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     The evolution of female gametophyte development in angio-
sperms provides an excellent system in which to investigate the 
developmental basis of morphological novelty. Piperales, a lin-
eage within the larger ancient angiosperm clade eumagnoliids, 
are unique because they display a diverse array of female game-
tophyte developmental pathways. Six of the 10 basic female 
gametophyte ontogenies recognized in angiosperms (e.g.,  Ma-
heshwari, 1950 ) are present within the clade. These include 
monosporic, bisporic, and tetrasporic patterns of megasporo-
genesis ( Madrid and Friedman, 2008, 2009 ). All members of 
Piperaceae are tetrasporic and in  Peperomia , female gameto-
phytes contain 16 nuclei at maturity ( Maheshwari, 1950 ;  Davis, 
1966 ). Dozens of researchers have investigated female gameto-
phyte development in  Peperomia  ( Campbell, 1899a, b, 1901, 
1902 ;  Johnson, 1900a, b, 1907, 1914 ;  Brown, 1908, 1910 ; 
Fisher, 1914;  Abele, 1923, 1924 ;  Fagerlind, 1939 ;  Martinoli, 
1948 ;  Murty, 1958 ;  Nikiticheva, 1981 ;  Nikiticheva et al., 1981 ; 
Plyushch, 1982a, b;  Bannikova and Plyushch, 1984 ;  Bannikova 
et al., 1987 ;  Smirnov and Grakhantseva, 1988 ), and cumula-
tively, they have described 15 different cellular confi gurations 
at maturity. 

 All female gametophytes in  Peperomia  contain one egg cell; 
however, synergid number may range from zero ( Martinoli, 
1948 ) to four ( Martinoli, 1948 ), and antipodal cell number may 
range from zero ( Johnson, 1905, 1914 ) to 11 ( Martinoli, 1948 ). 
Nuclei that do not become partitioned into the egg, synergid, or 

antipodal cells become polar nuclei within the central cell. Cen-
tral cells in  Peperomia  may contain as few as four (Fisher, 1914; 
 Martinoli, 1948 ) and as many as 14 polar nuclei ( Johnson, 1914 ). 
However, comparative embryological reviews often depict Pep-
eromia-type female gametophytes as nine-celled structures with 
one egg, one synergid, six antipodals, and an 8N central cell (e.g., 
 Maheshwari, 1950 ;  Gifford and Foster, 1974 ), even though many 
other cellular confi gurations have been reported in the clade. 

 Recent ultrastructural data in  Peperomia  demonstrate that sev-
eral previous reports of nine-celled female gametophytes were 
incorrect and that these species actually produce 10-celled fe-
male gametophytes ( Nikiticheva, 1981 ;  Nikiticheva et al., 1981 ; 
Plyushch, 1982a, b). Although informative, these ultrastructural 
investigations focused on the formation of the egg apparatus and 
double fertilization and did not describe ontogenetic stages lead-
ing up to the formation of the mature female gametophyte ( Nikit-
icheva, 1981 ;  Nikiticheva et al., 1981 ; Plyushch, 1982a, b). Thus, 
photographic data documenting the syncytial stages of female 
gametophyte development in  Peperomia  do not currently exist. 

 In this investigation, we combined standard light microscopy 
with high-resolution three-dimensional computer reconstruction 
techniques to describe female gametophyte and early seed de-
velopment in three species of  Peperomia :  P. dolabriformis ,  P. 
jamesoniana , and  P. hispidula . We also set out to collect mi-
crospectrofl uorometric data that would allow us to quantify en-
dosperm ploidies in  Peperomia . Female gametophytes of  P. 
hispidula  reportedly contain three cells at maturity: one egg, one 
synergid, and a 14-nucleate central cell ( Johnson, 1905, 1914 ). 
Female gametophyte development has not been described in  P. 
dolabriformis  or  P. jamesoniana . 

 MATERIALS AND METHODS 

 Plant collection   —     Developing infl orescences of  P. dolabriformis  and  P. 
jamesoniana  were collected from greenhouses at the University of Colo-
rado in 2005, 2006, and 2007. Developing infl orescences of  P. hispidula  
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velopment, and we will use these data to represent all three taxa 
up to the time of cellularization. 

 Megasporogenesis   —      The megasporocyte in  P. dolabriformis  
has dense cytoplasm and normally contains a single vacuole 
( Fig. 1A, 1B ) . When the megasporocyte is about 50   μ  m long 
and 30   μ  m wide, meiosis I is initiated in the center of the cell 
( Fig. 1C, 1D ). During this division, the vacuole is situated near 
the micropyle, and a phragmoplast always forms perpendicular 
to the micropylar – chalazal axis of the cell between the two 
dyad nuclei ( Fig. 1C, 1D ). The phragmoplast eventually gives 
way to a cell plate that begins to expand outward from between 
the two nuclei toward the cell wall ( Fig. 1E, 1F ). However, ex-
pansion of the cell plate aborts before making contact with the 
side walls of the syncytium, and we never observed a female 
gametophyte in which each meiotic dyad nucleus was com-
pletely partitioned into a separate cell. By the time of meiosis II, 
the cell plate that formed during meiosis I ( Fig. 1C – 1F ) is no 
longer visible ( Fig. 2A – 2C ).  

 The axes of division in meiosis II are perpendicular, and me-
gaspore nuclei immediately become placed in a tetrahedral con-
fi guration ( Fig. 2A – 2C ). Phragmoplasts also form in meiosis II 
between each megaspore pair ( Fig. 2A – 2C ), and go on to form 
cell plates that expand centrifugally toward the periphery of the 
female gametophyte ( Fig. 2D – 2F ). Eventually, expansion of 

were collected from the Cerro de La Muerte biological fi eld station in Costa 
Rica by Barry Hammel and shipped to the University of Colorado by over-
night mail in a sealed and cooled container (USDA permit #37-79881; Re-
publica de Costa Rica certifi cado fi tosanitario #1016390). In the laboratory, 
each infl orescence was immersed in a modifi ed PIPES buffer (PIPES 60 
mM, HEPES 25 mM, CaCl 2  5.4 mM, MgCl 2  1.97 mM) where it was dis-
sected into smaller pieces (each contained approximately 12 fl owers) for 
chemical fi xation. 

 Histology   —     The dissected fl owers were placed in a fi xative solution contain-
ing either 3   :   1 95% ethanol   :   acetic acid or 4% paraformaldehyde, 2.5% glutar-
aldehye, and 4% acrolein in the modifi ed PIPES buffer for 12 h. Specimens 
were dehydrated in a graded ethanol series, infi ltrated, embedded with glycol 
methacrylate (JB-4 embedding kit, Polysciences, Warrington, Pennsylvania, 
USA), and serially sectioned into 5-  μ  m thick ribbons using a Microm HM330 
rotary microtome (Microm International, Walldorf, Germany) and glass knives. 
Sections from fl owers that were fi xed in the 3   :   1 solution were stained with a 
solution of 0.25   μ  g  ⋅  ml  − 1  of 4  ′  ,6-diamidino-2-phenylindole (DAPI) and 0.1 
mg  ⋅  ml  − 1  phylenediamine in 0.05 M Tris (pH 7.2). Sections from fl owers that 
were fi xed with paraformaldehyde, glutaraldehyde, and acrolein were stained 
with 0.1% aqueous toluidine blue. All slides were viewed with a Zeiss Axio-
phot microscope using bright fi eld, differential interference contrast, and epi-
fl uoresence optics. Cross polarization optics were employed to detect the 
presence of starch in developing seeds. Digital micrographs were taken with a 
Zeiss Axiocam digital camera. Postprocessing of all images was done with the 
Adobe (San Jose, California, USA) Creative Suite 2 software package. Image 
manipulations were restricted to processes that were applied to the entire image 
unless otherwise noted in specifi c fi gure legends. 

 Three-dimensional computer reconstruction   —     Selected 5-  μ  m thick serial 
sections of developing female gametophytes that had been fi xed in paraformal-
dehyde, glutaraldehyde, and acrolein were photographed using a Leica TCS 
SP2 AOBS laser scanning confocal microscope. Images were created by excit-
ing the toluidine blue stain at 633 nm with a helium/neon laser, with detectors 
set to absorb within the 640 – 700 nm range. Each 5-  μ  m thick section was pho-
tographed along the  Z -axis to create a stack of eight to ten 0.5-  μ  m thick optical 
sections.  Z -stacks from each section were aligned and modeled using the IMOD 
software package ( Kremer et al., 1996 ). 

