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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    In angiosperms, several tissues within the carpel become special-
ized during development to facilitate pollen-tube elongation to al-
low the male gametes to approach the egg, ultimately to achieve 
fertilization. Th e pollen tube extends either through an extracellu-
lar layer of mucilage that covers the internalized epidermal stylar 
surface, as in many syncarpous monocots, or within the pectin-rich 
cell walls of a specialized tract, as in many syncarpous eudicots 
(e.g.,  Mulcahy, 1979 ;  Prychid et al., 2011 ). Th ese specialized tissues, 
including stigma, stylar transmitting tissue, funiculus, obturator, 
integumentary gap (micropyle) and nucellus, are collectively termed 
the female reproductive tract. 

 Th e stigma is involved in the initial stages of pollen grain adhe-
sion, hydration, germination, and pollen-tube production as well as 
in sporophytic self-incompatibility responses ( Raghavan, 2000 ; 

 Charlesworth et al., 2005 ;  Crawford and Yanofsky, 2008 ;  Hiscock 
and Allen, 2008 ). Pollen tubes then extend through the style to the 
ovary via a pollen-tube transmitting tissue, a specialized tract with 
multiple roles in nutrition, guidance, defense, and adhesion ( Herrero 
and Dickinson, 1979 ;  Tilton and Horner, 1980 ;  Tilton et al., 1984 ; 
 De Graaf. et al., 2004 ;  Crawford and Yanofsky, 2008 ). Th is tissue is 
also a site of pollen-tube competition and attrition and gameto-
phytic incompatibility reactions ( Erbar, 2003 ;  Charlesworth et al., 
2005 ). Th ere are two main types of transmitting tissue in syncar-
pous angiosperms: hollow and solid, which broadly characterize 
monocots and nonmonocots (eudicots and magnoliids), respec-
tively. In solid styles, pollen tubes grow intrusively between cells in 
a highly directional manner, following numerous signals provided 
by the female tissues ( Erbar, 2003 ;  Sauter, 2009 ). In some eudicots 
(e.g.,  Fagus japonica  Maxim.), pollen tubes arrive at the base of the 
style, but fertilization is delayed, playing an important role in ga-
metophyte competition and selection leading to nonrandom fertil-
ization ( Sogo and Tobe, 2006 ). Once in the ovary, the critical gap 
between the stylar transmitting tissue and the ovular micropyle is 
bridged in several possible ways: (1) the micropyle faces the papillate 
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  PREMISE OF THE STUDY:  In angiosperms, several carpel tissues are specialized to facilitate pollen-tube elongation to achieve fertilization. We evaluated the 

possible evolutionary pathways of the diverse female reproductive tracts in Nyctaginaceae. 

  METHODS:  We studied the anatomy of a range of species representing diff erent tribes, using light, fl uorescence, scanning electron, and transmission elec-

tron microscopy. 

  KEY RESULTS:  Stigmas have multicellular, multiseriate papillae, except for  Boerhavia diff usa  with unicellular papillae. The styles are solid, with a strand of 

transmitting tissue linking the stigma with the ventral ovary wall. In  Allionia ,  Boerhavia , and  Mirabilis , the transmitting tissue branches into two indepen-

dent tracts at the base of the ovary and continues across the lateral margins of the funicle to the micropyle; it is composed of cells with thick walls sur-

rounded by abundant extracellular matrix.  Bougainvillea ,  Pisonia , and  Pisoniella  have a diff use transmitting tissue and an obturator, a proliferation of cells 

covered by a layer of secretory papillae that encloses the funicle, placenta, and ventral wall of the gynoecium and contacts with the micropyle. 

  CONCLUSIONS:  We propose two models of female reproductive tract, (A) one in which an obturator is absent and the transmitting tissue is compact and 

branched and (B) one in which an obturator is present and the transmitting tissue is diff use. On the basis of character optimization, we hypothesize that 

model B represents the ancestral (plesiomorphic) condition in the family and model A originated once during evolution, within the tribe Nyctagineae. 
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surface of the placenta (e.g.,  Geranium sanguineum  L.), (2) secre-
tions fi ll the ovary lumen (e.g.,  Monodora crispata  Engl.), and (3) 
morphological structures (obturators) can facilitate pollen-tube ex-
tension to the micropyle [e.g.,  Prunus persica  (L.) Batsch] ( Tilton 
and Horner, 1980 ;  Arbeloa and Herrero, 1987 ;  Erbar, 1998 ,  2003 ). 

 Th e “four o’clock” family Nyctaginaceae Juss. (Caryophyllales) is 
characteristically unicarpellate and uniovulate. Nyctaginaceae in-
clude 28–31 genera and 300–400 species ( Bittrich and Kühn, 1993 ; 
 Mabberley, 1997 ) distributed in tropical and subtropical regions 
worldwide, classifi ed into seven tribes ( Douglas and Spellenberg, 
2010 ). Early studies of the family reported some unusual structural 
features in the female reproductive tract, such as branched trans-
mitting tracts and obturators (e.g.,  Heimerl, 1887 ;  Bhargava, 1932 ; 
 Joshi, 1934 ;  Joshi and Rao, 1934 ;  Kajale, 1938 ;  Venkateswarlu, 1947 ; 
 Cooper, 1949 ). However, these fi ndings are anatomically unex-
plored. Furthermore, some species display differences in pollen 
traits, including size, number, and reserve type ( López et al., 2006 ) 
and sexual and compatibility systems, including self-compatibility, 
self-incompatibility, and dioecy ( Cruden, 1973 ;  Bittrich and Kühn, 
1993 ;  López and Galetto, 2002 ). Thus, the family represents an 
interesting model to investigate the influence of the female re-
productive tract on patterns of pollen-tube growth under distinct 
conditions. 

 Here, we undertake a detailed comparative anatomical study of 
species of six genera of Nyctaginaceae [ Allionia  L.,  Boerhavia  L., 
 Bougainvillea  Comm. ex Juss.,  Mirabilis  L.,  Pisonia  L.,  Pisoniella  
(Heimerl) Standl.] with a focus on the structural features of the fe-
male reproductive tract. We identify two contrasting models of 
female reproductive tract and pollen-tube pathway in this group. 
Th ese fi ndings off er a framework for upcoming studies to assess the 
infl uence of these structural features on the pollination process; 
when placed in a phylogenetic context, they will help us understand 
the evolution of reproductive biology in the family. 

