SD: 1.20 £ 0.31 g), followed by synsepal (0.46 + 0.12 g), petals (0.26 £ 0.08 g) and
them by sepal (0.23 = 0.06 g).

Taking resupination as reference level, we did not find any effects of either bract
size or position on the inflorescence on both non- and half-resupination (Table 1).
However, labellum volume was positively related to the probability of both non- and half-
resupination (y* = 132.24; p < 0.001; R?vcFaddens = 0.17; Table 1; Fig. 2B). we may infer
that weight is also related to resupination since labellum volume was positively correlated
to all variables of weight including sepal (0.84), synsepal (0.84), petals (0.88), labellum

(0.90) and specially flower total weight (0.92) (Fig. 2J).

Table 1. Standard Error, t and p values results of multinomial logistic regression for non- and
half-resupination.

Non-resupiation Half-resupination
Error t p Error t p
Bract 0.17 0.62 0.54 0.19 -0.41 0.68
Position 0.12 0.98 0.32 0.13 0.95 0.34
Volume 0.1 -7.01  <0.001* 0.11 -7.32 <0.001*

We found a significant effect on the probability of resupination according to the
different treatment groups in the whorl removal experiment (x> = 165.13, df = 11, p <
0.001, Fig. 3H). The group with all whorls removal had the smallest probability of
resupination (0 %) together with the group of all whorls + bract removal (7.14 % of
flowers resupinate). Not significantly different from these, is the group of the labellum

removal (32.00 %). The next group is that with the removal of synsepal (60.00 %). Them,
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the next groups all have high rates of resupination including pollen removal (77.78 %),
sepal removal (81.48 %), petals removal (85.19 %), removal of bract and all whorls
except the labellum (90.32 %), control 1 (92.00 %), labellum + bract removal (92.86 %),
control 2 (93.33 %) and bract removal (96.00 %).

We also found significant effects considering the analysis of this data
quantitatively (y~ = 195.70, df = 11, p < 0.001, Fig. 31). We found that the proportion of
degrees twisted along the semicircle was lower in the group with the removal of all whorls
(u = 14.75°), which was not significant from the group with labellum removal (u = 59.8°).
The groups with the removal of all whorls + bract (« = 71.79°) and synsepal removal (u
=112.6°) had intermediate proportions of angles twisted. Them, the higher values of twist
proportion were those of pollen removal (¢ = 142.96°), sepal removal (« = 153.70°), petals
removal (u=154.81°), labellum+bract removal (1 = 160.18°), control 1 («=161), removal
of bract and all whorls except the labellum (u« = 162.58), control 2 (u = 164.5) and bract
removal (172.8).

We found that the mean flower weight across the different groups positively
determined both the mean probability of resupination (x> = 21.32, df = 1, p < 0.001,
R2Efions = 0.94, Fig. 4A) and the mean proportion of resupination arc degrees (x> = 20.13,
df =1, p <0.001, R%gsons = 0.96, Fig. 4B). Thus, these results highlight that groups with
heavier flowers tend to resupinate more frequently and twist more degrees, respectively.

Taken together, after the observation of the system and the results of our
experiments, we found that although the whole ovarium bends to get the flower in
resupinate position, the bending (or elongating) zone is main located at the tip of the
ovarium (Fig. 5A,B). In this region it is possible to discern the differential growth of
upper and lower flanks typical to a gravistimulated organ, which leads to the characteristic

curvature (Fig. 5B). This can be seen evidenced by the moderate twist of some groups
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such as in all whorls + bract removal and all whorls removal (Fig. 5G,H). However, we
noticed that even in flowers non- (Fig. 5C,D) and half-resupinate (Fig. SE,F), the tip of
the ovarium still moves, highlighting that there is a natural movement during the
development in the last moments before anthesis. Thus, it is possible to notice that ovary
pre-determined gravitropism naturally occurs at some level in all treatment groups and
even when flowers are trapped in the bracts. However, the flower weight plays a hole