 Microspectrofl uorometry   —     Sections from fl owers fi xed in the 3   :   1 solution 
were stained with DAPI (described earlier) for 1 h at room temperature in a 
light-free environment. Microspectrofl uorometric measurements of relative 
DNA levels of DAPI-stained nuclei were performed within 2 h. Measurements 
were made with a Zeiss MSP 20 microspectrophotometer with digital micro-
processor coupled to a Zeiss Axioskop microscope equipped with epifl uores-
cence (HBO100-W burner). An ultraviolet fi lter set (model number 48702) 
with excitation fi lter (365 nm, bandpass 12 nm), dichroic mirror (FT395), and 
barrier fi lter (LP397) were used with a Zeiss Plan NeoFluar 40  ×   objective. Be-
fore each recording session, the photometer was standardized by taking a read-
ing of fl uorescence emitted from a fl uorescence standard (GG 17), and this 
reading was taken to represent 100 relative fl uorescence units (RFU). At the 
completion of each session, an additional reading was made of the fl uorescence 
standard to confi rm that little or no deviation in the relative fl uorescence value 
obtained from the fl uorescence standard had occurred during the period of data 
recording. Relative DNA content for each nucleus was determined by summing 
the individual fl uorescence values of each of the serial sections through that 
nucleus. A net photometric value for each section of a nucleus was obtained by 
recording an initial reading of the nucleus and subtracting a background value 
obtained from cytoplasm proximal to the nucleus. Thus, background fl uores-
cence from the glycol methacrylate was removed from the photometric analysis 
of relative DNA content. 

 RESULTS 

 We collected developmental data during megasporogenesis, 
megagametogenesis, and early seed development in  P. dolabri-
formis ,  P. jamesoniana , and  P. hispidula . The syncytial stages 
of female gametophyte development are extremely similar in 
each of the species that we examined. Our data from  P. dolabri-
formis  are the most complete during the syncytial stages of de-

 Fig. 1.   Meiosis I in  Peperomia . The computer reconstruction in each 
column has been created from the micrograph above it in the fi rst row. The 
squares around nuclei in some of the micrographs indicate that the outlined 
area has been copied from adjacent serial sections to make a composite 
image. In each reconstruction, nuclei are blue, vacuoles are tan, cell plates 
and phragmoplasts are red, and the outer wall of the syncytium is green. 
Arrowhead indicates developing cell plate. Scale bar = 10   μ  m.  Figure ab-
breviations : D, dyad nucleus; MCT, megasporocyte; V, vacuole. (A, B) 
Megasporocyte with two vacuoles. (C, D) Meiosis I with phragmoplast 
between dyad nuclei. A single vacuole is at the micropylar end of the cell. 
(E, F) Later stage of meiosis I, with a cell plate beginning to form between 
each dyad nucleus.   
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the central vacuole takes up the majority of cell volume ( Fig. 
2J – 2L ). 

 When the female gametophyte is about 75   μ  m in diameter, 
each nucleus initiates another round of mitosis. Sixteen total 
nuclei are produced and cell walls form within the female 
gametophyte ( Fig. 3A – 3C ).  In all three species of  Peperomia  
that we investigated, cell walls are initially faint, and indi-
vidual cells are diffi cult to distinguish within the egg appara-
tus and at the chalazal pole ( Figs. 3A – 3C, 4A – 4C ).  However, 

these walls aborts, and all four megaspore nuclei become situ-
ated in a single functional megaspore cell ( Fig. 2G – 2I ). 

 Female gametophyte development   —      After meiosis, each 
megaspore nucleus initiates a free-nuclear mitotic division. 
The overall position of nuclei within the syncytium does not 
change as the female gametophyte expands, and the four pairs 
of nuclei that comprise the eight-nucleate female gametophyte 
retain a tetrahedral confi guration ( Fig. 2J – 2L ). By this time, 

 Fig. 2.   Four- and eight-nucleate stages of female gametophyte development in  Peperomia . The squares around some nuclei indicate that the outlined 
area has been copied from adjacent serial sections to make a composite image. The computer reconstructions in each column have been created from the 
serial micrographs above them. Each computer reconstruction has been placed in an identical orientation that allows for observation of the tetrahedral ar-
rangement of the megaspore nuclei. In each reconstruction, nuclei are blue, vacuoles are tan, cell plates are red, and the outer wall of the syncytium is green. 
Arrowheads indicate developing cell plates. Scale bar = 10   μ  m.  Figure abbreviations : M, megaspore; N, nucleus (each has been numbered); V, vacuole. 
(A – C) Meiosis II. The axes of division are perpendicular, and phragmoplasts form between megaspore pairs. (D – F) Later stage four-nucleate female game-
tophytes with cell plates between megaspore pairs. (G – I) Late stage four-nucleate female gametophyte with large central vacuole. (J – L) Eight-nucleate 
female gametophyte.   
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 In  P. dolabriformis  ( Figs. 3D, 3E, 6A, 6B )  and  P. jamesoni-
ana  ( Fig. 4A – 4D, 6A, 6B ), the mature female gametophyte 
contains 10 cells: an egg cell, two synergid cells, six accessory 
cells, and a central cell. We consistently counted seven polar 
nuclei within the central cells of  P. dolabriformis  ( Figs. 3D, 3E, 
6A ) and  P. jamesoniana  ( Fig. 4D ). In  P. hispidula , the mature 
female gametophyte contains three cells: an egg cell, one syn-
ergid cell, and a central cell ( Figs. 5A, 5B, 6C, 6D ). Accessory 
cells are absent in  P. hispidula , and the secondary nucleus is the 
fusion product of 14 polar nuclei ( Figs. 5A, 5B, 6C, 6D ). 

 Fertilization   —      We did not observe fertilized ovules in  P. do-
labriformis . This species is apparently self-incompatible, and 
the individuals in our greenhouse, which are clones of a single 
plant, did not produce seed. We did observe fertilization and 
early seed development in  P. jamesoniana  and  P. hispidula . 

 After fertilization in  P. jamesoniana , the six accessory cells 
have prominent cell walls ( Fig. 4D ). One synergid cell persists 
beside the zygote, and seven individual polar nuclei remain vis-
ible in the primary endosperm cell ( Fig. 4D ). In  P. hispidula , 
the fertilized female gametophyte has a zygote, one persistent 
synergid cell, and a very large primary endosperm nucleus 
( Figs. 5A, 5B, 6C, 6D ). The zygote in both species has a promi-
nent cell wall and is densely cytoplasmic ( Figs. 4D, 5B ). Polar 

as the female gametophyte expands, cell walls become more 
apparent. 

 By the time of fertilization, each cell within the female game-
tophyte can be identifi ed ( Figs. 3D, 3E ,  4D, 5A, 5B ).  The mi-
cropylar-most nuclear tetrad goes on to produce the egg 
apparatus. Egg cells were identifi ed by their position near the 
micropyle, their large size relative to the other cells within the 
egg apparatus, and their 2C content of DNA (discussed later). 
Cells within the egg apparatus that did not take part in fertiliza-
tion were labeled synergids. Nuclei in the other three nuclear 
tetrads either became partitioned into the common cytoplasmic 
space of the central cell or were compartmentalized into sterile 
cells positioned around the periphery of the female gameto-
phyte. These cells resemble antipodals in a typical Polygonum-
type female gametophyte and have been referred to as such in 
many previous investigations. However, we do not wish to as-
sert that these cells are homologous to antipodals. For the pur-
poses of this investigation, we will refer to sterile cells that are 
not located within the egg apparatus as  “ accessory cells. ”  We 
do not use this term in the same way as Campbell ( 1899a, b; 
1901, 1902 ), who believed that accessory cells were homolo-
gous to prothallial cells in gymnosperms. 

 Fig. 3.   Sixteen-nucleate female gametophytes of  Peperomia dolabri-
formis . The squares around nuclei in some of the micrographs indicate that 
the outlined area has been copied from adjacent serial sections to produce 
a composite image. Scale bar = 10   μ  m.  Figure abbreviations : A, accessory 
cell (each has been numbered); E, egg cell; N, female gametophyte nucleus 
(each has been numbered); PN, polar nucleus (each has been numbered); 
S, synergid; V, vacuole. (A – C) Young 16-nucleate female gametophyte. 
Faint walls are visible, but individual cell types cannot be identifi ed. (D, E) 
Mature 16-nucleate female gametophyte with 10 cells: two synergid cells, 
one egg cell, six accessory cells, and a 7N polar nucleus. A4 may appear to 
be part of the central cell; however, it is actually located against the wall of 
the female gametophyte behind the polar nuclei.   