 MATERIALS AND METHODS 

 Material—  Th e majority of species studied ( Table 1 )  are endemic to 
South America, except  Mirabilis jalapa  L.,  Boerhavia diff usa  var. 

 leiocarpa  (Heimerl) C.D.Adams and  Allionia choisyi  Standl., which 
are more widely distributed. We examined 11 taxa representing six 
genera and three tribes of Nyctaginaceae according to the classifi ca-
tion of  Douglas and Spellenberg (2010) . We selected species pos-
sessing diff erent pollen traits (size, number, and pollen reserve), 
dioecy or monoecy, and self-compatibility or self-incompatibility. 
For SEM and LM, fl owers were fi xed in formalin-acetic acid-alco-
hol (FAA;  Johansen, 1940 ) or 70% ethanol and stored in 70% 
ethanol. 

 Light microscopy (LM)—  Open-pollinated fl owers or dissected 
ovaries were embedded in Paraplast (Sigma, St. Louis, Missouri, 
USA) or Histoplast (National Diagnostics, Atlanta, Georgia, USA) 
using standard methods of wax embedding, and serially sectioned 
using a Leica rotary microtome. Sections were stained in 1% w/v 
safranin in 50% ethanol and 1% w/v aqueous solution of alcian 
blue, or 0.5% w/v toluidine blue O in 0.1 M phosphate buff er, pH 7, 
then dehydrated through an alcohol series to 100% ethanol and 
then placed in Histoclear (National Diagnostics). Sections were 
mounted in DPX (Aldrich, Gillingham, UK) and examined using a 
Zeiss Axiolab light microscope fi tted with a digital camera. 

 Scanning electron microscopy (SEM)—  Open-pollinated fl owers 
and buds of some species ( Table 1 ) were dehydrated in an ethanol 
series and carefully dissected for SEM imaging. Dehydrated mate-
rial was critical-point dried using a Balzer CPD 020 (Balzer Union, 
Furstentum, Liechtenstein), mounted onto SEM stubs using dou-
ble-sided sellotape. Stubs were sputter-coated with platinum using 
an Emitech K550 Sputter Coater (Emitech, Ashford, UK) and ex-
amined using a Hitachi cold-fi eld emission SEM S-4700-II at 2–5 kV. 
In edited fi gures, background was turned to black. 

 Transmission electron microscopy (TEM)—  Open-pollinated fl ow-
ers of  Boerhavia diff usa  var.  leiocarpa  and  Bougainvillea stipitata  
were dissected, placed in fixative (2.5% v/v glutaraldehyde in 0.1 
M sodium cacodylate buff er, pH 7.0), de-aerated under vacuum, 
and fi xed overnight. Th ey were washed in cacodylate buff er, fi xed in 
1% w/v OsO 

4
  in 0.1 M phosphate buff er, washed again and dehy-

drated through a graded ethanol series. Pistils were embedded in 

  TABLE 1.  List of species investigated, arranged according to classifi cation of  Douglas and Spellenberg (2010) , voucher information, and microscopic techniques 

used in addition to light microscopy.  

Tribe Species Source (province: department: locality) Voucher Microscopy

Bougainvilleae  Bougainvillea campanulata  Heimerl Argentina: Salta: La Viña: Alemania Galetto et al., 172
 Bougainvillea praecox  Griseb. Argentina: Chaco: General Güemes: nd Fortunato et al., 6435
 Bougainvillea stipitata  Griseb. Argentina: Córdoba: Colón: La Calera López 130

Catamarca: Capayán: San Pedro Nores 66 SEM, TEM
Pisonieae  Pisonia zapallo  Griseb. var.  guaranitica  

 Toursark.
Argentina: Corrientes: Empedrado: 

Ea. Las Tres Marías
TMP 14574

 Pisonia zapallo  Griseb. var.  zapallo Argentina: Catamarca: Paclín: 
Cuesta del Totoral

Cerana and Nores 
2073, 2074

SEM

 Pisoniella arborescens  (Lag. and Rodr.) 
Standl. var.  glabrata  (Heimerl) Heimerl

Argentina: Catamarca: Capayán: San Pedro Nores 65 SEM

Nyctagineae  Boerhavia diff usa  L. var.  leiocarpa  (Heimerl) 
C.D.Adams

Argentina: La Rioja: Capital: Las Padercitas Cerana and Nores 2078 F, SEM, TEM

 B. pulchella  Griseb. Argentina: Córdoba: Colón: Saldán Anton and López 323
 Allionia choisyi  Standl. Argentina: San Luis: Junín: RN 20, km 244 Fortunato et al., 9895 F, SEM
 Mirabilis jalapa  L. Argentina: Córdoba: Colón: Villa Allende Nores 68 SEM
 M. ovata  (Ruiz and Pav.) F.Meigen Argentina: Mendoza: San Rafael: RN 144 Galetto and Torres 817 F, SEM

  Notes:  Material was collected in Argentina; voucher specimens are deposited at the Museo Botánico de Córdoba (CORD), Argentina. All species were examined using light microscopy; 
other systems used: F = fl uorescence microscopy; SEM = scanning electron microscopy; TEM = transmission electron microscopy. 
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medium-grade LR white resin (London Resin, Reading, UK) in 
gelatin capsules. Semithin sections of approximately 1 μm were cut 
using a Reichert Ultracut (Leica, Milton Keynes, UK) and a dry 
glass knife, stained with toluidine blue and mounted in DPX (Al-
drich). Th ey were examined using a Zeiss Axiolab light microscope 
and normal bright-fi eld optics. Ultrathin 0.1–0.2 μm silver-gold 
interference color serial sections were cut using a diamond knife, 
stained with uranyl acetate and lead citrate ( Reynolds, 1963 ) in a 
LKB Ultrostainer (LKB-Produkter AB, Bromma, Sweden) and ex-
amined using a JEOL JEM-1210 transmission electron microscope 
(JEOL, Welwyn Garden City, UK). 

 Fluorescence microscopy (FM)—  Open-pollinated fl owers were 
fi xed in 70% ethanol or FAA and hydrated in an alcohol series to 
distilled water. Pistils were clarifi ed in 4 M NaOH from 10 min to 
120 min at 60 ° C, rinsed with distilled water, transferred onto slides 
and stained with 0.1% w/v aniline blue ( Kho and Baer, 1968 ). Fluo-
rescence of callose in pollen tubes was visualized using UV light 
and a Zeiss Axiophot microscope (excitation fi lter 390 nm; emis-
sion fi lter 460 nm) equipped with a mercury lamp. 

