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ABSTRACT

Inflorescence type and design determine the position of reproductive meristems and sequence of flow-
ers opening. I examined the gender expression over two entire flowering seasons in Sedum pracaltum
A. DC. (Crassulaceae) in Central Veracruz, Mexico. Specifically, I studied the floral longevity, sexual-
phase duration, flower opening within an inflorescence and sex ratio in the species. I observed that the
8-days flower initiated in male-phase and then switched to female-phase. An extended time of pollen
presentation by gradual anthers dehiscence caused an incomplete protandry in the species. The basal-
positioned floral buds reached anthesis sooner than the distal-positioned floral buds, resembling an
acropetal flowering sequence. Inflorescences production ceased in the middle of the flowering season,

KEY WORDS  Whereas flower opening remained constant over reproductive season of the species. The opening of
Dichogamy, flowers in successive cohorts linked to changes in the flower sexual-phase phenology caused an initial
incomplete protandry,  sex expression toward maleness and a balanced sexual expression from the peak to the end of repro-
sexual-phase, ductive season in the population sampled. This study highlights the important influence that varia-
sex ratio, pop pled. y highlig P
stonecrop.  tions in onset and duration of sexual-phase of flowers can have on sex expression in flowering plants.
RESUME

Expression du genre dans Sedum praealtum A. DC. (Crassulaceae) dans le centre de Veracruz, au Mexique.
Le type et 'architecture de I'inflorescence déterminent la position des méristemes reproducteurs
et la séquence d’ouverture des fleurs. J’ai examiné I'expression du genre pendant deux saisons de
floraison enti¢res chez Sedum praealtum A. DC. (Crassulaceae) dans le centre de Veracruz, au
Mexique. J’ai en particulier écudié la longévité florale, la durée de la phase sexuelle, I'anthése au
sein d’une inflorescence et le sex-ratio chez 'espéce. J'ai observé que la fleur de 8 jours commengait
en phase méle et passait ensuite en phase femelle. Une durée prolongée de présentation du pollen
par la déhiscence progressive des anthéres a provoqué une protandrie incompléte chez I'espéce.
Les bourgeons floraux en position basale ont atteint 'anthése plus tot que ceux en position distale,
évoquant une séquence de floraison acropéte. La production d’inflorescences a cessé au milieu de
la saison de floraison, alors que 'ouverture des fleurs s’est poursuivie pendant toute la saison de
reproduction de I'espéce. Louverture des fleurs dans les cohortes successives est liée aux change-
MOTS CLEs  ments de la phénologie de la phase sexuelle des fleurs et a provoqué un décalage de I'expression

Dichogamie,  sexuelle initiale vers la masculinité et ultérieurement une expression sexuelle équilibrée du pica la
pr otandrlimcompleﬁe, fin de la saison de reproduction dans la population échantillonnée. Cette étude souligne I'influence
phase sexuelle, . , . .
sexratio, ~ importante que les variations dans 'apparition et de la durée de la phase sexuelle des fleurs peuvent
orpin.  avoir sur I'expression sexuelle des plantes a fleurs.
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Fic. 1. — Male-phase and female-phase flowers of Sedum praealtum A. DC. (Crassulaceae). A, Male-phase flower with dehiscent anthers; B, Female-phase
flower with expansion of the stigmas. Photos by Angélica Hernandez-Ramirez. Scale bars: 0.5 cm.

INTRODUCTION

One of the most extraordinary manifestations of plant evolu-
tion and diversification is its diversity in gender expression,
varying from all male flowers/individuals at one extreme,
through different co-sexuality levels, to all female flowers/
individuals at the other extreme (Lloyd 1980). Gender expres-
sion is derived from activation of the reproductive meristems
positioned within an inflorescence in some plant species (Dig-
gle 2003; Obeso 2002). On these plants, the inflorescence
architecture determines the position of reproductive meris-
tems, whereas the inflorescence development program gives
rise to the flower opening sequence (Lloyd & Webb 1986;
Brunet & Charlesworth 1995; but see Sargent & Roitberg
2000; Ishii & Harder 2012). In dichogamous plants, the
temporal separation of sexual functions of flowers causes a
predictable shift in gender expression across flowering season
(from male-biased to female-biased in protandrous species,
or from female-biased to male-biased in protogynous spe-
cies; Lloyd & Webb 1986; Brunet & Charlesworth 1995).