 Fig. 4.   Mature and fertilized female gametophytes in  Peperomia 
jamesoniana  with developing endosperm. The squares around nuclei in 
some micrographs indicate that the outlined area has been copied from 
adjacent serial sections to make a composite image. Scale bar = 10   μ  m. 
 Figure abbreviations : A, accessory cell; EN, endosperm nucleus; N, fe-
male gametophyte nucleus (each has been numbered); PEN, primary en-
dosperm nucleus; S, synergid; V, vacuole; Z, zygote. (A – C) Young 
16-nucleate female gametophyte. Cell walls are visible around the cells 
that comprise the egg apparatus (N1, N7, and N8), but their individual 
identity cannot be discerned. (D) Fertilized female gametophyte with nine 
cells: one remaining synergid cell (the other is destroyed at fertilization), 
one zygote cell, six accessory cells (one shown), and an 8N primary en-
dosperm nucleus. The synergid has been placed in the top corner because 
in the original serial section it was located directly on top of the zygote cell. 
(E) Zygote and endosperm in seed of  P. jamesoniana .   
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that 2C DNA is equal to about 37 RFU and 1C corresponds to 
about 18 RFU. Our micrographic data indicate that central 
cells of  P. jamesoniana  contain seven polar nuclei and yield 
an octoploid primary endosperm nucleus containing 16C 

nuclei in female gametophytes of  P. hispidula  often fuse before 
fertilization ( Fig. 5A, 5B ), while in  P. jamesoniana  polar nuclei 
fuse after fertilization ( Fig. 4D ). Fertilized female gameto-
phytes of  P. jamesoniana  contain one synergid ( Fig. 4D ), while 
unfertilized female gametophytes contain two synergids ( Fig. 
4A – 4C ), indicating that one synergid degenerates just before or 
during fertilization in  P. jamesoniana . Female gametophytes of 
 P. hispidula  contain one synergid cell before and after fertiliza-
tion ( Fig. 5A ). Occasionally, we observed one or two accessory 
cells in developing seeds of  P. jamesoniana , but normally they 
would degrade shortly after the fi rst division of the primary en-
dosperm nucleus. 

 Microspectrofl uorometry   —      We determined the DNA con-
tent of various cell types throughout development in mature and 
fertilized  Peperomia  female gametophytes by measuring the 
relative fl uorescence of nuclei stained with DAPI, a DNA-bind-
ing fl uorochrome ( Tables 1,   2 ).  To calibrate our photometric 
measurements in  P. jamesoniana  and  P. hispidula , we used zy-
gote nuclei during prophase. By defi nition, these nuclei contain 
4C content of DNA. 

 Prophase zygote nuclei in  P. hispidula  had an average RFU 
value of 75.90   ±   7.61 ( N  = 7). Therefore, in  P. hispidula  4C 
DNA is equivalent to roughly 76 RFU, 2C is equal to about 38 
RFU, and 19 RFU corresponds to 1C of DNA. Before fertiliza-
tion, egg cell nuclei in  P. hispidula  fl uoresced with 40.16   ±   8.56 
RFU ( N  = 5), suggesting that they contain 2C DNA. If second-
ary nuclei in  P. hispidula  contain 14 nuclei (as our micrographs 
suggest, see  Fig. 5A, 5B ), then primary endosperm nuclei in  P. 
hispidula  (that contain a 14N secondary nucleus and one sperm 
nucleus) should contain 30C DNA in prophase, or roughly 574 
RFU. Primary endosperm nuclei had an average value of 531.6 
  ±   73.23 RFU ( N  = 8) during prophase, and prophase endosperm 
nuclei had an almost equivalent value of 580.02   ±   120.29 RFU 
( N  = 32). When these data are combined, they yield an average 
value of 570.34   ±   113.35 RFU ( N  = 40) for prophase endosperm 
nuclei in  P. hispidula . All these values correspond closely to 
30C DNA and indicate that endosperm in  P. hispidula  is 15N 
( Table 1 ). 

 Prophase zygote nuclei in  P. jamesoniana  had an average 
relative fl uorescence of 73.11   ±   8.08 ( N  = 2) RFU, indicating 

 Fig. 5.   Fertilization and endosperm development in  Peperomia hispidula . The squares around nuclei in some of the micrographs indicate that the 
outlined area has been copied from adjacent serial sections to make a composite image. Scale bar equals 10   μ  m.  Figure abbreviations : EM, embryo nucleus; 
EN, endosperm nucleus; PEN, primary endosperm nucleus; S, synergid; V, vacuole; Z, zygote. (A, B) Fertilized female gametophyte of  P. hispidula  with 
persistent synergid cell, zygote, and primary endosperm nucleus. (C) Embryo and endosperm in seed of  P. hispidula . Cell types have been determined by 
measuring the DNA content of each nucleus.   

 Fig. 6.   Three-dimensional reconstructions of three- and 10-celled fe-
male gametophytes in  Peperomia dolabriformis  and  P. hispidula . In each 
reconstruction, synergids are teal, the egg/zygote is red, accessory cells are 
pink, polar nuclei are yellow, the primary endosperm nucleus is blue, the 
central vacuole is tan, and the outer wall of the central cell / primary 
 endosperm nucleus is green. Scale bar = 10   μ  m.  Figure abbreviations : 
A, accessory cell; E, egg; PN, polar nuclei; PEN, primary endosperm nu-
cleus; S, synergid; V, central vacuole; Z, zygote. (A, B) Mature female 
gametophyte of P. dolabriformis that contains 10 cells: an egg, two syner-
gids, six accessory cells, and a 7N central cell. Polar nuclei have been 
 removed in (D) so that all six accessory cells are visible. (C, D) Female 
gametophyte of P. hispidula at fertilization. The structure contains three 
cells: a zygote, one synergid, and a primary endosperm nucleus.   
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DNA in prophase ( Table 1 ). We did not observe primary en-
dosperm nuclei in prophase in  P. jamesoniana ; however, we 
did measure the fl uorescence of prophase nuclei in cellular-
ized endosperm. These nuclei had an average value of 286.79   ±   
59.39 RFU ( N  = 14). This fl uorescence value closely corre-
sponds to 16C of DNA and indicates that endosperm in  P. 
jamesoniana  is 8N. 

 Endosperm/perisperm development   —      Starch begins to form 
in the nucellus immediately after fertilization ( Fig. 7A, 7B, 7D, 
7E ),  even before the primary endosperm nucleus has divided. 
Starch grains fi rst accumulate in the cytoplasm of nucellus cells 
closest to the female gametophyte ( Fig. 8B, 8E ).  As the seed 
develops ( Fig. 8 ), starch grains become larger, more oval-
shaped ( Fig. 7C, 7F ), and appear in nucellus cells farther away 
from the female gametophyte ( Fig. 8C, 8F ). In the oldest seeds 
of  P. jamesoniana  and  P. hispidula  that we observed, starch 
grains were about 17   μ  m wide. 

 Endosperm is  ab initio  cellular and does not contain starch 
( Figs. 4E, 5C ). In our preparations, we observed endosperm 
up to the eight-celled stage in  P. jamesoniana  and the 20-celled 
stage in  P. hispidula . Perisperm made up the majority of seed 
volume in both species, and development of the embryo 
lagged behind that of the endosperm ( Fig. 8C, 8F ). The most 
mature embryos we observed were in  P. hispidula , and they 
contained four cells ( Fig. 8F ). The zygote cell had not divided 
in seeds of  P. jamesoniana  with eight endosperm cells ( Figs. 
4E, 8C ). 

 DISCUSSION 

 Megasporogenesis   —      During meiosis I, we observed phrag-
moplasts and cell plates between meiotic dyad nuclei ( Fig. 1C –
 1F ) and in meiosis II between megaspore nuclei ( Fig. 2A – 2H ). 
Phragmoplasts and cell plates have been described in almost 
every investigation of megasporogenesis in  Peperomia  ( John-
son, 1900b, 1905, 1907, 1914 ;  Brown, 1908, 1910 ; Fisher, 
1914). In all these reports and in the data we present here ( Figs. 
1, 2 ), cell walls degrade between megaspore nuclei soon after 
being formed. It is interesting to note that  Peperomia  is the only 
lineage in Piperaceae that appears to form cell plates/cell walls 

  Table 1.  Photometric data from (A)  Peperomia hispidula  and (B)  P. 
jamesoniana . Predicted and observed relative fl uorescence units 
(RFU) are provided for each cell type. 

Species/Object measured

Predicted DNA content
Mean observed DNA 

content (RFU),  N 
Difference from 
predicted (%)C RFU

A)  P. hispidula 
   Egg cell nucleus 2 37.95 40.16   ±   8.56, 5 5.82
   Zygote cell nucleus

 (prophase)
4  — 75.90   ±   7.61, 7  — 

   Primary endosperm 
 cell nucleus 
 (prophase)

30 569.25 531.60   ±   73.23, 8  − 6.61

   Endosperm cell 
 nucleus (prophase)

30 569.25 580.02   ±   120.29, 32 1.89

B)  P. jamesoniana 
   Egg nucleus 2 36.56 43.10   ±   8.64, 2 17.90
   Zygote cell nucleus 

 (prophase)
4  — 73.11   ±   8.08, 2  — 

   Endosperm cell 
 nucleus (prophase)

16 292.44 286.79   ±   59.39, 14  − 1.93

during megasporogenesis. Embryological investigations in 
 Piper  ( Joshi, 1944 ;  Swamy, 1944 ;  Maugini, 1953 ;  Kanta, 1962 ; 
 Prakash et al., 1994 ;  Madrid and Friedman, 2009 ),  Zippelia  
( Lei et al., 2002 ), and  Mannekia  ( Arias and Williams, 2008 ) 
have described tetrasporic patterns of female gametophyte de-
velopment, but have shown no evidence of cell plates or cell 
walls during any part of megasporogenesis. 