 Morphological analysis and character optimization—  In total, 
17 reproductive characters were scored ( Table 2 ) , based on our 
observations and data from other literature (e.g.,  Nowicke, 1970 ; 
 Nowicke and Luikart, 1971 ;  Bittrich and Kühn, 1993 ;  López and 
Galetto, 2002 ;  López and Anton, 2006 ;  López et al., 2006 ;  Douglas 
and Manos, 2007 ;  Nores et al., 2013 ). Two of these characters 
(7 and 8) were optimized on a tree showing a summary of relation-
ships of Nyctaginaceae, modifi ed from  Douglas and Spellenberg 
(2010) , as implemented in the program TNT v.1.1 ( Goloboff  et al., 
2008 ). Two approaches were used: character mapping for each 
character and character reconstruction (that allows identifi cation 
of diff erent possible reconstructions of nodes with ambiguous re-
constructions). Based on published phylogenies ( Brockington 
et al., 2009 ;  Crawley and Hilu, 2012 ), the following taxa were included 
as outgroups:  Rivina humilis  L.,  Phytolacca dioica  L. (Phytolacca-
ceae);  Gisekia pharnaceoides  L. (Gisekiaceae); and  Trianthema 
argentina  Hunz and Cocucci and  T. portulacastrum  L. (Aizoaceae). 
Data for the outgroups were obtained from the literature ( Joshi, 

1934 ;  Kajale, 1944 ,  1954 ;  Cocucci, 1961 ). Tribe Caribeeae was not 
included since its phylogenetic position is uncertain. 

 RESULTS 

 General morphology of reproductive structures —   Reproductive 
characters are summarized in  Table 2 . Flowers are hermaphrodites, 
except for the dioecious  Pisonia zapallo , in which pistillate fl owers 
have a well-developed gynoecium with stamens reduced to stami-
nodes and the staminate fl owers have well-developed stamens with 
the gynoecium reduced to a pistillode. Most of the taxa studied here 
are self-compatible, except for the self-incompatible species  Bou-
gainvillea stipitata  and the dioecious  P. zapallo , which is obligately 
outcrossing (e.g.,  López and Galetto, 2002 ; H. López et al., IMBIV, 
personal observation); no data are recorded for  Pisoniella arbores-
cens  (Lag. and Rodr.) Standl. var.  glabrata  (Heimerl) Heimerl and 
the other species of  Bougainvillea . 

 Th e lower part of the perianth encloses a superior ovary. Th e 
gynoecium is monocarpellate, unilocular, uniovulate, sessile, or 
stipitate; ovules are anatropous to anacampylotropous ( Bittrich 
and Kühn, 1993 ). Th e stigma is included in  Allionia choisyi  and 
 Bougainvillea  and exserted in the remaining species. Th e style is 
inserted in a terminal position on most genera or in a lateral posi-
tion in  Bougainvillea . No vascular bundle is present in the ventral 
style or carpel wall, where the transmitting tract is located. Carpel 
vasculature consists of a single dorsal vascular bundle, except in 
 Bougainvillea , which also possesses two or three median lateral vas-
cular bundles. All species possess a groove or pore in the external 
ventral carpel wall, as a result of incomplete fusion of the carpel 
margins. 

 Th e 3–9 stamens (1–3 in  Boerhavia diff usa ) are connate at the 
base, forming a staminal tube ( Nores et al., 2013 ). Filaments are 
mostly unequal and exserted. Th ey are included in  A. choisyi  and 
 Bougainvillea . Th e pollen grains are spheroidal in most species and 
prolate in  Pisonia  and  Pisoniella . Th ey are pantoporate and spinulate 
in  Allionia ,  Boerhavia , and  Mirabilis ; tricolpate-spinulate in  Pisonia ; 
tricolpate-reticulate in  Bougainvillea stipitata ; and 6–18 pantocolpate 
in  Pisoniella  (e.g.,  Nowicke, 1970 ;  Nowicke and Luikart, 1971 ; 

  TABLE 2.  Morphological characters and character states. 

Characters

Taxon 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

 Allionia choisyi 0 1 0 1 0 1 1 0 0 3 0 0 2 0 1 1 1
 Boerhavia diff usa  var.  leiocarpa 0 1 1 0 0 1 1 0 0 2 1 0 2 0 1 0 1
 B. pulchella 0 1 1 — 0 1 1 0 0 — 1 0 2 — 1 1 1
 Bougainvillea campanulata 0 — 0 — 1 0 0 1 1 0 0 0 0 — 0 2 0
 Bougainvillea praecox 0 — 0 — 1 0 0 1 1 0 0 0 0 — 0 2 0
 Bougainvillea stipitata 0 0 0 1 1 0 0 1 1 0 0 0 0 1 0 2 0
 Mirabilis jalapa 0 1 1 1 0 1 1 0 0 0 1 0 2 0 1 1 1
 M. ovata 0 1 1 1 0 1 1 0 0 0 1 0 2 0 1 1 1
 Pisonia zapallo  var.  zapallo 1 0 1 1 0 0 0 1 0 2 1 1 0 0 1 — 0
 P. zapallo  var.  guaranitica 1 0 1 1 0 0 0 1 0 2 1 1 0 0 1 — —
 Pisoniella arborescens  var.  glabrata 0 — 1 1 0 0 0 1 0 1 1 1 1 — — — —

  Character notes:  1. Sexuality: hermaphrodite (0); unisexual (1). 2. Compatibility: self-incompatible (0); self-compatible (1). 3. Stigma position relative to perianth: included (0); exserted (1). 4. 
Stigmatic papillae: unicellular (0); multiseriate (1). 5. Style position: terminal (0); lateral (1). 6. Transmitting tissue: diff use and not enclosed in a ring of cells (0); compact and enclosed in a ring 
of cells (1). 7. Transmitting tissue: unbranched (0); bifurcated into two tracts (1). 8. Obturator: absent (0); present (1). 9. Vasculature of the gynoecium: one dorsal vascular bundle (0); one 
dorsal vascular bundle and median lateral vascular bundles (1). 10. Aperture in ventral carpel wall: longitudinal groove (0); transversal groove (1); circular pore (2); triangular pore (3). 11. 
Stamen position relative to the perianth: exserted (0); included (1). 12. Pollen shape: spherical (0); prolate (1). 13. Pollen aperture: tricolpate (0); pantocolpate (1); pantoporate (2). 14. Pollen 
ornamentation: spinulate (0); reticulate (1). 15. Pollen reserve: lipids (0); starch (1). 16. Number of pollen grains per fl ower: 1–100 (0); 101–500 (1); 6000–7000 (2). 17. Pollen grain diameter: 
20–25 μm (0); >40 μm (1). 
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 Bittrich and Kühn, 1993 ). A few large and starchy pollen grains are 
found in species of  Allionia ,  Boerhavia , and  Mirabilis , while several 
small and oil-rich pollen grains are common in  Bougainvillea ;  Piso-
nia  possesses small pollen grains with unknown reserve type ( López 
et al., 2006 ). 

