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maysillesii (figs. 3, 4), and O. organensis (fig. 5)
the endotesta varies in thickness from one part of
the seed to another and among the species (table
2). The mesotesta is persistent, but it may become
somewhat compressed and varies in thickness and
in degree of specialization (table 3). In O. stubbei,

O. macrosceles, and O. organensis the mesotesta
is consistently one cell thick, whereas in O. may-
sillesii it is two or three, rarely one cell, thick; these
layers may be compressed at places (figs. 3, 4).
The mesotestal cells of O. maysillesii become scle-
rotic and pitted (fig. 4); in the other species of sub-

TABLE 3

COMPARISONS OF VARIABLE ANATOMICAL FEATURES OF THE MESOTESTA AND EXOTESTA

MESOTESTA EXOTESTA
No. cell Thickness
layers Cell (um) Cell
Section Oenothera:
Subsection Emersonia:
O. macrosceles ................... 1 Thin walled Flattened
O. maysillesii .................... 1-3 Sclerotic, pitted; Collapsed
occasionally
compressed
O. organensis .................... 1 Thin walled s Collapsed
O. stubbei ....................... 1 Thin walled . Flattened
Subsection Oenothera:
O. villosa subsp. villosa ........... 0 Crushed e Flattened or collapsed
Subsection Raimannia:
O. heterophylla ................... 1 Thin walled . Flattened or collapsed
O. laciniata ...................... 1 Thin walled e Flattened or collapsed
Section Kleinia:
O. albicaulis ..................... 1 Thin walled s Flattened or collapsed
Section Pachylophus:
O. caespitosa subsp. caespitosa . . ... 3-4 Lignified, compressed e Irregularly swollen or collapsed
O. cavernae ..................... 1-2 Lignified, compressed Irregularly swollen or collapsed
O. harringtonii ................... 1 Lignified, compressed e Flattened or collapsed
Section Eremia:
O. primiveris ..................... 2-5 Sclerotic, pitted . Irregularly swollen or collapsed
Section Contortae:
O. xylocarpa ..................... 1-2 Sclerotic, pitted e Irregularly swollen or collapsed
Section Ravenia:
O. muelleri ...................... 4-8 Sclerotic, pitted e Longitudinally elongate, collapsed
O. tubifera ...................... 3-5 Sclerotic, pitted Longitudinally elongate, collapsed
Section Megapterium:
O. brachycarpa ................... 8-16 Sclerotic, pitted Irregularly swollen or collapsed
O. macrocarpa subsp. macrocarpa ... 6-20 Sclerotic, pitted S Irregularly swollen or collapsed
Section Lavauxia:
Subsection Australis:
O. acaulis ....................... 0 Crushed 38.0-42.3 Enlarged; subcuboidal
Subsection Lavauxia:
O.flava ......................... 0 Crushed 46.5-126.8 Radially enlarged; pillar-like
Section Anogra:
0. engelmanii . ................... 0 Crushed e Collapsed
O. kleinii ........................ 0 Crushed 12.7-16.9 Enlarged; subcuboidal
O. pallida subsp. runcinata . ........ 0 Crushed 19.0-25.4  Enlarged; subcuboidal
Section Paradoxus:
O. havardii ...................... 2-5 Sclerotic, pitted 67.6-99.3  Radially enlarged; papilla-like
Section Gauropsis:
O. canescens ..................... 0 Crushed 74.0—152.1 Radially enlarged; pillar-like
O.dissecta ...................... 0 Crushed 46.5-59.2  Radially enlarged; pillar-like
Section Kneiffia:
O. fruticosa subsp. fruticosa ........ 0 Crushed 38.0-46.5  Radially enlarged; papilla-like
O. perennis ...................... 0 Crushed 21.1-31.7  Radially enlarged; papilla-like
Section Xylopleurum:
O. speciosa ...................... 0 Crushed 27.5-38.0  Radially enlarged; papilla-like
Section Hartmannia
0. epilobiifolia subsp. cuprea 0 Crushed 10.6-12.7  Enlarged; subcuboidal
O. kunthiana ..................... 0 Crushed 16.9-19.0  Radially enlarged; papilla-like
O.rosea ........................ 0 Crushed 23.2-27.5  Radially enlarged; papilla-like
O. seifrizii ....................... 0 Crushed 12.7-14.8  Enlarged; subcuboidal
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section Emersonia they are thin walled and not pit-
ted. In general, the mesotestal cells of these spe-
cies are contiguous (fig. 1), but occasionally they
may become separated at places as a result of ra-
dial enlargement of the endotestal cells (fig. 2). The
exotestal cells are either radially flattened, as in O.
stubbei and O. macrosceles, or somewhat col-
lapsed, as in O. maysillesii and O. organensis. The
surface pattern is basically reticulate (fig. 37).