 Female gametophyte development in Peperomia   —      After 
meiosis, the four megaspore nuclei are tetrahedrally arranged 
within the female gametophyte ( Fig. 2A – 2L ) and initiate two 
rounds of mitotic divisions ( Figs. 2M – 2P, 3A – 3C, 4A – 4C, 5A, 
5B ). These divisions have been described with great consis-
tency in all previous investigations in  Peperomia  ( Campbell, 
1899a, b, 1901, 1902 ;  Johnson, 1900a, b, 1905, 1907, 1914 ; 
 Brown, 1908, 1910 ;  Martinoli, 1948 ;  Murty, 1958 ;  Smirnov 
and Grakhantseva, 1988 ). All species exit the last division of 
female gametophyte development with 16 nuclei that are dis-
tributed among four tetrahedrally arranged nuclear tetrads 
( Figs. 3A – 3C, 4A – 4C ). However, previous reports of wall for-
mation (cellularization) have been variable ( Table 2 ). Earlier 
studies of female gametophyte development in 18 species of 
 Peperomia  cumulatively describe 15 different cellular confi gu-
rations at maturity, with corresponding endosperm ploidies that 
are predicted to range from 5N to 14N ( Table 2 ). Reports of 
mature female gametophyte structure differ within and between 
species. For example, we observed two different patterns of 
mature female gametophyte structure in the three species of 
 Peperomia  we examined, while  Martinoli (1948)  reported six 
different mature female gametophyte confi gurations in  P. mac-
ulosa  alone ( Table 2 ). The full extent of this diversity is not al-
ways emphasized, and certain cellular confi gurations are cited 
more often than others in comparative reviews of female game-
tophyte development in  Peperomia  (e.g.,  Maheshwari, 1950 ; 
 Gifford and Foster, 1974 ). 

 Nine-celled female gametophytes with one egg, one syner-
gid, six accessory cells, and a seven-nucleate central cell have 
been frequently reported in  Peperomia  since their apparent dis-
covery in  P. pellucida  ( Johnson, 1900a, b ;  Campbell, 1901, 
1902 ). Subsequent embryological investigations have described 
a nine-celled female gametophyte in 10 other  Peperomia  spe-
cies ( Table 2 ). In species with reported intraspecifi c variation in 
patterns of cellularization such as  P. blanda ,  P. maculosa , and 
 P. pellucida  ( Table 2 ), the nine-celled confi guration was the 
most commonly observed structure at maturity ( Johnson, 1900a ; 
Fisher, 1914;  Murty, 1958 ). Although this cellular conforma-
tion is referenced in many classic embryological reviews (e.g., 
 Maheshwari, 1950 ;  Gifford and Foster, 1974 ) as the  “ typical ”  
Peperomia-type female gametophyte, micrographic evidence of 
this confi guration surprisingly does not exist, and recent ultra-
structural studies demonstrate that previous reports of this nine-
celled confi guration in  P. blanda ,  P. maculosa , and  P. pellucida  
are incorrect ( Table 1 ). Instead, these female gametophytes ac-
tually contain two synergid cells and one egg cell with variable 
numbers of accessory cells and central cell nuclei ( Nikiticheva, 
1981 ;  Nikiticheva et al., 1981 ; Plyushch, 1982a, b).  Nikiticheva 
(1981) ,  Nikiticheva et al. (1981) , and Plyushch (1982a, b) sug-
gest that the mistakes of previous researchers regarding the 
number of cells in the egg apparatus are likely due to limitations 
of resolution inherent in paraffi n embedding and light micros-
copy (for a discussion of wall formation events in  Peperomia  at 
the ultrastructural level, see  Nikiticheva [1981] ,  Nikiticheva et 
al. [1981] , and Plyushch [1982a, b]). 



7January 2010] Madrid and Friedman — Female gametophyte in  PEPEROMIA 

 Our data confi rm that female gametophytes in  Peperomia  
contain a three-celled egg apparatus at maturity; however, we 
did not observe corresponding levels of interspecifi c variability 
in the number of accessory cells and central cell nuclei as re-
ported by  Nikiticheva (1981) ,  Nikiticheva et al. (1981) , and 
Plyushch (1982a, b). Female gametophytes in  P. dolabriformis  

  Table  2. Female gametophyte development in  Peperomia . Fifteen different cellular confi gurations have been reported at maturity. The three-celled 
confi guration reported in  P. hispidula  is shaded pink, reports of the nine-celled confi guration are shaded gray, and reports of the 10-celled confi guration 
are shaded purple. 

Species
Egg 
 cells

Synergid 
 cells

Accessory 
 cells

Polar 
 nuclei Relevant citations

 1 2 1 12 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 0 13 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 P. magnofolia 1 2 6 7 Smirnov and 
Grakhantseva, 1988

 P. obtusifolia 1 2 8 5 Nikiticheva, 1981; 
Nikiticheva et al., 1981

1 2 7 6 Nikiticheva, 1981; 
Nikiticheva et al., 1981

1 2 6 7 Nikiticheva et al., 1981
1 2 5 8 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 4 9 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 3 10 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 2 11 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 1 12 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 0 13 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 P. ottoniana 1 1 6 8 Brown, 1908
 P. pellucida 1 2 8 5 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 7 6 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 6 7 Nikiticheva, 1981; 

Fagerlind, 1939
1 1 6 8 Johnson, 1900, 1905; 

Murty, 1958; Fagerlind, 
1939

1 2 5 8 Murty, 1958;
1 2 5 8 Campbell, 1899, 1901
1 2 4 9 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 3 10 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 2 11 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 1 12 Nikiticheva, 1981; 

Nikiticheva et al., 1981
1 2 0 13 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 P. refl exa 1 1 6 8 Murty, 1958

1 2 5 8 Murty, 1958
 P. scandens 1 1 6 8 Smirnov and 

Grakhantseva, 1988
 P. sintensii 1 1 6 8 Brown, 1908
 P. verticillata 1 2 9 4 Fisher, 1914

1 2 8 5 Fisher, 1914
1 2 7 6 Fisher, 1914
1 2 6 7 Fisher, 1914

Species
Egg 
 cells

Synergid 
 cells

Accessory 
 cells

Polar 
 nuclei Relevant citations

 P. arifolia ,  
  P. blanda 

1 1 6 8 Brown, 1908

 1 2 8 5 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 1 8 6 Fisher, 1914
 1 2 7 6 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 2 6 7 Nikiticheva, 1981; 

Nikiticheva et al., 1981; 
Plyushch, 1982a, b

 1 1 6 8 Murty, 1958
 1 2 5 8 Murty, 1958; 

Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 4 9 Murty, 1958; 
Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 3 10 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 2 11 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 1 12 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 1 2 0 13 Nikiticheva, 1981; 
Nikiticheva et al., 1981

 P. clusiifolia 1 1 6 8 Smirnov and 
Grakhantseva, 1988

 P. comarapana 1 1 6 8 Murty, 1958
 1 2 5 8 Murty, 1958
 P. dolabriformis 1 2 6 7 This study
 P. eburnia 1 2 6 7 Nikiticheva et al., 1981
 P. hispidula 1 1 0 14 Johnson, 1914; this study
 P. jamesoniana 1 2 6 7 this study
 P. langsdorffi i 1 2 6 7 Smirnov and 

Grakhantseva, 1988
 1 1 6 8 Smirnov and 

Grakhantseva, 1988
 P. maculosa 1 0 11 4 Martinoli, 1948
 1 2 8 5 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 2 7 6 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 3 6 6 Martinoli, 1948
 1 2 6 7 Martinoli, 1948; 

Nikiticheva, 1981
 1 1 6 8 Martinoli, 1948; Smirnov 

and Grakhantseva, 1988
 1 2 5 8 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 4 3 8 Martinoli, 1948
 1 2 4 9 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 1 4 10 Martinoli, 1948
 1 2 3 10 Nikiticheva, 1981; 

Nikiticheva et al., 1981
 1 2 2 11 Nikiticheva, 1981; 

Nikiticheva et al., 1981

and  P. jamesoniana  are exclusively 10-celled and contain one 
egg, two synergids, six accessory cells, and seven polar nuclei. 
Currently, no data specifi cally refute the possibility of nine-
celled female gametophytes with one synergid cell and eight 
polar nuclei in  P. arifolia ,  P. clusiifolia ,  P. comarapana ,  P. 
langsdorffi  ,  P. ottonia ,  P. refl exa ,  P. scandens , and  P. sintensii  
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persists after fertilization ( Fig. 4D ) only remains for a short pe-
riod of time and is absent by the fi rst division of the primary 
endosperm nucleus ( Fig. 4E ). Female gametophytes of  P. dola-
briformis  also contain two synergid cells at maturity ( Fig. 3D, 
3E ); however, we were unable to determine if one degenerates 
at fertilization. 