 Female reproductive tract in Mirabilis, Boerhavia, and Allionia 

( Figs. 1–4 ) —   Th e pollen tube pathway is fully illustrated for  M. ja-
lapa  ( Fig. 1 )  and partially shown for some other taxa ( Figs. 2, 3 ).   
Th e pollen-tube transmitting tissue is a dense and circularly con-
toured strand that occupies a large region of the middle or ventral 
side of the style and extends along the ventral carpel wall at the top 
and midregion of the ovary ( Figs. 1A, I, N, P, Q; 2E; 3I ). At the base 
of the ovary, it divides into two independent branches that extend 
along the ventral wall ( Figs. 1B–E, R; 2F, H; 3J, K ). Th e division of 
branches coincides with the groove or pore, variable among taxa, 
that resulted from carpel margin fusion ( Figs. 1E, F, R; 2C, H; 3C, 
H, K ). Th e transmitting tracts then extend through both lateral 
margins of the funicle in a ventral-dorsal direction) ( Figs. 1F–O; 
2D; 3D, L ). In the region below the micropyle, they fuse again and 
come into close contact with the micropyle ( Figs. 1G, M–O; 2G, I, 
L ). Pollen tubes may use either of the two funicular branches to 
reach the micropyle ( Figs. 2D; 3E ). An obturator is absent in these 
species ( Figs. 1G, I, O; 2D; 3D, L ). Using fl uorescence microscopy, 
multiple pollen grains are observed germinating on the stigma; the 
number of pollen tubes diminishes through the style, ovary, and 
funicle ( Fig. 4 ) . 

 Along the entire reproductive pathway, the transmitting tissue 
is composed of dark-staining cells with very thick walls sur-
rounded by an abundant extracellular matrix that stains pink-
purple when stained with toluidine blue ( Figs. 1E, F; 2E–I; 3E, K ). 
With SEM, the walls appear fi brillar to homogeneous and ar-
ranged concentrically ( Fig. 1Q, R; 3I ). TEM examination of fl ow-
ers of  B. diff usa  ( Fig. 2J–M ) showed that the transmitting tissue is 
composed of tightly compacted cells with highly dense content, a 
nucleus, Golgi stacks, endoplasmic reticulum, and other endo-
membrane elements. Th e cells walls stained poorly and had nar-
row intercellular spaces. Th e transmitting tissue is enclosed in a 
ring of thin peripheral cells with dense cytoplasm and nucleus 
( Figs. 1E; 2E, F, H, J; 3E ). 

 All of the taxa examined have a papillate stigma. In  Boerhavia 
diffusa , the papillae are unicellular ( Fig. 2A, B ). The stigmatic 
papillae of  Mirabilis ovata  ( Fig. 3A, B ) and  M. jalapa  (not 
shown) consist of 3–4 cellular stacks, while those of  Allionia 
choisyi  consist of 2–3 cells with incomplete division of lateral 
walls ( Fig. 3F, G ). 

 Female reproductive tract in Bougainvillea, Pisonia, and Pisoniella 

( Figs. 5–7 ) —   A loosely organized strand of transmitting tissue runs 
from the ventral side of style to the base of the ovary ( Figs. 5H–J, L; 
7D, E, H ).    Th e surface of the transmitting tissue expands at the level 
of the ovary, where a groove or pore is present in all species ( Figs. 
5C, I; 7F, I ). An obturator, consisting of a cellular proliferation cov-
ered by a layer of secretory papillae, overlies the entire surface of 
the funicle and the placenta and contacts with the micropyle ( Figs. 
5D–G, J, K; 7B–E, G, H ). Th e same pattern is found in the pistillode 
of staminate fl owers of  P. zapallo  ( Fig. 7L–M ). Obturator cells also 
diff erentiate in the ventral wall of the ovary and closely face the 
funicle ( Figs. 5J–M; 7D, G ). The obturator is less developed in 
 Pisonia , which has a shorter funicle and a smaller structure. The 

obturator is present in the funicle during early ovule diff erentiation 
in  Bougainvillea stipitata  and  Pi. arborescens  (not shown), and 
when the ovule rotates, this structure lies at the opening of the 
micropyle. 

 Th e diff use transmitting tissue is composed of dark-staining 
cells; it is not surrounded by peripheral cells. Th e cells are thin-
walled, and no extracellular matrix is visible. Ultrastructural studies 
of  Bougainvillea stipitata  show that the stylar transmitting cells 
possess active nuclei, starch in packs, and large vacuoles, and they 
are separated by large intercellular spaces ( Fig. 6A–C ). Ovarian 
transmitting cells become more tightly arranged with narrower in-
tercellular spaces, and granular cytoplasm rich in mitochondria, 
starch, and vacuoles ( Fig. 6D–F ). 

 Ultrastructural analysis of the obturator in  Bougainvillea stipi-
tata  illustrates elongated papillate secretory cells whose granular 
cytoplasm is rich in ribosomes and endomembrane elements like 
Golgi stacks or endoplasmic reticulum ( Fig. 6G–I ). Starch grains 
are absent. Mitochondria and a vacuole with visible content ori-
ented to the gynoecium lumen are oft en present. Th e walls are 
thicker than those of the transmitting tissue cells. No extracellular 
matrix is clearly visible, but with SEM, a thin, fi brillar exudate was 
detected over the cells during anthesis ( Fig. 5F ). Th e cells in the 
layer underneath the papillate cells possess nuclei, a granular cyto-
plasm rich in starch, plastids, and mitochondria ( Fig. 6L ). Pollen 
tubes extend through the ovary lumen in contact with the obturator 
( Fig. 6J, K ) until they reach the micropyle. 

 Th e stigma is multicellular and multiseriate-papillate in  Bou-
gainvillea stipitata  ( Fig. 5A–B ),  Pisoniella arborescens  ( Fig. 6A ), 
and  Pisonia zapallo  ( Fig. 6J ). 