Crassulaceae (stonecrops) is a morphologically diverse
and complex family of succulent plants with approximately
1400 species. The family has a widespread distribution with
five centers of diversity located in Mexico, Macaronesia, the
Mediterranean basin, eastern Asia and southern Africa (re-
viewed by Thiede & Eggli 2006). The genus Sedum L. and
its derivatives are the most successful, least specialized, and
polyphyletic members of the family (Hart 1997; Thiede &
Eggli 2000).

From the traditional taxonomy perspective, the genus
Sedum is typified by the determinate growth pattern of its
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inflorescences (reviewed by Thiede & Eggli 20006). In the
determinate inflorescence type of Sedum, main shoot ends
in a flower, while growth remains though lateral axes below
the terminal reproductive structure (Thiede & Eggli 2006;
Herndndez-Ramirez 2017). Furthermore, the members of
the genus exhibit a conserved modular development, due
to growth determination of its inflorescences occurs by
a reiteration of structured-modules along the main stem
(Thiede & Eggli 2006; Herndndez-Ramirez 2017). With
regard to flower bud development, the apical meristem
develops from a vegetative growth stage to a reproductive
stage in a basipetal sequence, initiating in succession from
the apex to the base (Wyatt 1983; Thiede & Eggli 2006;
Herndndez-Ramirez 2017). The flower is usually actino-
morphic with corolla differentiated into sepals and petals,
having two whotls of stamens (Wyatt 1983; DeChaine &
Martin 2005; Thiede & Eggli 2006; Herndndez-Ramirez
2017). Protandry, when male function of flowers precedes
female function of flowers has been reported in the genus
(Wyatt 1983; Thiede & Eggli 2000).

Previous work has shown that inflorescence architecture has
been accountable for variation in the male investment and
female investment at flower level in the species (Herndndez-
Ramirez 2017). Given that inflorescence architecture seems
to be determinant in the reproductive traits in S. praealtum
A. DC,, the species appears to be a good model to explore
the gender expression under a differentiated modular ap-
proach (at flower, inflorescence and plant level), because it
would be constrained by the inflorescence type, as for as
reproductive structures depend upon where and when they
are produced within the inflorescence (architectural effects

ADANSONIA, sér. 3 ¢ 2020 © 42 (13)



hypothesis; Diggle 2003; Herndndez-Ramirez 2017; and
references there in).

The aim of this study was to study whether there is a pre-
dictable pattern in the gender expression according to flower
and inflorescence type in Sedum praealtum (Crassulaceae) in
Central Veracruz, Mexico. In view of dichogamy may cause
a predictable shift in the sexual-phase of flowers (Lloyd &
Webb 1986; Brunet & Charlesworth 1995), I hypothesized
that Sedum praealtum would exhibit a protandrous flower,
with a gender expression from male to female at flower
level, as well as at individual level across flowering season
(i.e., from maleness at the beginning of flowering season
to femaleness at the end of flowering season; Lloyd 1980;
Wyatt 1983; Diggle 1997, 2003; Thiede & Eggli 2006;
Herndndez-Ramirez 2017).

MATERIAL AND METHODS

STUDY POPULATION

Sedum praealtum A. DC. (Crassulaceae) is a succulent per-
ennial plant endemic to Mexico. Synonyms of the species
include: Sedum dendroidenm subsp. praealtum (A. DC.) R.T.
Clausen, 1959, and Sedum dendroidenm Moc. & Sessé ex
D.C., 1828 subsp. dendroideum. The original type description
of the species was given from specimens collected in Mexico
and grown in Geneva. Thus, it is needed to locate appropriate
type specimens that represent the vegetative and floral traits
of the species. This action currently is in processes.

The population of the species is located in Tlacolulan
municipality, Veracruz, Mexico (19°39°46”N, 96°58'34”\).
The study was carried out in 2017 and 2018. Previous work
has reported that male investment in the flowers decreased
from a distal-positioned to basal-positioned within inflo-
rescences, whereas the opposite pattern was observed in
the female investment in the flowers (Herndndez-Ramirez
2017). The flowering season occurs from January to April.
A complete description of the study area and population
may be found in Herndndez-Ramirez (2017).

SEX EXPRESSION AT FLOWER LEVEL IN THE SPECIES

To characterize the sexual expression at flower level in
the species, I randomly selected 20 plants from the study
population. I chose and tagged at random one floral bud
per plant. I daily monitored and recorded the sexual-phase
of flower until it withered according to Lloyd & Webb
(1986). As male phase precedes female one, the male phase
was recorded from the date of the first dehiscence of an
anther to the last dehiscence of an anther (Fig. 1A). The
female phase was recorded from the date of expansion of
the stigmas to the change of stigmatic papillae condition
(Fig. 1B). The same protocol was repeated once a week
during the period of flowering of the species (lasting 4
months; from January to April) over two years of survey.
Differences in the sexual phase duration or flower longev-
ity were assessed using Mann-Whitney test and Kruskal
Wallis test (Zar 1999).
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FiG. 2. — Floral traits in Sedum praealtum A. DC. (Crassulaceae). A, Floral
longevity (days); B, Onset of female-phase flowers (days); C, Female-phase
duration (days). Values are means + SE.