 We are the fi rst to reinvestigate female gametophyte devel-
opment in  P. hispidula  since the original claim that egg cells are 
fertilized through direct penetration of the pollen tube in this 
species ( Johnson, 1914 ). Here we have documented one syner-
gid cell both before and after fertilization in  P. hispidula  ( Fig. 
5A ) and indirectly support Johnson ’ s conclusion because trans-
mission of sperm nuclei normally destroy synergid cells ( Huang 
and Russell, 1992 ;  Ge et al., 2007 ). The persistence of the syn-
ergid cell in  P. hispidula  ( Fig. 5A ) may indicate that it does not 
play a functional role in fertilization. 

 Developmental evolution of 16-nucleate female gameto-
phytes in Peperomia   —      Syncytial stages of female gametophyte 
development are similar across all species of  Peperomia  that 
have been examined. Thus, differences among mature female 
gametophyte cellular confi gurations in  Peperomia  are the result 
of variation in late stage wall formation patterns in which nuclei 
become positioned into peripheral cells (an egg cell, accessory 
cells, and synergids) or the central cell that will be fertilized to 

( Table 2 ); however, these data were also obtained with paraffi n-
embedding techniques and may have been misdiagnosed. 

 Fertilization   —      There have been confl icting reports about 
how male gametes are transmitted from the pollen tube to 
the egg cell in  Peperomia . Early studies using light micros-
copy describe fertilization of the egg nucleus in  Peperomia  
through direct penetration by the pollen tube ( Campbell, 
1899b ;  Johnson, 1900a , b, 1914;  Campbell, 1901 ;  Brown, 
1908, 1910 ). However, ultrastructural studies have docu-
mented fertilization of the egg nucleus by a male gamete that 
is released from the pollen tube into the cytoplasm of a syn-
ergid cell in  P. blanda ,  P. eburnia ,  P. maculosa ,  P. obtusifo-
lia , and  P. pellucida  ( Table 2 ) ( Nikiticheva, 1981 ;  Nikiticheva 
et al., 1981 ; Plyushch, 1982a, b). This is the same fertiliza-
tion pathway taken by the majority of angiosperm species 
and results in the degeneration of one synergid cell at the 
time of fertilization ( Huang and Russell, 1992 ;  Ge et al., 
2007 ). 

 Our data from  P. jamesoniana  agree with these ultrastruc-
tural data in that we observed a three-celled egg apparatus be-
fore fertilization ( Fig. 4A – 4C ) and a two-celled egg apparatus 
after fertilization ( Fig. 4D ). One synergid cell appears to degen-
erate at fertilization ( Fig. 4D ), consistent with the idea that it 
aids in the transmission of male gametes. The synergid cell that 

 Fig. 7.   Starch in nucellus cells of (A – C)  Peperomia jamesoniana  and (D – F)  P. hispidula . These images were acquired from the areas of the nucellus 
outlined with red boxes in  Fig. 7 . Scale bar = 100   μ  m. Images in fi rst column (A, D) are from mature, unfertilized female gametophytes, images in second 
column (B, E) are from female gametophytes at the time of fertilization, and those in third column (C, F) are from developing seeds.   
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nuclear quartets. Nuclear quartets have long been viewed as the 
foundation of angiosperm female gametophyte developmental 
diversity ( Favre-Ducharte, 1977 ;  Battaglia, 1989 ;  Haig, 1990 ), 
and recent comparative studies in ancient angiosperm lineages 
indicate that these tetrads of nuclei are fundamentally modular 

create endosperm. As the number of accessory and synergid 
cells goes down, the number of polar nuclei in the central cell 
will go up, and vice-versa. 

 The 16 nuclei that comprise female gametophytes of  Pepero-
mia  are initially positioned within four tetrahedrally arranged 

 Fig. 8.   Seed development in (A – C)  Peperomia jamesoniana  and (D – F)  P. hispidula . Red boxes depict the approximate region within the nucellus used 
to create  Fig. 8 . Scale bar = 100   μ  m.  Figure abbreviations : ES, endosperm; NC, nucellus; PS, perisperm. (A) An ovule of  P. jamesoniana  with a 16-nucleate 
female gametophyte. (B) Ovule of  P. jamesoniana  at fertilization. (C) The most mature seed of  P. jamesoniana  that we observed. This seed contains eight 
endosperm cells, and the zygote has not yet divided. (D) Ovule of  P. hispidula  with an eight-nucleate female gametophyte. (E) Ovule of  P. hispidula  at 
fertilization. (F) Seed of  P. hispidula  with 16 endosperm cells and a four-celled embryo.   
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to the central cell), while the developmental module that gives 
rise to the egg apparatus retains the plesiomorphic 1+3 com-
partmentalization pathway. 

 It is important to note that there is no evidence to suggest that 
cell walls in female gametophytes of  Peperomia  degrade from 
an initial 1+3 arrangement into an alternate cellular confi gura-
tion. Embryological data describing female gametophyte devel-
opment in  Peperomia  indicate that nuclei become partitioned 
into their fi nal cellular confi guration at cytokinesis, suggesting 
that ontogenetic modifi cation appears to occur at the level of 
the developmental module itself rather than additional develop-
mental steps being appended onto the plesiomorphic develop-
mental pathway. 

entities ( Friedman and Williams, 2003 ;  Williams and Fried-
man, 2004 ). The modular hypothesis states that the plesiomor-
phic angiosperm female gametophyte developmental module 
proceeds through three critical ontogenetic stages: (1) position-
ing of a single nucleus within a developmentally autonomous 
cytoplasmic domain of the female gametophyte, (2) two free-
nuclear mitoses in each cytoplasmic domain to yield four nu-
clei, and (3) the partitioning of three nuclei per domain into 
uninucleate cells and the fourth nucleus to the common cyto-
plasmic space of the central cell of the female gametophyte 
( Friedman and Williams 2003 ). 

 According to the basic tenets of the modular hypothesis, tet-
rads of nuclei in female gametophytes of  Peperomia  can be 
viewed as autonomous developmental units. The plesiomorphic 
developmental fate of three nuclei from each developmental 
module is to contribute to a set of three accessory cells or an egg 
plus two synergid cells, while the fourth nucleus from each mod-
ule is contributed to the common cytoplasm of the central cell 
where it will function as a polar nucleus. Female gametophytes 
of  Peperomia  contain four tetrads/developmental modules, and 
in its plesiomorphic manifestation, this developmental pathway 
should produce a female gametophyte with four polar nuclei and 
12 peripheral cells (nine accessory cells and a three-celled egg 
apparatus) at maturity.  Martinoli (1948)  and Fisher (1914) de-
scribed this cellular confi guration in  P. maculosa  and  P. verticil-
lata , respectively, and these female gametophytes possess the 
lowest ploidy (4N) central cells in  Peperomia  ( Table 2 ). 

 Every other cellular confi guration described in  Peperomia  in-
cludes the formation of a female gametophyte with more than 
four polar nuclei and fewer than 12 peripheral cells ( Table 2 ). If 
we assume that these alternative cellular confi gurations are also 
produced within a modular framework, it is straightforward to 
imagine how ontogenetic modifi cations to the plesiomorphic cel-
lularization/compartmentalization pathway could result in the 
absence of cell walls around individual nuclei, and different fe-
male gametophyte cellular confi gurations at maturity. If two nu-
clei from each module become partitioned into peripheral cells, 
and two nuclei are contributed to the central cell, a nine-celled 
structure will be produced with eight peripheral cells and an 8N 
central cell. This is the same nine-celled confi guration reported 
in many classical reviews but that has never been confi rmed with 
micrographic evidence ( Table 2 ). If wall formation events are 
altered such that only one nucleus from each developmental 
module becomes a peripheral cell and three nuclei from each 
module are placed in the central cell, a fi ve-celled female game-
tophyte would be produced with four peripheral cells and a 12N 
central cell. This female gametophyte cellular confi guration has 
been reported in four species of  Peperomia  ( Table 2 ). In each of 
these examples, each developmental module behaves similarly. 

 Developmental modules might evolve ontogenetic modifi ca-
tions in wall formation autonomously. For example, three of the 
developmental modules in female gametophytes of  P. hispidula  
appear to have lost the ability to form peripheral cells at all, 
while the fourth developmental module (the micropylar-most 
module) retains a 2+2 pattern of wall formation that produces 
two peripheral cells (an egg and a synergid) and contributes two 
nuclei to the central cell. The mature three-celled female game-
tophyte thus has a 14N central cell ( Figs. 5A, 5B, 6C, 6D ). The 
more common 10-celled female gametophytes of  Peperomia  
also appear to be the result of autonomous ontogenetic modifi -
cations to individual developmental modules. Three develop-
mental modules have a 2+2 pattern of compartmentalization 
(two peripheral cells and a contribution of the other two nuclei 

  Table  3. Patterns of megasporogenesis and embryo-nourishing strategies 
in magnoliids. 