 DISCUSSION 

 Two models of female reproductive tract occur in Nyctagina-

ceae —   Among the species examined, the stigmatic papillae are in 
general multicellular-multiseriate, except in  Boerhavia diffusa , 
which has unicellular papillae. Our observations of papillae diff er 
in some respects from a previous study ( Heslop-Harrison and 
Shivanna, 1977 ), which found multicellular and multiseriate papil-
lae in  Bougainvillea  and unicellular papillae in  Mirabilis  and 
 Oxibaphus . 

 All species possess solid styles with a strand of transmitting tis-
sue extending from the style to the ventral ovary wall. However, we 
propose two contrasting models of female reproductive tract and 
pollen-tube pathway ( Fig. 8 ),  based on strong correlations in three 
features: the course of the transmitting tissue at the base of the 
ovary, its cellular structure, and the method of bridging the gap be-
tween the gynoecial tissue and the ovule. 

 Model A—  Th is model characterizes tribe Nyctagineae ( Allionia , 
 Boerhavia ,  Mirabilis :  Table 1 ,  Fig. 8 ). Pollen tubes travel through a 
well-defi ned strand of transmitting tissue that runs along the ven-
tral wall of the ovary and branches into two independent tracts at 
the base of the ovary. Both tracts continue across the lateral mar-
gins of the funicle and fuse on the dorsal side. Due to the curvature 
of the ovule, the fused transmitting tissue faces the micropyle, thus 
bringing the pollen tubes in close proximity with the entrance of 
the ovule. An obturator is absent. Some features of this pathway 
were suggested in early descriptions using light microscopy. Two 
tracts (canals) were reported at the ventral carpel wall in  Mirabilis 



 J U LY      2 0 1 5   ,  V O LU M E    1 0 2    •   N O R E S   E T  A L .  — P O L L E N  T U B E  PAT H WAY  I N  N YC TA G I N A C E A E    •   5 

  FIGURE 1  Pollen-tube transmitting pathway in  Mirabilis jalapa , all LM, except (P–R) SEM. (A–H) Transverse sections through ovary showing course of 

pollen-tube transmitting tissue, from a single strand in the ventral carpel wall in the midregion (A), and branching into two tracts at lower levels (B–E), 

coinciding with a groove in the ventral carpel (E, F). (F–H) Both tracts run across the funicular margins and fuse in the zone directly beneath the micro-

pyle (G). (I–O) Longitudinal sections of a single fl ower. (I) One transmitting tract at the top of the ovary and two at the level of the funicle. (J–M) Details 

of transmitting pathway outlined in (I), from ventral to dorsal carpel wall. (N, O) Transmitting tissue passes through the funicle into the micropyle of 

the ovule. One (P, Q) or two (R) tracts of transmitting tissue, consisting of cells in a dense matrix. Arrows indicate transmitting tract; arrowhead indi-

cates ventral carpel groove. c, carpel; db, dorsal vascular bundle; dc, dorsal carpel wall; es, embryo sac; fu, funicle; mi, micropyle; n, nectary; o, ovule; p, 

perianth; r, raphide; st, staminal tube; tt, transmitting tissue; vc, ventral carpel wall. Scale bars in A = 350; in B = 250; in C, D, P = 500 μm; in G, H = 150 

μm; in F, J–M = 50 μm; in I, N, O = 300 μm; in E, Q = 40 μm; in R = 100 μm.   
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  FIGURE 2  Pollen-tube transmitting tissue in  Boerhavia diff usa , using SEM (A–C), LM (D–I), and TEM (J–M). (A) Spheroidal, spinulate, pantoporate pollen 

grains on unicellular papillate stigma (B). (C) Gynoecium with a drop-like pore in the ventral carpel wall. (D) Longitudinal section of gynoecium with 

pollen tubes growing through two transmitting tracts at the level of the funicle. (E–I) Semithin transverse sections through the same gynoecium at 

diff erent levels. (E) Transmitting tissue in style, enclosed in a ring of narrower cells. (F, G) At the midregion of the ovary, the transmitting tract starts to 

divide in the ventral carpel wall (F) and reaches the micropyle (G). (H, I) Closer to the ovule, the transmitting tract separates into two strands (D) that 

fuse at the micropylar side. (J) General view of transmitting tissue composed of electron-dense cells with thick walls in concentric layers, surrounded 

by a single narrow layer of thin-walled peripheral cells. (K) Transmitting tissue cell with highly compact and densely stained cytoplasm and endomem-

brane system organelles. (L, M) The same tissue is found in the micropyle. Arrows indicate transmitting tract; arrowhead indicates ventral carpel pore. 

db = dorsal vascular bundle; dc = dorsal carpel wall; ER = endoplasmic reticulum; f = fi lament; fu, funicle; g, gynoecium; G = Golgi stacks; it = integu-

ment; mi = micropyle; n = nectary; nu = nucleus; o = ovule; pc = peripheral cells; pg, pollen grain; sti, stigma; tt = transmitting tissue; ttc = transmitting 

tissue cell; vb = vascular bundle; vc = ventral carpel wall; w = wall. Scale bars in A = 300 μm, in B, L = 10 μm, E = 200 μm, in F–H = 25 μm, in I = 40 μm, 

in J = 20 μm; in K = 2 μm, in O = 100 μm, in  P  = 75 μm, in M = 5 μm.   
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  FIGURE 3  Female reproductive tract in  Mirabilis ovata  (A–E),  Allionia choisyi  (F–K), and  Boerhavia pulchella  (L), using SEM (A–C, F–I) and LM (D, E, J–L). 

(A, B) Multicellular, multiseriate papillate stigma. (C) Longitudinal section of gynoecium with axial groove in ventral carpel wall. (D) Longitudinal sec-

tion of gynoecium showing two transmitting tracts at level of funicle. (E) Pollen tube has found its path within transmitting tissue. (F) Spheroidal, 

spinulate, pantoporate pollen grains deposited on a multicellular, multiseriate papillate stigma (G). ((H) Gynoecium with triangular pore in ventral 

carpel wall. (I) Central strand of transmitting tissue in style, outlined in H. (J, K) Transverse sections at the midregion of the ovary (outlined in H), show-

ing two transmitting tracts with dark-staining cells and thick walls. (L) Longitudinal section of gynoecium with two transmitting tracts at the level of 

the funicle. Arrows indicate transmitting tract; arrowhead indicates ventral carpel groove or pore. c, carpel; db, dorsal vascular bundle; dc, dorsal carpel wall; 

es, embryo sac; f, fi lament; fu, funicle; g, gynoecium; gy, gynophore; o, ovule; p, perianth; pg, pollen grain; pt, pollen tube; sti, stigma; tt, transmitting tissue; 

vc, ventral carpel wall. Scale bars in A = 200 μm; in B, E, F = 50 μm; in C = 400 μm; in D, I = 100 μm; in G = 20 μm; in H = 300 μm; in K = 75 μm; in J, L = 150.   