incrementing the amount of twist towards the ground (Fig. 5A, B, H).
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Figure 4. Positive relationship between the mean resupination proportion of the different
treatment groups and the respective mean flower weight. Gray dots show observed data points
and the black line is adjusted to the beta distribution.
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Figure 5. Flowers, column, and ovaria of Phragmipedium vittatum. (A) Resupinate flower and
(B) detail of the respective column and ovary after the removal of non-reproductive whorls. UF
and LF indicate respectively the upper and lower flanks of the bending zone. (C) Non-resupinate
flower and (D) detail after removal of whorls. (E) Half-resupinate flower and (F) detail after
removal of whorls. (G) Flower in which all whorls were removed from the bud (bract left;
treatment 10 in Table S1) and left to twist. (H) The same flower showing the supposed position
of column and ovarium twist if resupination had taken place completely. The column has been
positioned with the tip of the first author's finger to illustrate the process.
Discussion

The direction and intensity of gravity have been constant throughout the
evolutionary history of life on Earth, acting on all organisms. Thus, life forms are not
only shaped by this important physical force but adapted to use it for their own benefit
(Morey-Holton, 2003; Bhaskaran et al 2009). Plants respond to gravity in different levels
that range since intracellular mechanisms until growth and development, in a way that
arranges their spatial orientation and survival (Bhaskaran et al 2009). In this study, we
show that gravity influences flower resupination in two different but complementary
ways: gravitropism and gravitation. First, the tip of the ovarium naturally bends due to
gravitropism, which causes the remaining flower parts to move accordingly. However,
only this movement is not enough to cause the complete twist. As flowers increment their
weights progressively before anthesis, such mass drives the rest of the twist as suggested
by our manipulative experiment controlling flower weights and the increase in the
probability of successful resupination in larger/heavier flowers. These findings
corroborate our predictions and demonstrate how flower weight is an important trait
determining flower orientation though resupination. Below, we discuss our results in
detail and their implications.

We found that asymmetric organ growth, the typical response plants show to

gravity (Nakamura et al 2019), occurs in P. vittatum flowers. The typical bending zone

where differential growth occurs on the upper flank can be noticed especially at the tip of
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the ovarium, which redirects the column and therefore the connected whorls accordingly.
In the lady’s slippers, it is probably that the ovarium twist is also driven by auxins, which
then may lead to the expansion of raphide-bearing cells and the ovarium twist.
Importantly, we observed that this occurs even if the flower whorls have their orientation
fixed, as in those naturally non- and half-resupinate flowers which remained trapped in
the bracts, which causes the tip of the ovary to curl (Fig 5D,F). Thus, ovarium bending is
part of the flower development schedule before anthesis.

However, the movement of the ovarium tip is not enough to promote the complete
resupination. Here we show that gravitation pull is important completing the twist and
leaving the flowers in a resupinate position. We experimentally demonstrate the influence
of weight by removing different flower parts. This approach allowed us to obtain different
flower weight averages and contrast them to the resupination patterns. We found that both
resupination probability and proportion are higher as flowers get heavier. This finding is
in agreement with the results assessing which mechanisms explain the natural flower twist
fail. The probability of finding resupinate flowers increases with their volume. Since
volume in highly positively correlated to flower total weight (correlation = 0.92) and
specifically with labellum weight (correlation = 0.90), we may infer the role of weight in
the process. Thus, lighter flowers have higher chances of either become non- or half-
resupinate.