Taxon Megasporogenesis
Embryo-nourishing 
 strategy Relevant citations

Magnoliales Monosporic Endosperm Davis, 1966
Laurales Monosporic Endosperm Davis, 1966
Cannelales Monosporic Endosperm Davis, 1966
Piperales
   Aristolochiaceae
       Aristolochia Monosporic Endosperm Jacobsson-Stiasny 

1918; Johri and 
Bhatnagar, 1955; 
Gonz á lez and Rudall, 
2003; Madrid and 
Friedman, 2008

       Thottea Monosporic Endosperm Nair and Narayanan, 
1961; Gonz á lez and 
Rudall, 2003

       Asarum Monosporic Endosperm Hofmeister, 1858; 
Jacobsson-Stiasny, 
1918; Wyatt, 1955; 
Gonz á lez and Rudall, 
2003

       Saruma Monosporic Endosperm Gonz á lez and Rudall, 
2003

   Lactoridaceae
       Lactoris Monosporic Endosperm Tobe et al., 1993; 

Gonz á lez and Rudall, 
2003

   Hydnoraceae
       Prosopanche Bisporic Unknown Chodat, 1916; Coccuci, 

1976
       Hydnora Uncertain* Unknown Dastur and Bombay, 

1921
   Saururaceae
       Houttuynia Monosporic Perisperm Murty, 1960; Raju, 

1961
       Anemopsis Bisporic Perisperm Quibell, 1941; Raju, 

1961
       Gymnotheca Unknown Unknown
       Saururus Bisporic Perisperm Raju, 1961
   Piperaceae
       Verhuellia Unknown Unknown
       Peperomia Tetrasporic Perisperm Johnson, 1900a, 1914; 

Martinoli, 1948
       Piper Tetrasporic Perisperm Maheshwari and 

Gangulee, 1942; Joshi, 
1944; Swamy, 1944; 
Maugini, 1953; Murty, 
1959; Yoshida, 1960; 
Kanta, 1962

       Manekia Tetrasporic Unknown Arias and Williams, 
2008

       Zippelia Tetrasporic Perisperm Lei et al., 2002
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with higher levels of ploidy and heterozygosity and reduced 
levels of interparental and/or parent – offspring genetic confl ict 
in the seed ( Westoby and Rice, 1982 ;  Queller, 1983, 1989. 
1994 ;  Wilson and Burley, 1983 ;  Bulmer, 1986 ;  Haig, 1986, 
1987, 1990 ;  Haig and Westoby, 1988, 1989a, b ). Therefore, 
patterns of female gametophyte development that result in en-
dosperms with progressively higher ploidies, higher levels of 
heterozygosity, and lower genetic confl ict ought to be selec-
tively favored over developmental patterns that produce en-
dosperms with lower ploidies, lower heterozygosities, and 
higher genetic confl ict ( Friedman et al., 2008 ). 

 Polygonum-type female gametophytes are plesiomorphic in 
magnoliids and are produced from the mitotic derivatives of 
one megaspore, while Peperomia-type female gametophytes 
are formed from the mitotic derivatives of four meiotically re-
lated megaspore nuclei. Endosperms produced from the central 
cells of Peperomia-type female gametophytes will be highly 
heterozygous, relative to endosperm genetic constructs that re-
sult from the fertilization of the central cell of a monosporic 
Polygonum-type female gametophyte. Endosperm ploidy in 
 Peperomia  species ranges from pentaploid to decapentaploid, 
and calculations of genetic confl ict for endosperms derived 
from Peperomia-type female gametophytes are among the low-
est in angiosperms ( Friedman et al., 2008 ). It is therefore rea-
sonable to posit that the various genetic constructs of endosperms 
produced by Peperomia-type female gametophyte ontogenies 
may have been selectively favored during their evolutionary 
history and that this genetic selective advantage could have 
driven the evolutionary radiation of female gametophyte ontog-
eny in  Peperomia  and more generally throughout the Piperales. 
However, this hypothesis assumes that endosperm plays a dom-
inant embryo-nourishing role in the seed, that endosperm is un-
der signifi cant selection, and that endosperm genetic constructs 
in  Peperomia  have evolved to become more heterozygous with 
higher ploidies and lower levels of genetic confl ict. Recently 
published species-level phylogenetic analyses in  Peperomia  
( Wanke et al., 2006, 2007b ) will allow future embryologists to 

 The Peperomia-type female gametophyte ontogeny   —      The 
conceptual framework we outline describing female gameto-
phyte developmental evolution in  Peperomia  predicts that a 
nine-celled confi guration could exist; however, our review of 
the available literature ( Table 2 ) and data from  P. dolabriformis  
and  P. jamesoniana  ( Figs. 3 – 6 ) do not provide any empirical 
support for this confi guration — the so-called Peperomia-type of 
textbook fame. We confi rm and extend the fi ndings of recent 
investigations that describe 10-celled female gametophytes in 
 Peperomia  with two synergids, one egg cell, six accessory cells, 
and a 7N central cell ( Figs. 3, 4, 6 ) and also of a three-celled 
confi guration in  P .  hispidula . In the absence of evidence sup-
porting the existence of nine-celled female gametophytes in 
 Peperomia , it is probably best to describe the Peperomia-type 
ontogeny as a tetrasporic developmental pathway that goes on 
to produce four tetrahedrally arranged nuclear tetrads. These 
tetrads have inter- and intraspecifi c variation in wall formation 
events that lead to many cellular confi gurations at maturity 
( Table 2 ), of which a 10-celled confi guration is likely to be the 
most common. 

 Interestingly, Peperomia-type female gametophyte develop-
ment appears to have evolved at least two other times in angio-
sperm history ( Maheshwari, 1950 ;  Davis, 1966 ). Nine- and 
10-celled Peperomia-type female gametophytes have been re-
ported in  Gunnera  (Gunneraceae) ( Ernst, 1908 ;  Samuels, 1912 ; 
 Modilewski, 1908 ), and three-celled Peperomia-type female 
gametophytes have been reported in  Acalypha  (Euphorbiaceae) 
( Thathachar, 1952 ). In light of our fi ndings, female gameto-
phyte development in  Gunnera  and  Acalypha  may warrant 
careful reinvestigation. 

 Evolution of female gametophyte ontogeny and embryo-
nourishing strategies in Piperales   —      The genetic constitution 
of endosperm is directly tied to patterns of female gametophyte 
ontogeny that determine the nuclear composition of the central 
cell ( Friedman et al., 2008 ). A large body of theory suggests 
that there may be potentially adaptive benefi ts for endosperms 

 Fig. 9.   (A) Female gametophyte and (B) perisperm evolution in magnolliids. Female gametophyte ancestral state reconstruction from  Madrid and 
Friedman (2009) . Phylogenetic relationships from  Nickrent et al. (2002) ,  Zanis et al. (2003) ,  Neinhuis et al. (2005) ,  Wanke et al. (2007a, b) .   
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picted in embryology texts, in actuality, appears to lack empiri-
cal evidence of its very existence. Instead, micrographic 
evidence supports the existence of several female gametophyte 
cellular confi gurations in  Peperomia , ranging from those with 
13 cells to as few as three cells, with a 10-celled confi guration 
appearing to be common ( Table 2 ). 

 Nevertheless,  Peperomia  displays one of the most extreme 
examples of female gametophyte structural diversity in angio-
sperms, and this diversifi cation has occurred within a larger evo-
lutionary radiation of female gametophyte ontogeny throughout 
Piperales as a whole. Given the downstream functional proper-
ties of female gametophyte ontogeny in angiosperm breeding 
systems and reproduction, it is likely that further investigation 
of female gametophyte ontogeny and embryo nourishing strate-
gies in Piperales will yield additional evolutionary historical 
insights that revolve around the interplay of developmental pro-
cesses, genetic confl ict, and natural selection. 
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specifi cally discuss evolutionary transitions between the myriad 
subtypes of Peperomia-type female gametophytes, and their 
corresponding levels of endosperm ploidy, endosperm heterozy-
gosity, and genetic confl ict. However, these genetic properties 
of endosperm in  Peperomia  are only relevant if they confer a 
selective advantage to their compatriot embryo in the seed. 