SEX EXPRESSION AT INFLORESCENCE LEVEL IN THE SPECIES

The timing and sequence of the flowers opening were used
to characterize the sexual expression at inflorescence level in
the species. For that, I randomly selected one inflorescence
from ten plants of a similar size. Five basal-positioned floral
buds and five distal-positioned floral buds were tagged and
monitored daily until flower’s anthesis. The beginning of
observation was recorded as time zero (floral buds tagging).
The date of flower’s anthesis was recorded as days elapsed
from the beginning of observation to flower opening. Survival
Analysis was used to determine how long did floral buds take
to open (Muenchow 1986). Kaplan-Meier product-limit
non-parametric method was used for the computation of

243


https://www.openstreetmap.org/?mlat=19.6627777777778&mlon=-96.9761111111111#map=11/19.6627777777778/-96.9761111111111

» Hernindez-Ramirez A. M.

late A

o
‘\

early

Fic. 3. — Scheme of inflorescence architecture of Sedum praealtum A. DC.
(Crassulaceae). A, Basal-positioned floral buds; B, Distal-positioned floral buds.

probabilities of flower opening after beginning of observa-
tion. Lon-rank (Mantel-Cox) non-parametric statistic was
used for testing differences in flower opening probabilities
according to its position within the inflorescence.

SEX EXPRESSION ACROSS FLOWERING SEASON IN THE
SPECIES

I used the number of produced inflorescences and the sex
ratio to characterize the variation in gender expression over
time in the species. For that, I counted the total number of
produced inflorescences in each tagged plant (20 randomly
selected plants). Each count was performed once a week from
January to April in two consecutive years. Furthermore, I
randomly selected and tagged one inflorescence per plant.
I recorded the sexual phase of each flower within the in-
florescence once a week from 13:00 to 16:00 hrs according
to Lloyd & Webb (1986). Due to male-phase function is
extended through flower lifespan, I calculated the propor-
tion of flowers that were in female-phase as a measure of
sex ratio by each tagged plant (i.e., number of female-phase
flowers/total number of flowers).

Repeated-measures nested ANOVAs were used to analyze
differences between years in the number of produced in-
florescences per plant or sex ratio per plant (Zar 1999). In
the model, year was treated as a fixed factor and the plant
was nested in the year factor. The number of produced
inflorescences per plant or the sex ratio per plant were the
repeated measures (response variables).

All statistical analyses were run using general linear mod-
eling with SuperANOVA and StatView (Abacous Concepts
1989, 1996).
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RESULTS

SEX EXPRESSION AT FLOWER LEVEL IN THE SPECIES

The flower is yellow at anthesis but it changes to brown at
the end of its lifespan. The flowers were open eight days
(Mean + SE; 8.05 + 0.03 d; n = 640). There were not differ-
ences in the floral longevity between years and over flower-
ing season (U = 48959.50, p = 0.33, H = 22.05, p = 0.10;
respectively; Fig. 2A).

S. praealtum flowers are hermaphrodite, a flower begins in
male-phase (anther dehiscence) and then it activates female-
phase (expansion of the stigmas). When flowers open, all an-
thers are not dehiscen and the stigma is not receptive (closed
stigmas). In the population sampled, dehiscence of anthers
took place ¢. 7 h after flower opening and pollen grains were
continuously released throughout flower’s lifespan. The stigma
became expanded (receptive) on average 3.0 days after flower
openingand it remained so for 3-6 days, then the flower wilted
(Mean £ S.E.; 3.0 £0.03 d, n = 640 onset of female-phase and
5.01 £ 0.04 d, n = 640 female-phase duration; Fig. 2B, C).
Thus, pollen release (male-phase) were overlapped with stigma
receptivity (female-phase) in S. praealtum.

There were not differences in the female-phase onset neither
the female-phase duration between years (U = 47732.00, p =
0.14, and U = 50706.5, p = 0.83; Fig. 2B, C). A high vari-
ation in the female-phase onset and female-phase duration
were observed across flowering season (H=361.7, p < 0.0001,
and H = 271.4, p < 0.0001). Furthermore, opposite trends
were observed between female-phase onset and female-phase
duration across flowering season of the species (Fig. 2B, C).