jalapa ,  M. longifl ora ,  M. nyctaginea  [as  Oxybaphus nyctagineus  
(Michx.) Sweet],  Boerhavia diff usa , and  Boerhavia repanda  Willd. 
( Heimerl, 1887 ;  Joshi, 1934 ;  Joshi and Rao, 1934 ). Using longitudi-
nal sections,  Heimerl (1887) ,  Bhargava (1932) , and  Cooper (1949)  

outlined the pollen-tube route in  Boerhavia repanda ,  M. nyctag-
inea ,  M. jalapa , and  M. longifl ora . However, earlier authors diff ered in 
their description of the manner of that the gap between the gynoe-
cial tissue and the micropyle was bridged, suggesting that pollen 
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tubes grow either in semicircles in the swollen tissue of the placenta 
( Heimerl, 1887 ), around the funicle in mucilaginous exudates 
( Cooper, 1949 ) or through the funicle ( Bhargava, 1932 ), the latter 
interpretation coinciding with our observations. 

 In model A, the transmitting tissue is homogeneous from the 
style to the micropyle, composed of highly compacted cells with 
dense and narrow cytoplasm and very thick walls, enclosed in a ring 
of thin cells. Among other eudicots with solid styles, the cell walls 
appear swollen from a pectinaceous secretion that forms a wide ex-
tracellular matrix ( Kroh and Munting, 1967 ;  Sassen, 1974 ), com-
posed of carbohydrates and proteins ( Knox, 1984 ) and pistil-specifi c 
glycoproteins ( Herrero and Hormaza, 1996 ;  Erbar, 2003 ;  Sauter, 
2009 ;  Losada and Herrero, 2014 ). Ultrastructurally, the matrix is 
distended, with an amorphous appearance and low electron-den-
sity, as in  Arabidopsis thaliana  (L.) Heynh. and  Helianthus annuus  L. 
( Lennon et al., 1998 ;  Gotelli et al., 2010 ). Th e growing pollen tubes 
pass through the mucilaginous part of the cell wall and intercellular 
matrix, respectively ( Sassen, 1974 ;  Fahn, 1982 ). Th e presence of 
Golgi stacks and endomembrane elements in the cytoplasm has 
been reported in transmitting tissue cells of various species (e.g., 
sunfl ower:  Gotelli et al., 2010 ); these structures are probably related 
to matrix secretion, as in  Brugmansia suaveolens  L. ( Hudak et al., 
1993 ). In this model, our fl uorescence study demonstrated pollen-
tube attrition from the apex to the base of the style in  M. ovata  and 
 Boerhavia diff usa . Th is observation coincides with other taxa with 
solid styles, in which the number of pollen tubes is reduced from the 
stigma to the ovary, either due to pollen tube competition ( Erbar, 
2003 ), physical constraints, or lack of water resources, among others. 

 Model B—  Th is model, characterized by the presence of a diff use 
transmitting tract and a placental-funicular obturator, occurs in 

  FIGURE 4  Gynoecial squashes of  Mirabilis ovata  (A–E) and  Boerhavia diff usa  (F), imaged using fl uorescence 

microscopy to show pollen-tube pathways. (A, B) Apical stigmatic region with several pollen tubes. (C) In 

the stylar transmitting tissue and ventral carpel wall (D), the number of pollen tubes is diminished com-

pared with stigmatic region. (E) Two pollen tubes taking diff erent transmitting tracts in the midregion of 

the ovary. (F). Pollen tube crossing to funicle. Arrowheads indicate pollen tubes. dc, dorsal carpel wall; fu, 

funicle; o, ovule; sti, stigma; sty, style; vc, ventral carpel wall. Scale bars = 180 μm.   

tribes Bougainvilleeae and Pisonieae 
( Fig. 8 ). Th e structure of the transmit-
ting tissue diff ers from that of model 
A; cells are relatively thin walled and 
sparsely distributed. Although exu-
dates were not clearly detected, the 
presence of starch grains in the tissue 
is probably related to secretions that 
guide or nourish pollen tubes. 

 Pollen tubes grow through intercel-
lular spaces between the loosely orga-
nized transmitting tissue along the 
ventral side of the style and ovary. Sub-
sequently, they progress along the 
obturator surface, an outgrowth of cells 
that is covered by a layer of secretory 
unicellular papillae, extend over the 
entire surface of the funicle, placenta, 
and ventral wall of the gynoecium, and 
contact the micropyle, although some 
variation occurs between species. A 
single transmitting tract has been men-
tioned previously for  Bougainvillea 
spectabilis  ( Joshi, 1934 ;  Joshi and Rao, 
1934 ) and a funicular obturator in  Piso-
nia aculeata  ( Venkateswarlu, 1947 ) and 
 Bougainvillea glabra  ( Cooper, 1932 ). 

 Th e epidermal obturator cells 
show characteristics of secretory cells, 

with some secretion detected. Papillate cells in  Bougainvillea stipi-
tata  are rich in ribosomes and endomembranes with a large vacuole 
commonly found in the distal end, resembling those of  Ornithoga-
lum caudatum  Aiton ( Tilton and Horner, 1980 ). In our material, 
papillate obturator cells lacked starch grains, in contrast with  Gly-
cine max  (L.) Merr. (soybean) ( Tilton et al., 1984 ) and  Prunus persica  
(peach) ( Arbeloa and Herrero, 1987 ), but the underlying cells pos-
sessed abundant starch grains that could provide monosaccharides 
necessary for exudate production. Insoluble polysaccharides have 
been detected on the obturator surface of  Ornithogalum sigmoid-
eum  Freyn and Sint; they could play a role in the guidance of pollen 
tubes toward the micropyle (  İ smailo ğ lu and Ünal, 2011 ). 