 In most angiosperms, endosperm acquires nutrients from the 
maternal plant on behalf of its compatriot embryo, stores these 
nutrients, and ultimately transfers them to the developing em-
bryo. In  Peperomia , endosperm never develops beyond a few 
dozen cells ( Fig. 7 ). Endosperms in  Peperomia  are densely cy-
toplasmic with prominent cytological features (just as in other 
angiosperms), but the majority of seed volume is taken up by 
maternal nucellus tissue that functions as an embryo-nourishing 
perisperm ( Hill, 1906 ;  Johnson, 1905, 1914 ; Fisher, 1914). This 
perisperm stores nutrients for the embryo until germination, 
when it transfers nutrients through the endosperm to the em-
bryo ( Johnson, 1914 ;  Batygina, 2006 ). Thus, nutrient acquisi-
tion and nutrient storage functions in  Peperomia  appear to be 
carried out by the perisperm, but endosperm (which surrounds 
the developing embryo) presumably retains a basic nutrient 
transfer role at least during early stages of embryogeny. 

 Interestingly, all members of Piperales with bisporic and tet-
rasporic patterns of female gametophyte development have re-
duced endosperms and large genetically maternal perisperms 
( Table 3 ).  The majority of Piperales with polysporic female 
gametophytes are found in Saururaceae and Piperaceae ( Table 
3 ), and unweighted parsimony analysis of embryo-nourishing 
strategies in Piperales reveals that the origin of polyspory in 
these two clades ( Fig. 9A )  correlates with the origin of perisperm 
in the common ancestor of Saururaceae + Piperaceae ( Fig. 9B ). 

 Given the developmental and functional relationship between 
female gametophyte ontogeny, the genetic constitution of en-
dosperm, and the embryo-nourishing roles of endosperm and 
perisperm, this correlated onset of a signifi cant diversifi cation 
of all three structures ( Fig. 9 ) could be indicative of an underly-
ing evolutionary developmental relationship. A potential evolu-
tionary scenario is that with the transfer of signifi cant nutrient 
acquisition and nutrient storage functions from endosperm to 
perisperm in the common ancestor of Saururaceae + Piperaceae, 
selection on the genetic and physiological properties of en-
dosperm (and thus selection on patterns of female gametophyte 
development) may have been relaxed. Therefore, the overall 
pronounced developmental radiation of female gametophyte 
ontogeny in Saururaceae and Piperaceae might be the result of 
an innovation, namely perisperm, in the common ancestor of 
Saururaceae + Piperaceae that diminished the intensity of selec-
tion on the nutrient acquisition and nutrient storage functions of 
endosperm. 

 Even if the origin of perisperm in the common ancestor of 
Piperaceae + Saururaceae led to a relaxation of selection on 
female gametophyte and endosperm development and genetic 
patterns, it is possible that during its earliest stages of develop-
ment the embryo may be nearly exclusively reliant on the en-
dosperm. Thus, early embryo ontogeny may still be closely 
regulated by the genetic and physiological relationships that ex-
ist between the embryo and endosperm. However, as the em-
bryo enlarges and the minute endosperm is consumed, the 
perisperm may supplant the endosperm and become the primary 
tissue interacting with the developing embryo. 

 Conclusions   —      More than a century after its initial discovery, 
the nine-celled Peperomia-type female gametophyte widely de-



13January 2010] Madrid and Friedman — Female gametophyte in  PEPEROMIA 

    Madrid   ,    E. N.   , and    W. E.     Friedman  .  2008 .     Female gametophyte de-
velopment in  Aristolochia labiata  Kunth.    Botanical Journal of the 
Linnean Society    158 :  19  –  29 .  

    Madrid   ,    E. N.   , and    W. E.     Friedman  .  2009 .     The developmental basis 
of an evolutionary diversifi cation of female gametophyte structure in 
 Piper  and Piperaceae.    Annals of Botany    103 :  869  –  884 .  

    Maheshwari   ,    P.    1950 .    An introduction to the embryology of angio-
sperms. McGraw-Hill, New York, New York, USA.  

    Maheshwari   ,    P.   , and    H.     Gangulee  .  1942 .     The development of the 
embryo sac in  Heckeria umbellata , Kunth.    Journal of the Indian 
Botanical Society    11 :  245  –  248 .  

    Martinoli   ,    G.    1948 .     Embriologia della  Peperomia maculosa  Hook.  
  Nuovo Giornale Botanico Italiano    55 :  235  –  250 .  

    Maugini   ,    E.    1953 .     Ricerche Cito-Embriologiche su  Piper medium  
Jacq. var.  ceanothifolium  (H.B.K.)   Trel. et Yun.  Caryologia    5 : 
 282  –  287 .  

    Modilewski   ,    J. S.    1908 .     Zur embryobildung von  Gunnera chilensis.   
  Berichte der Deutschen Botanischen Gesellschaft    26 :  550  –  556 .  

    Murty   ,    Y.    1958 .     Studies in the order Piperales. III. A contribution to the 
study of fl oral morphology of some species of  Peperomia.     Journal of 
the Indian Botanical Society    38 :  120  –  139 .  

    Murty   ,    Y.    1959 .     Studies in the order Piperales. V. A contribution to the 
study of fl oral morphology of some species of  Piper.     Proceedings of 
the Indian Botanical Society    B49 :  52  –  65 .  

    Murty   ,    Y.    1960 .     Studies in the order Piperales. 8. A contribution 
to the morphology of  Houttuynia cordata.     Phytomorphology    10 : 
 329  –  341 .  

    Nair   ,    N.   , and    K.     Narayanan  .  1961 .     Studies on the Aristolochiaceae. 
2. Contribution to the embryology of  Bragantia wallichii.     Lloydia    24 : 
 199  –  203 .  

    Neinhuis   ,    C.   ,    S.     Wanke   ,    K. W.     Hilu   ,    K.     M ü ller   , and    T.     Borsch  .  2005 .    
 Phylogeny of Aristolochiaceae based on parsimony, likelihood, and 
Bayesian analyses of  trn L- trn F sequences.    Plant Systematics and 
Evolution    250 :  7  –  26 .  

    Nickrent   ,    D. L.   ,    A.     Blarer   ,    Y.-L.     Qiu   ,    D. E.     Soltis   ,    P. S.     Soltis   , 
and    M.     Zanis  .  2002 .     Molecular data place Hydnoraceae with 
Artistolochiaceae.    American Journal of Botany    89 :  1809  –  1817 .  

    Nikiticheva   ,    Z. L.    1981 .     Embryological features of some Piperales.  
  Acta Societatis Botanicorum Poloniae    50 :  329  –  332 .  

    Nikiticheva   ,    Z. L.   ,    M. S.     Yakovlev   , and    T. A.     Plyushch  .  1981 .     The 
development of the ovule, embryo sac and endosperm in  Peperomia  
sp. (Piperaceae).    Botanicheskii Zhurnal    66 :  1388  –  1398 .  

   Plyushch, T. A .  1982a .    Ultrastructure of  Peperomia blanda  (Piperaceae): 
Embryo sac.  Ukrainskij Botanicnij Zurnal  39: 88 – 91.  

   Plyushch    , T. A.   1982b .    Ultrastructure of  Peperomia blanda  (Piperaceae): 
Embryo sac.  Ukrainskij Botanicnij Zurnal  39: 30 – 36.  

    Prakash   ,    N.   ,    J. F.     Brown   , and    W.     Yue-Hua  .  1994 .     An embryological 
study of kava,  Piper methysticum.     Australian Journal of Botany    42 : 
 231  –  237 .  

    Queller   ,    D. C.    1983 .     Kin selection and confl ict in seed maturation.  
  Journal of Theoretical Biology    100 :  153  –  172 .  

    Queller   ,    D. C.    1989 .    Inclusive fi tness in a nutshell.  In  P. Harvey and 
L. Partridge [eds.], Oxford surveys in evolutionary biology, vol. 6, 
73 – 109. Oxford University Press, Oxford, UK.  

    Queller   ,    D. C.    1994 .     Male – female confl ict and parent – offspring con-
fl ict.    American Naturalist    144 :  S84  –  S99 .  

    Quibell   ,    C. H.    1941 .     Floral anatomy and morphology of  Anemopsis 
californica.     Botanical Gazette    4 :  749  –  758 .  

    Raju   ,    M. V. S.    1961 .     Morphology and anatomy of the Saururaceae. I. 
Floral anatomy and embryology.    Annals of the Missouri Botanical 
Garden    48 :  107  –  124 .  

    Samuels   ,    A. J.    1912 .     Etudes sur le developpement du sac embryon-
naire et sur la fecondation du  Gunnera macrophylla  Bl.    Archiv fur 
Zellforschung    8 :  52  –  120 .  

    Smirnov   ,    A. G.   , and    L. S.     Grakhantseva  .  1988 .     On the ontogeny of the 
Peperomia type of embryo sac.    Botanicheskii Zhurnal    73 :  791  –  802 .  

    Swamy   ,    B. G. L.    1944 .     A reinvestigation of the embryo sac of  Piper 
betel.     Proceedings of the National Academy of Sciences India, section 
B    14 :  109  –  113 .  