SEX EXPRESSION AT INFLORESCENCE LEVEL IN THE SPECIES
Floral buds took 12.8 days to reach anthesis (i.e., lower
opening, 12.8 + 0.35 S.E., n = 100). There were differences
in the probabilities of floral buds opening according to its
position within the inflorescence (Chi = 92.08, p < 0.0001;
Fig. 3). Specifically, the basal-positioned floral buds were
opened sooner than the distal-positioned floral buds (9.48 +
0.16, n = 50 basal-position flowers and 16.37 + 0.17, n =50,
distal-positioned flowers; Fig. 4).

SEX EXPRESSION ACROSS FLOWERING SEASON IN THE SPECIES
S. praealtum produced on average 7.7 inflorescences per plant
(7.7 £ 0.14 S.E., n = 640). Results of the repeated-measures
ANOVA showed a variation in the inflorescence production
across flowering season (F = 279.85, p < 0.0001). The pro-
duction of inflorescences reached its asymptote two months
earlier in 2018 than in 2017 (factor interaction effect: F =
7.48, p < 0.0001; Fig. 5A). A similar inflorescence produc-
tion was observed between years (F = 3.21, p = 0.08). Plant
identity did not contribute to explain the observed differences
in inflorescence production across time (F = 0.55, p = 0.86).

Each plant began by opening approximately two flowers
per inflorescence, then successive cohorts of flowers opened
at various time intervals, reaching its asymptote at the end of
flowering season (F = 619.72, p < 0.0001; Fig. 5B). Variation

in flower production was similar between years and among
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elapsed since the begin of the observation period. Solid line shows mean of time that basal-positioned floral buds open, and dashed line shows mean of time

that distal-positioned floral buds open.

individuals sampled (year effect: F = 0.10, p = 0.74; individu-
als nested in year effect; F = 1.57, p = 0.32). A higher flower
production was observed in 2018 than in 2017 at the end of
flowering season (factor interaction effect: F = 1.92, p = 0.01).

The pattern of flower development in multiple cohorts and
the sequential hermaphroditism of flowers caused a variation
in sex ratio across time. A male-biased gender was observed at
the beginning of flowering season, whereas the sex ratio was
balanced from the peak to the end of flowering season (F =
189.06, p < 0.0001; Fig. 5C). A similar pattern of gender
variation was observed between years and among individuals
sampled (year effect: F = 0.04, p = 0.83; individuals nested
in year effect; F=1.10, p = 0.51). Factor interaction was not
significant in the model (factor interaction effect: F = 0.81,
p=0.58).

DISCUSSION

S. praealtum fowers exhibited a male-female sequential her-
maphroditism, but an extended time of pollen presentation
by gradual anther dehiscence caused an incomplete protandry
in the species. To my knowledge, this is the first study that
demonstrate an overlapped male and female functions in
genus Sedum. The observed gradual dehiscence of anthers
could enhance pollen transfer among flowers in the species
(reviewed by Harder & Wilson 1994). Thus, S. praealtum
flowers seem to operate with an extended pollen-dispatching
mechanism. Protandry has been recognized as a strategy that
improves outcrossing rate by reducing pollen-pistil interference
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within a flower (Lloyd 1980; Lloyd & Webb 1986; Brunet &
Charlesworth 1995). The observed incomplete protandry in
S. praealtum flowers could be more than just a mechanism
that avoids self-fertilization, which requires future research.

Traits related to growth pattern have contributed to a number
of dichotomies involving vegetative and reproductive traits in
the taxonomy of Sedum (Hart 1997; Thiede & Eggli 2000).
Whilst the developmental pattern of inflorescences usually
typifies where and when floral buds are produced, the flower
anthesis seems to be modeled, at least to some extent, by other
factors beyond the determinate growth pattern of inflores-
cences in S. praealtum. Herndndez-Ramirez (2017) observed
that flowers within lateral branches were opened earlier than
those within main axis. This study confirms previous observa-
tion, i.e., the flowers opening sequence within inflorescence
resembles an acropetal flowering sequence (flower opening
in sequence from the bottom to the top). Although the in-
florescence growth pattern determines the position of floral
buds, it does not determine the sequence of flower opening
within the inflorescence.