 Th e obturator in Nyctaginaceae serves as a bridge between the sty-
lar transmitting tissue and micropyle; it is putatively involved either 
in nutrition or in driving pollen-tube growth (physically and/or 
chemically), as reported in other distantly related taxa ( Maheshwari, 
1950 ;  Tilton and Horner, 1980 ;  Herrero, 2000 ;  Oriani et al., 2012 ). For 
example, the obturator in soybean controls the direction of pollen-
tube growth by secreting chemostatic exudates ( Tilton et al., 1984 ). In 
 Actinidia  (kiwifruit), pollen tubes pass over the obturator exudates to 
reach the ovules ( Gonz á lez et al., 1996 ). In peach, pollen tubes arrive 
at the obturator and cease growth until the obturator enters a secre-
tory phase, so the obturator acts as a temporary drawbridge connect-
ing the ovary with the style ( Arbeloa and Herrero, 1987 ). In the 
dioecious species  Phellodendron amurense  Rupr., the obturator may 
be implicated in nutrition instead of guiding pollen tubes ( Zhou et al., 
2004 ). Finally, the obturator is also implicated in recognition of legiti-
mate and illegitimate pollen tubes in the self-incompatible species 
 Pontederia sagittata  C. Presl.; when illegitimate pollen tubes fail to 
contact the obturator, pollen tubes cannot respond to directional sig-
nals from the ovule ( Scribailo and Barrett, 1991 ). 
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  FIGURE 5  Female reproductive tract in  Bougainvillea stipitata  (A–J, L, N) and  Bougainvillea praecox  (K), imaged using SEM (A–G) and LM (H–N). (A) Lat-

eral style with multicellular, multiseriate papillate stigma. (B) Spheroidal, reticulate, and tricolpate pollen grains germinating on stigma. (C) Gynoecium 

with longitudinal groove in ventral carpel wall. (D) An obturator extends over the funicle. (E, F) Obturator covered with papillate cells. (G) Bottom view 

of obturator cells in contact with the micropyle. (H–J, L, M) Serial transverse sections through gynoecium at diff erent levels. (H) A loosely organized 

transmitting tissue composed of dark-staining cells runs along the ventral side of the style. (I) Transmitting tissue in ventral carpel wall. (J) The obtura-

tor develops from the ventral ovary wall and funicle (outlined in D). (K) Longitudinal section of fl ower showing obturator. (L, M) Papillate cells of the 

ventral carpel wall face the funicle. Small, dense cells underlies the papillae (arrow). (N) Secretory papillae on the obturator. Large arrowheads indicate 

ventral carpel groove or pore; small arrowhead indicates ventral suture. db, dorsal vascular bundle; dc, dorsal carpel wall; es, embryo sac; f, fi lament; 

fu, funicle; g, gynoecium; l, lumen; mb, median lateral vascular bundle; mi, micropyle; o, ovule; ob, obturator; p, perianth; pg, pollen grain; st, staminal 

tube; sti, stigma; tt, transmitting tissue; vc, ventral carpel wall. Scale bars in A, C, D = 500 μm; in B, E, F, J = 50 μm; in G = 100 μm; in H, L, M = 10 μm; in 

I, N = 20 μm; in K = 300 μm.   
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  FIGURE 6  Ultrastructure of transmitting tissue and obturator in  Bougainvillea stipitata . TEM transverse sections. (A–C) Transmitting tissue in style. 

(A) General view of loosely organized tissue with large intercellular spaces. (B, C) Transmitting tissue cells with nucleus, dense cytoplasm, vacuoles, and 

starch grains. (D–F) At the bottom of the ovary, the transmitting tissue cells have a large nucleus, dense granular cytoplasm, and high content of starch 

grains and mitochondria. (G–K) Obturator. (G) General view of obturator. (H, I) Papillate cells with granular cytoplasm, endomembrane system ele-

ments, mitochondria, large vacuoles, and cuticle. (J, K) Pollen tube in close contact with papillate cells. (L) Cellular layer below papillate cells, com-

posed of cells with large nucleus and rich in mitochondria; starch grains present in plastids. cu, cuticle; ER, endoplasmic reticulum; fu, funicle; G, Golgi 

stacks; is, intercellular space; l, lumen; m, mitochondrion; nu, nucleus; pc, papillate cell; pt, pollen tube; r, ribosome; sg, starch grain; ttc, transmitting 

tissue cell; v, vacuole; w, wall. Scale bars in A, D, I, K, L =10 μm; in B, E, F, H = 5 μm; in C = 2 μm; in G, J = 20 μm.   

 Our observations show that the transmitting tissue in species of 
Nyctagineae is a homogeneous and highly compact tissue, com-
pared with a more diff use structure in Bougainvilleeae and Pi-
sonieae.  Heimerl (1887)  reported a similar compact tissue in styles 
of  Mirabilis  spp. (Nyctagineae), but he thought that the placental 

tissue swells in the ovary gap and mucus fi lls the micropyle.  Joshi 
and Rao (1934)  also described compact tissue in  Mirabilis jalapa  
and  Bougainvillea spectabilis , compared with the hollow stylar ca-
nals in  Boerhavia diff usa  that are fi lled with loose tissue toward the 
stigma.  Bhargava (1932)  reported a mucilaginous mass in  Boerhavia 
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  FIGURE 7  Reproductive tracts imaged using SEM (A, B, F, I–K) and LM (C–E, G, H, L, M): (A–F)  Pisoniella arborescens ; (G–L)  Pisonia zapallo  var.  zapallo  (G–I: 

pistillate fl ower, J–L: staminate fl ower); (M)  Pisonia zapallo  var.  guaranitica , staminate fl ower. (A) Multicellular, multiseriate papillate stigma. (B) Funicu-

lar obturator. (C–E) Longitudinal section of fl ower (C) and transverse sections (D, E) showing papillate obturator covering both funicle and placenta 

and facing the micropyle. Small, dense cells underlies the papillae (arrow). (F) Transversal groove in ventral carpel wall. (G, H) Longitudinal section of 

fl ower (G) and transverse section (H) showing papillate obturator extending to the funicle, placenta, and ventral wall of ovary and contacting the 

micropyle. (I) Pore in ventral carpel wall. (J) Pistillode with multicellular, multiseriate papillae on stigma and uniseriate multicellular hairs on style. 