However, our results do not exclude the influence of physiological and anatomical
processes. In fact, gravitropism followed by gravitational pull are complementary
mechanisms that lead to resupination. Resupination is known to occur in zygomorphic
flowers (Ames 1938; Van der Pijl & Dodson 1966; Mondragén-Palomino & Theif3en,
2009), which arranges them into a horizontal position with the plane of symmetry

perpendicular to the ground (Endress, 2012). For instance, in the Apostasioideae, the most
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basal subfamily of the Orchidaceae, resupination occur in the zygomorphic genus
Neuwiedia but it is absent in the actinomorphic genus Apostasia (Kocyan and Endress,
2001). As weight is equally distributed in all planes of actinomorphic flowers, their center
of mass is located the middle of the flower, close to the point where whorls are inserted.
On the other hand, zygomorphy promotes a differential weight distribution in the flower.
In this sense, the heavier part of the flower (i.e., the labellum) shifts the center of gravity
away from the insertion point of the whorls. The larger the distance between the flower's
center of mass and the main axis of the inflorescence, the greater the gravitational pull.
This weight arrangement allowed by zygomorphy leads to the typical resupination
movement. However, if this heavier part is positioned upwards, which is on the same
plane as the main axis of the inflorescence (i.e., 0°), the gravitational pull is canceled by
the support offered by the inflorescence below, and flowers do not twist. This highlights
the importance of the ovarium initial twist that moves the center of mass of flowers away
from the inflorescence axis in a way that the gravitational pull may act on the weight.

Under weightless conditions, the twist conferred naturally only by the ovarium
goes to a certain point (i.e., 71.79° in all whorls + bract removal). After that, flower keeps
twisting because the ovarium keeps bending, but this time influenced by the gravitational
pull. Thus, if the ovarium initial gravitropic twist latter allows the gravitational pull, the
weight-mediated movement then twists even more the ovarium. Such negative bending
moment causing convexity on the upper flank of the ovarium tip is only possible because
of the malleability of the young vegetal tissue, which has not hardened yet.

We demonstrate that the weight gain that triggers ovarium bending and the
consequent resupination of the flower occurs quickly. Most of flowers resupinate early in
the morning. The comparison of pre- and recently post-resupinate buds show that there is

a weight increment of 31.51 % in flower total weight. This was observed in all whorls
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and especially in the labellum, which had the highest increment in weight (45.59 %). Such
quickly weight gain of whorls occurs because the flower acts like a sink, especially during
anthesis (Galen et al. 1999). Such water uptake then boosts several movements including
petal opening and resupination as we show here. Importantly, we did not find an
increment in the weight of ovarium, which indicates that it is already fully formed at this
point and serves only as a passage for water. As weight and volume are highly correlated,
we also found that labellum volume increased more than 70 %. Linking this result with
that of smaller/lighter flowers having higher changes of getting stuck on bracts, we may
infer that the increment in volume may be important to flowers to move away from the
bracts during the beginning of the twist.

The labellum is the heavier floral part, accounting for 55.81 % of flower total
weight. Artificially removing the labellum, decreased resupination probability to 32.00
% and resupination proportion to only 59.80° of the possible 180°. These results confirm
that the labellum is the most important whorl contributing to both resupination probability
and proportion. Accordingly, the labellum is one of the most important structures
promoting the zygomorphic arrangement in orchids (Mondragon-Palomino & Theif3en,
2009). Besides these functions, here we show that labellum is important promoting the
resupination of flowers. Thus, from a biological viewpoint the lowermost labellum is a
consequence of resupination, but from a physical viewpoint the labellum (as the whole
flower weight) is also the cause of resupination.

The labellum is associated to the pollination process of orchids, being adapted to
different pollinators (Mondragon-Palomino & Theiflen, 2009). Although it can play
several functions including pollinator attraction and rewarding, one of the most important
is to act as a landing platform in resupinate flowers (Ames 1938; Darwin 1877; Van der