In S. praealtum, the inflorescence production reached its
asymptote at the middle of the flowering season, whereas an
extended opening of flowers was observed through reproduc-
tive season. Although, the asynchronous development of the
pre-existing reproductive meristems (both active and those
remaining quiescent) contributed to explain the continuous
opening of flowers over reproductive season, the differences
between floral bud production timing and flower opening
timing could compensate for architecture and modularity
constraints linked to its inflorescence type. A similar phenom-
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Fic. 5. — Floral display size in Sedum praealtum A. DC. (Crassulaceae): A, num-
ber of inflorescences; B, number of flowers; C, sex ratio (female-phase flowers/
total number of flowers). Values are means + SE.

enon was reported in several species, including members of
the Brassicaceae, Gentianaceae, Lythraceae, Orobanchaceae
family (reviewed by Obeso 2002). It is well known that both
endogenous factors (modification of transcriptional programs
associated with gene expression; Lemmon ez a/. 2016), and
exogenous factors may modify the development program of
reproductive meristems within inflorescence (reviewed by
Harder & Wilson 1994). Within the exogenous factors, the
pollinators identity and behavior (reviewed by Harder & Wilson
1994), as well as differences in resource allocation (Lloyd &
Webb 1986; Brunet & Charlesworth 1995) could modify
the development program of flowers within an inflorescence.
Specifically, theory suggest that adjusting the lower opening
and extended pollen presentation in plants would be favored
when pollinators were frequent and less efficient to pollen
transfer (Castellanos ez 2/ 2006). Herndndez-Ramirez (2017)
documented that S. praealtum exhibited pollen limitation,
whereas investment allocation to flowers was not constrained
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by changes in resources status in the species. Thus, the atypi-
cal development program of flowers within the inflorescence
linked to extended pollen presentation in S. praealtum might
be at least partially attributable to the identity and behavior
of pollinators. Regardless of what factors are operating in
the development program of flowers within an inflorescence
in S. praealtum, the inflorescences production cessation and
the flowers opening continuity over flowering season suggest
a potential trade-off between the elements that composed
the floral display size. Identify the selection pressures and
mechanisms that modulate floral display size in the species
are potential avenues for future researches.

Typically, protandry promotes a predictable gender shift
from maleness to femaleness in plants (Lloyd & Webb 1986;
Brunet & Charlesworth 1995). Nonetheless, S. praealtum
exhibited an initial sex expression toward maleness, but
changes in the phenology of flowers modified the expected
pattern of femaleness at the end of the flowering season.
Specifically, late-produced flowers did become functionally
female 1-2 days later than early-produced flowers. Further-
more, some late-produced flowers wilted before becoming
female, modifying the expected female-biased ratio at the
end of flowering season. In the species, the abortion of late-
produced flowers may be a strategy that allows to reallocate
resources and enhance fruit development of already pollinated
female flowers (Lloyd & Webb 1986; Brunet & Charlesworth
1995; Herndndez-Ramirez 2017). Although the mechanism
underlying the modification of sex-phase of late-produced
flowers requires future research, the results obtained in this
study confirm that dichogamous species are able to modify its
gender expression by changing the flower sexual-phase dura-
tion (Schoen & Ashman 1995; Routley & Husband 2005;
Castro er al. 2008). The change of sexual-phase phenology
of flowers over flowering season has also been noted in a
number of species, including Chamerion angustifolium (L.)
Holub (Sargent & Roitberg 2000) and Delphinium glavcum
S. Watson (Ishii & Harder 2012). I hypothesized that Sedum
praealtum would exhibit a protandrous flower, with a gender
expression from male to female at flower level, as well as at
individual level across flowering season (i.e., from maleness
at the beginning of flowering season to femaleness at the
end of flowering season). Based on the observed results, the
hypothesis was rejected in the study population.

The results obtained in this study revealed that S. praealtum
produced incomplete protandrous flowers developing in an
acropetal sequence within an inflorescence. The species dis-
played a maleness sex expression at the beginning of flowering
season, whereas a balanced gender expression was observed
from the middle to the end of flowering season. The timing
of reproductive meristem development, onset of sexual-phase
and sexual-phase duration were the flower phenology traits
that modified the gender expression in S. praealtum Thus, this
study highlights the important effect that flower phenology
traits may have on sex expression change under a modular
approach in flowering plants.

Previous research has documented variation in the gender
investment of flowers located at different position within the
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inflorescence in the species. Current research showed that floral
traits associated with dichogamy, as well as flower opening
sequence modified the sex expression in spite of inflorescence
developmental pattern constraint of Sedum. The observed
atypical pattern of flowering within the inflorescence in S.
praealtum may be useful to understand the internal mecha-
nisms regulating flowering and their interaction with pollina-
tors. Understanding those mechanisms and its consequences
would be usefulness for controlling time of flower opening
and pattern of flower opening in domesticated plants.
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