(K) Spinulate, tricolpate pollen grain. (L) Transverse section of staminate fl ower showing funicular obturator. (M) Longitudinal section of staminate fl ower 

with obturator covering placenta. Large arrowheads indicate ventral carpel groove or pore; small arrowhead indicates ventral suture. c, carpel; db, 

dorsal vascular bundle; dc, dorsal carpel wall; es, embry sac; f, fi lament; fu, funicle; g, gynoecium; mi, micropyle; o, ovule; ob, obturator; pg, pollen grain; 

pi, pistillode; sta, staminode; sti, stigma; tt, transmitting tissue; vc, ventral carpel wall. Scale bars in A, C, E, I = 100 μm; in B = 500 μm; in D = 150 μm; in 

F, G = 300 μm; in H, L = 250 μm; in J = 50 μm; in K = 10 μm; in M = 400 μm.   

repanda , formed by disorganization of the upper nucellus cells and 
micropylar integument cells; this tissue was interpreted diff erently 
by  Kajale (1938)  as a continuation of the carpel transmitting tissue, 
as in  Boerhavia diff usa  and  M. jalapa .  Cooper (1949)  described a 
spongy tissue in the style and ovary wall of  M. nyctaginea , with 
a mucilaginous exudate produced by the epidermis of the funicle 
and apices of the integument. In either model, the cellular origin 
of the transmitting tissue remains to be clarifi ed. It has been inter-
preted as modified ventral bundles that cease differentiation at 
the procambial stage ( Joshi, 1934 ), as a combination of epidermal 

and subepidermal cells ( Arber, 1937 ), and as derived entirely from 
the epidermis ( Satina, 1944 ). 

 Systematic and evolutionary considerations —   Despite some miss-
ing data (especially for Boldoeae, Caribeeae, Colignonieae, Leu-
castereare, some Nyctagineae), our optimization strongly suggests a 
single evolutionary origin for model A (obturator absent, transmit-
ting tissue compact and branched) within the tribe Nyctagineae ( Fig. 
8 ). Model B (obturator present, transmitting tissue relatively diff use) 
occurs in Pisonieae, Bougainvilleeae, and most outgroups that are 
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  FIGURE 8  Models of female reproductive tract in Nyctaginaceae. In model A (left), an obturator is absent, 

and the transmitting tissue is compact and branched. In model B (right), an obturator is present, and the 

transmitting tissue is diff use. Two characters related to both models were optimized on a tree showing a 

summary of relationships of Nyctaginaceae, modifi ed from  Douglas and Spellenberg (2010) . The pres-

ence of missing data on  Tripterocalyx ,  Abronia , and  Acleisanthes  produces nodes with ambiguous recon-

structions. Arrowhead indicates ventral carpel groove or pore. o = ovule, ob = obturator, pg = pollen grain, 

pt = pollen tube, sti = stigma, tt = transmitting tissue;  Phytolacca d. = dioica ,  Gisekia p. = pharnaceoides , 

 Trianthema a. = argentina ,  Trianthema p. = portulacastrum .   

currently known to have these characters, and therefore represents 
the ancestral (plesiomorphic) condition for the family, with a deeper 
origin within Caryophyllales. Close relatives from Phytolaccaceae 
and Aizoaceae have a funicular obturator (e.g.,  Phytolacca dioica , 
 Triathema argentina ), a funicular-placental obturator ( P. americana ), 
or an obturator that develops from the wall of the ovary ( Rivina hu-
milis ) ( Kajale, 1944 ,  1954 ;  Cocucci, 1961 ;  Ronse Decraene et al., 1997 ). 
Obturators are also found in Molluginaceae, Limeaceae, Lophiocar-
paceae, and Stegnospermataceae ( Kapil and Vasil, 1963 ;  Johri et al., 
1992 ;  Stevens, 2001 ). A single transmitting tract is also found in 
 Rivina humilis ,  Gisekia pharmaceoides  (Gisekiaceae),  Triathema 
pentandra , and  T. monogyna  ( =T. portulacastrum ) ( Joshi, 1934 ), but 
the nature of the tissue has not been analyzed in detail. 

 Th e presence of an obturator in  Pisoniella  reinforces the exclu-
sion of this genus from Nyctagineae, as proposed by  Douglas and 
Manos (2007)  and  Douglas and Spellenberg (2010)  based on mo-
lecular evidence. 

 Th e presence of two delimited transmitting strands in the ven-
tral carpel wall of  Mirabilis ,  Boerhavia , and  Allionia  is a structural 
consequence of the incomplete fusion of carpel margins at the base 

of the ventral side.  Joshi (1934)  had 
noticed that the margins of the carpel 
near the base remain open for a short 
distance in  Boerhavia diff usa  and 
 Boerhavia repanda , or the carpel is 
closed, but a distinct line marks their 
union in  Mirabilis jalapa  ( Joshi and 
Rao, 1934 ). In this sense, a groove or 
pore is constant in our species and is 
also described for  Mirabilis nyctag-
inea ,  M. longifl ora , and  M. viscosa  
( Heimerl, 1887 ;  Cooper, 1949 ;  Leins 
and Erbar, 1994 ). Higher up in the 
ovary and style, in coincidence with 
complete fusion of carpel margins, 
both transmitting tracts form a single 
structure. 

 Our study shows that a groove or 
pore is also present at the base of the 
gynoecium in  Pisonia ,  Pisoniella , and 
 Bougainvillea , also shown previously 
for  Bougainvillea spectabilis  ( Joshi, 
1934 ;  Joshi and Rao, 1934 ). Interest-
ingly, although there is a single diff use 
transmitting strand in Pisonieae and 
Bougainvilleeae, the surface of the tis-
sue increases at the level of the groove 
or pore with respect to the stylar trans-
mitting tissue. Th us, the distribution of 
this diff use tissue would also be infl u-
enced by fusion of the carpel margins. 

 Future studies will explore the rela-
tionships between these models and 
pollen traits ( López et al., 2006 ) and/
or compatibility systems ( López and 
Galetto, 2002 ;  Nores et al., 2013 ).  Allio-
nia ,  Boerhavia , and  Mirabilis  pro-
duce relatively few large, starchy pollen 
grains, compared with many small li-
pidic grains in  Bougainvillea  ( López 

et al., 2006 ). Moreover,  Bougainvillea  and  Pisonia  include incom-
patible or dioecious species, compared with mostly self-compatible 
systems in other Nyctaginaceae. A future detailed reconstruction of 
the evolution of characters associated with pollen-tube transmis-
sion will also help us to understand the reproductive history of Nyc-
taginaceae. To achieve this goal, more studies are needed on other 
genera and tribes and related families from Caryophyllales. It is im-
portant to relate pollen tube kinetics in the gynoecium with the two 
models for the pollen-tube pathway that we have highlighted, par-
ticularly with regard to the timing of the progamic phase, which 
should be evaluated using controlled pollinations. In addition, in-
vestigations of pollen tubes in compatible and incompatible pollina-
tions and the dynamics of exudates or secretion of an extracellular 
matrix before and aft er anthesis will allow us to interpret the function 
of the female reproductive features in a structural context. 
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