Pijl & Dodson 1966; Mondragon-Palomino & Theiflen, 2009). Such platform constricts
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the direction of approach of the pollinator to a single plane and restricts its landing
behavior to a specific site (Cardoso et. al, in prep). Although the placement of the
labellum lowermost is one of the main aspects in a resupinate flower, the reversal
rearranges the whole zygomorphic flowers including placing the column uppermost
(Mondragon-Palomino & Thei3en, 2009), which may be further related to precise pollen
placement on pollinator body (Cardoso et al, in prep). Recently, using the same study
system investigate here, Cardoso et al. (in prep) provided the first evidence that
resupination is important in reproductive success. They conducted an experiment
showing that pollen smears removal and deposition in P. vittatum only occurs in
resupinate flowers (= 180° oriented) when compared to half- (= 90°) and non-resupinate
flowers (= 0°). Although these later two groups may still attract the syrphid fly pollinators,
the trapping mechanism that involves the falling of insects into the pouch-like labellum
is meditated by gravity and only works on resupinate flowers. In addition, they twisted
resupinate flowers which had pollinators inside and found that they can get out in few
seconds by the same entrance hole, without contacting the reproductive parts. They
surveyed 4984 flowers and report that together non-and half-resupinate flowers account
for ca. of 10 % of the total number of flowers. Since the species is xenogamous and non-
spontaneous selfer, those flowers that fail to resupinate are faded to not reproduce
(Cardoso et al, in prep). This highlights how failures during the flower ontogenetic
developmental may further prevent reproduction. The effects of resupination fail cannot
be overlooked, specially in orchids in which a single fruit can bear tens or hundreds of
thousands of seeds (Cardoso et al., in prep). Finally, since resupination fail is related to
lighter and less voluminous flowers, we may suggest that there might be a selection

favoring for larger/bigger flowers, which will successfully complete the twist.
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Although we did not find that the size of the bract influences the probability of
finding non- and half-resupinate flowers in the population, its presence seems to be the
determinant of the unusual resupination fail found uniquely on this species so far. In our
manipulative experiment, we found that the group with “all whorls removal” twisted
14.75° (8.19 % of the semicircle), on average. However, when we remove all whorls and
also the bract, the twist level increases to 71.79° (39.88 % of the semicircle). The effect
of the bract impairing the twist can also be noticed when comparing the “labellum
removal” group (59.80° 33.22 % of the semicircle) vs. the “labellum + bract removal”
(160.18° 88.99 %). Thus, we confirm that the unusual long bract is the responsible for
impairing resupination. The bract allows that when at bud stage, flowers keep soaked in
mucilage. This is probably an anti-florivore strategy since these enemies are common in
the open grassy regions the pant occurs (Cardoso et al, in prep).

Although here we found resupination to be related to the twist of the ovary in P.
vittatum, it may be caused by the movement of several pant organs, including the
inflorescence rachis (Ames 1938). In fact, flowers of some other lady’s slippers with one-
flowered inflorescences resupinate by bending the top of the inflorescence while in other
species with several flowers this may occur only in the top flowers while the lower
flowers twist in the traditional way (Kurzweil & Kocyan, 2002). These observations
corroborate that the weight-mediated resupination patterns found here may be expanded
to other systems as well. However, most of research on resupination in orchids has been
carried out with members of the Epidendroidae, the most derived and diverse subfamily
of Orchidaceae (Pérez-Escobar, 2021). Phragmipedium vittatum belongs to the
Cypripedioideae subfamily, which is positioned in the middle of the Orchidaceae
phylogeny. Our study also brings phylogenetic insights. For instance, one of the