    Fagerlind   ,    F.    1939 .     Die entwicklung des embryosackes bei  Peperomia 
pellucida  Kunth.    Archiv f ü r Botanik    29 :  1  –  15 .  

    Favre-Ducharte   ,    M.    1977 .     Eight interpretations of the embryo sac.  
  Phytomorphology    27 :  407  –  418 .  

   Fisher, G. C .  1914 .    Seed development in the genus  Peperomia. Bulletin 
of the Torrey Botanical Club  41: 137 – 156.  

    Friedman   ,    W. E.   ,    E. N.     Madrid   , and    J. E.     Williams  .  2008 .     Origin of 
the fi ttest and survival of the fi ttest: Relating female gametophyte 
development to endosperm genetics.    International Journal of Plant 
Sciences    169 :  79  –  92 .  

    Friedman   ,    W. E.   , and    J. H.     Williams  .  2003 .     Modularity of the angio-
sperm female gametophyte and its bearing on the early evolution of 
endosperm in fl owering plants.    Evolution    57 :  216  –  230 .  

    Ge   ,    L. L.   ,    H. Q.     Tian   , and    S. D.     Russell  .  2007 .     Calcium function and 
distribution during fertilization in angiosperms.    American Journal of 
Botany    94 :  1046  –  1060 .  

    Gifford   ,    E. M.   , and    A. S.     Foster  .  1974 .    Morphology and evolution of 
vascular plants. Freeman, New York, New York, USA.  

    Gonz á lez   ,    F.   , and    P.     Rudall  .  2003 .     Structure and development of 
the ovule and seed in Aristolochiaceae, with particular reference to 
 Saruma.     Plant Systematics and Evolution    241 :  223  –  244 .  

    Haig   ,    D.    1986 .     Confl icts among megaspores.    Journal of Theoretical 
Biology    123 :  471  –  480 .  

    Haig   ,    D.    1987 .     Kin confl ict in seed plants.    Trends in Ecology  &  Evolution   
 2 :  337  –  340 .  

    Haig   ,    D.    1990 .     New perspectives on the angiosperm female gameto-
phyte.    Botanical Review    56 :  236  –  275 .  

    Haig   ,    D.   , and    M.     Westoby  .  1988 .    Inclusive fi tness, seed resources, and 
maternal care.  In  J. Lovett and L. Doust [eds.], Plant reproductive 
ecology, 60 – 79. Oxford University Press, Oxford, UK.  

    Haig   ,    D.   , and    M.     Westoby  .  1989a .     Parent-specifi c gene expression and 
the triploid endosperm.    American Naturalist    134 :  147  –  155 .  

    Haig   ,    D.   , and    M.     Westoby  .  1989b .     Selective forces in the emergence of 
the seed habit.    Biological Journal of the Linnean Society    38 :  215  –  238 .  

    Hill   ,    T. G.    1906 .     On the seedling structure of certain Piperales.    American 
Journal of Botany    20 :  161  –  175 .  

    Hofmeister   ,    W.    1858 .     Neuere Beobachtungen uber Embryobildung der 
Phanerogamen.    Jahrbucher fur Wissenschaftliche Botanik    1 :  82  –  190 .  

    Huang   ,    B.-Q.   , and    S. D.     Russell  .  1992 .     Female germ unit: Organization, 
isolation, and function.    International Review of Cytology    140 :  233  –  289 .  

    Jacobsson-Stiasny   ,    E.    1918 .     Zur Embryologie der Aristolochiaceae. 
 Denkschriften — Osterreichische Akademie der Wissenschaften.   
  Mathematisch-Naturwissenschaftlliche Klasse    95 :  65  –  77 .  

    Johnson   ,    D. S.    1900a .     The embryo sac of  Peperomia pellucida.   
  Proceedings of the American Association for the Advancement of 
Science    49 :  279  –  280 .  

    Johnson   ,    D. S.    1900b .     On the endosperm and embryo of  Peperomia pel-
lucida.     Botanical Gazette    30 :  1  –  10 .  

    Johnson   ,    D. S.    1905 .     Seed development in the Piperales and its bearing 
on the relationship of the order.    Johns Hopkins University Circular   
 26 :  508  –  511 .  

    Johnson   ,    D. S.    1907 .     A new type of embryo-sac in  Peperomia.     Johns 
Hopkins University Circular    28 :  19  –  21 .  

    Johnson   ,    D. S.    1914 .     Studies of the development of the Piperaceae. 
II. The structure and seed-development of  Peperomia hispidula.   
  American Journal of Botany    1 :  357  –  397 .  

    Johri   ,    B. M.   , and    S. P.     Bhatnagar  .  1955 .     A contribution to the morphol-
ogy and life history of  Aristolochia.     Phytomorphology    5 :  123  –  137 .  

    Joshi   ,    A.    1944 .     Structure and development of the ovule and embryo-sac 
of  Piper longum  L.    Proceedings of the National Institute of Sciences 
of India    10 :  105  –  112 .  

    Kanta   ,    K.    1962 .     Morphology and embryology of  Piper nigrum  L.  
  Phytomorphology    12 :  207  –  221 .  

    Kremer   ,    J.   ,    D.     Mastronarde   , and    J.     McIntosh  .  1996 .     Computer visu-
alization of three-dimensional data using IMOD.    Journal of Structural 
Biology    116 :  71  –  76  .  

    Lei   ,    L.-G.   ,    Z.-Y.     Wu   , and    H.-X.     Liang  .  2002 .     Embryology of  Zippelia 
begoniaefolia  (Piperaceae) and its systematic relationships.    Botanical 
Journal of the Linnean Society    140 :  49  –  64 .  



14 American Journal of Botany

    Thathachar   ,    T.    1952 .     Morphological studies in the Euphorbiaceae 1. 
 Acalypha lanceolata  Willd.    Phytomorphology    2 :  197  –  201 .  

    Tobe   ,    H.   ,    T. F.     Stuessy   ,    P. H.     Raven   , and    K.     Oginuma  .  1993 .    
 Embryology and karyomorphology of Lactoridaceae.    American 
Journal of Botany    80 :  933  –  946 .  

    Wanke   ,    S.   ,    M. A.     Jaramillo   ,    T.     Borsch   ,    M. S.     Samain   ,    D.     Quandt   , 
and    C.     Neinhuis  .  2007a .     Evolution of Piperales —  matK  gene and 
 trnK  intron sequence data reveal lineage specifi c resolution contrast.  
  Molecular Phylogenetics and Evolution    42 :  477  –  497 .  

    Wanke   ,    S.   ,    M. S.     Samain   ,    L.     Vanderschaeve   ,    G.     Mathieu   ,    P.   
  Goetghebeur   , and    C.     Neinhuis  .  2006 .     Phylogeny of the genus 
 Peperomia  (Piperaceae) inferred from the  trnK/matK  region (cp-
DNA).    Plant Biology    8 :  93  –  102 .  

    Wanke   ,    S.   ,    L.     Vanderschaeve   ,    G.     Mathieu   ,    C.     Neinhuis   ,    P.   
  Goetghebeur   , and    M. S.     Samain  .  2007b .     From forgotten taxon 
to a missing link? The position of the genus  Verhuellia  (Piperaceae) 
revealed by molecules.    Annals of Botany    99 :  1231  –  1238  .  

    Westoby   ,    M.   , and    B.     Rice  .  1982 .     Evolution of the seed plants and inclu-
sive fi tness of plant tissues.    Evolution    36 :  713  –  724 .  

    Williams   ,    J. H.   , and    W. N.     Friedman  .  2004 .     The four-celled female 
gametophyte of  Illicium  (Illiciaceae; Austrobaileyales): Implications 
for understanding the origin and early evolution of monocots, eumag-
noliids, and eudicots.    American Journal of Botany    91 :  332  –  351 .  

    Wilson   ,    M. F.   , and    N.     Burley  .  1983 .    Mate choice in plants: Tactics, 
mechanisms and consequences. Princeton University Press, Princeton, 
New Jersey, USA.  

    Wyatt   ,    R.    1955 .     An embryological study of four species of  Asarum.   
  Journal of the Elisha Mitchell Scientifi c Society    71 :  64  –  82 .  

    Yoshida   ,    O.    1960 .     Embryologische Studien uber Ordnung Piperales. 
IV. Embryologie von  Piper Futokazura  Sieb. et Zucc.  Journal of the 
College of Arts and Sciences ,    Chiba University    3 :  155  –  162 .  

    Zanis   ,    M. J.   ,    P. S.     Soltis   ,    Y. L.     Qiu   ,    E.     Zimmer   , and    D. E.     Soltis  .  2003 .    
 Phylogenetic analyses and perianth evolution in basal angiosperms.  
  Annals of the Missouri Botanical Garden    90 :  129  –  150 .                