differences we found is that the removal of the pollen smears does not hinder resupination.
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Thus, the early gravitropism does not depend on hormonal production by the male
function. In the Cypripedioideae, the pollen smears are loosely attached to the anther,
without forming a true pollinarium (Dressler 1981). This is a much simpler structure when
compared to the sophisticated pollinarium of the Epidendroidae with its several accessory
structures (Mosquera-Mosquera et al. 2019) and responsible to produce large hormonal
quantities (Nair & Arditti 1991; Arditti, 2003; Yam, et al. 2009). Still in the phylogeny,
we may further ask if weight mediated resupination is present in both more derived and
basal conditions, which could help us to understand the evolution of the phenomenon.
Mayr (1961) postulated that the biological phenomena may have a proximate and
an ultimate causation. While the first is related to the immediate mechanisms such as the
genetic, anatomical and physiological traits, the second is related to the evolutionary
explanations involving natural selection. Applying the nature of causation to floral
resupination, we may infer that the ultimate cause is that the upside-down floral
orientation allows pollinator landing and accurate pollen deposition on their bodies,
which ultimately leads to seed set and plant reproduction. However, both proximate and
ultimate set of causes must be clarified for a complete understanding of biological
phenomena (Mayr, 1961). So, the proximal causes of resupination include the dominant
genetic control (Kim et al. 2010), auxin-driven gravitropism (Nair & Arditti 1991; Nair
& Arditti 1992) and raphide-bearing cells expansion (Dines et al., 1994). We now add a
not mutually exclusive physical explanation related to weight weight, in which the Earth’s
gravitational pull aids in the ovary turning movement and rearranges the flowers into a
resupinate position. Our study opens new avenues into the field of flower orientation.
Since our flowers weight ca. 2.15 g and orchids show a remarkably variation in size,

weight may be also important on those much heavier flowers that weight dozens of grams.
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On the other hand, is the hormonal control enough to promote resupination in much

lighter flowers such as the micro-orchids?

Conclusions

Floral resupination is present in thousands of species of monocots and eudicots,
determining how flowers interact with the physical and biotic environment, being an
important trait in flower evolution. In this study, we provide an example of how gravity
may influence flower resupination through both gravitropism and gravitational pull, with
makes flower weight an essential trait arranging flowers on a proper position. Our
findings provide new insights into the working machinery of flower orientation and
resupination, highlighting the several complex mechanisms flowers undergo to get in a
proper position that further allows the efficient attraction and morphological fit of

pollinators, guarantying their reproduction.
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Table S1. Treatments of the flower whorls removal experiment including a detailed description
of the procedure adopted, the sample size of each group, and the results including mean
resupination probability and mean resupination proportion.
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Methods Results
Sample Resupination Resupination
Group Treatment Description sizz probability degrees
(mean) (mean)
1 Pollinia removal ot left and right pollinia were - 77.78 % 142.96°
removed.
Petals removal Both left and right petals were 27 85.19 % 154.81°
removed.
3 Sepal removal ~ Only the sepal was removed. 27 81.48 % 153.70°
4 Synsepal Only the synsepal was removed. 25 60.00 % 112.60°
removal
5 LLelssllirm Only the labellum was removed. 25 32.00 % 59.80°
removal
6  Bractremoval OnY the adjacent bract was g 100 % 172.80°
removed.
7 Labellum + Labellum and adjacent bract were 28 92.86 % 160.18°
bract removal  removed.
All excent Adjacent bract and whorls
8 labell p (petals, sepal, synsepal) were 31 90.32 % 162.58°
abellum removed, except the labellum.
Removal of all whorls (petals,
9 ? . :)Vhorls +1 sepal, synsepal and labellum) in 28 14.29 % 71.79°
ract remova addition to the bract
Removal of all whorls including
10 All Whorll s petals, sepal, synsepal and 20 0.00 % 14.75°
remova labellum. Bract left intact.
11 Control 1 Intact/non-manipulated flowers. 30 92.00 % 161.00°
Flowers were opened with
12 Control 2 forceps at the junction between 25 93.33 % 164.50°

the synsepal and the sepal and
without any further treatment.

Figure S1. Flower structures and weight-size relationships of Phragmipedium vittatum. Lateral
(A) and frontal (B) views of a flower and the adjacent bract in the inflorescence. Detail of the
bract (spread) (C), the inflorescence (D), the ovarium with the column and pollinia (E), the sepal
(F), petals (G), labellum (H) and synsepal (I). Scale bar on the left refers to A and B while that in
the right refers to the remaining pictures. Correlation matrix among the weighs of whorls, the
flower total weight, and the labellum volume (further used to refer to flower weight) (J).
Differences in the weight of the distinct whorls (K). Black dots and line segments show back-
transformed marginal (model adjusted) means and standard errors, respectively. Grey dots show
observed data points and lines connect the same flower. Distinct letters show significant
differences at 0.05 level.
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J | Sepal welght Sinsepal wei. Petals wei. Labellum wei. | Labellum vol. |Flower tot. wei.

A 0.934 0.896 0.815 0.839 0.910
.
.r

wHom (edag

0.878 0.871 0.839 0.946

“1am |edasuig

0.878 0.877 0.937

‘am s|elad

0.903 0.977

‘am wnjjaqe]

0.918
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Conclusoes

As orquideas sao mundialmente conhecidas por apresentarem estratégias de
sobrevivéncia fascinantes e historias misteriosas. Nessa tese, mostramos como poucas
espécies representantes de um unico grupo de organismos que ocorre nos ambientes de
Vereda nos traz histérias de vida unicas, descoberta de processos, e funcionam como

modelo para teste de hipoteses.

Usando C. hatschbachii como modelo, demonstramos como dois fatores que nao
estdo primariamente relacionados a polinizagdo como a herbivoria e a chuva, podem
juntos promover a formacao de frutos por autogamia em uma espécie com limitagdo de
polinizagdo, funcionando como seguranga reprodutiva. Até onde sabemos, essa ¢ primeira
vez onde ¢ demonstrado que dois fatores que sdo detrimentais em separado, podem juntos
facilitar a autogamia em uma planta. Usando P. vitfatum como modelo, n6s discutimos
as fases do processo de polinizacdo de flores semi-armadilha. N6s demonstramos as
varias estratégias que essas flores adotam e que as deixam com superficies escorregadias
ou aderentes, dependendo do local onde o polinizador se encontra. N6s mostramos como
P. vittatum aplica um sistema de mimetismo de afideos que engana fémeas gravidas de
sirfideos durante a entrada e saida da flor, uma vez que estas estdo a procura de sitios para
oviposi¢do e suas larvas sdo predadoras de afideos. Ainda estudando P. vittatum,
encontramos que esta espécie se trata de um modelo Unico que apresenta variagdao
intrapopulacional no processo de ressupinagdo, o tradicional giro de aproximadamente
180° que algumas flores fazem. Aproximadamente 10% das flores da populagdo nao
completam o giro, permanecendo com o labelo voltado para cima ou para o lado. Nos
demonstramos experimentalmente como apenas flores que estdo inteiramente

ressupinadas apresentam sucesso reprodutivo masculino e feminino. Esses resultados sdo
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importantes pois corroboram que a evolucdo da ressupinagdo provavelmente estd
relacionada a polinizagdo, uma vez que o labelo funciona como uma plataforma de pouso
ou uma armadilha bem elaborada capaz de capturar os polinizadores ¢ a coluna se
encontra voltada para baixo, promovendo a deposicdo precisa de poédlen. Por fim,
demonstramos que a probabilidade das flores nao ressupinarem na populacao esta
negativamente relacionada ao peso das mesmas. Até onde sabemos, essa ¢ a primeira vez

que o peso ¢ posto como um fator determinante do processo de ressupinacao floral.

O fato de as espécies estudadas serem ameagadas demonstra a diversidade de
diferentes historias que esses organismos a beira do desaparecimento podem nos contar.
Isso sugere que a extingdo desses organismos nao se trata apenas de numeros a menos,
mas acarreta na perda de processos importantes, muitos deles afetando organismos em
cascata. Assim, a conservagdo dessas espécies ameagadas e dos seus respectivos
ambientes ¢ de extrema relevancia para a manutencao de tais processos e interagdes, que
certamente estdo associados a um ambiente equilibrado e provedor de numerosos servicos
ecossistémicos. Por fim, a perda ou deterioragdo dos diversos sistemas especializados
encontrados nas Veredas podem ser indicadores de mudangas ambientais em curso,

podendo ser usados como norteadores de estratégias de conservagao.
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