SECTION OENOTHERA SUBSECTION OENOTHERA.—
Oenothera villosa subsp. villosa (fig. 6) has a sim-
pler testal structure than the species of subsection
Emersonia. The endotesta of this species is thin
(table 2). The mesotesta is unusual in being nearly
completely crushed (table 3). This crushing, which
occurs during development, leaves small air spaces
between the endotesta and exotesta. The exotesta
has irregularly shaped, thick-walled, tannin-con-
taining cells. The surface pattern is similar to that
of O. organensis.

SECTION OENOTHERA SUBSECTION RAIMANNIA.—
Oenothera laciniata (fig. 7) and O. heterophylla
(fig. 8) have features that closely resemble those
of O. stubbei and O. macrosceles but differ from
those of O. maysillesii and O. organensis (tables
2, 3). The exotestal cells are not specialized; they
are radially flattened and contain variable amounts
of tannin; the surface pattern is reticulate.

SecTioN KLEINIA.—The histological features of
O. albicaulis (fig. 9) are remarkably similar to those
of O. stubbei, O. macrosceles, O. laciniata, and
O. heterophylla. The single cell-layered mesotesta
is persistent, thin walled, not pitted, often some-
what compressed, and discontinuous at places (ta-
ble 3). The surface pattern is scalariform, and the
surface has deeper depressions (fig. 38) than in
species of section Oenothera.

SECTION RAVENIA.—The testal anatomy in O.
muelleri (figs. 15-17) and O. tubifera (fig. 18) is
identical (table 2). The endotestal cells are polyg-
onal, uniformly thick walled, sclerotic, pitted, and
contain crystals, features unique in the genus (figs.
17, 18; tables 2, 3). The mesotesta is exceptionally
thick (3-8 cells) and constitutes a major part of the
seed coat (figs. 15, 16). The mesotestal cells are
uniformly thick walled, sclerotic, and pitted but
differ from the endotestal cells in lacking crystals.
The exotesta is composed of longitudinally elon-
gate, collapsed cells (fig. 39); the surface pattern
is reticulate to papillate; the papillae are elongated
longitudinally and compressed laterally (fig. 39).

SECTION CONTORTAE.—The mesotesta of O. xy-
locarpa (fig. 14) is one to two cell layers thick
(table 3). Some of the cells in the outer cell layer
are more radially elongate than those in the inner
layer. The exotestal cells are thin walled and col-
lapsed and may develop into small papillae; the
surface pattern is reticulate to papillate (WAGNER
et al. 1985).

SECTION EREMIA.—The mesotesta of O. primiv-
eris subsp. primiveris (fig. 13) has uniformly thick-
walled, sclerotic, pitted cells and is two to five cells
thick. The exotestal cells are thin walled and col-
lapsed and may develop into small papillae; the
surface pattern is reticulate to papillate (WAGNER
et al. 1985).

SECTION PACHYLOPHUS.—The mesotesta has
thick-walled, highly lignified, compressed cells, a
feature unique in the genus (figs. 10-12). The me-
sotesta is one to four cells thick (table 3). The exo-
testa has thin-walled cells that are somewhat ra-
dially developed or collapsed, and the surface pattern
is papillate to reticulate (WAGNER et al. 1985).

SECTION MEGAPTERIUM.—The seeds of O. bra-
chycarpa (figs. 19, 20) and O. macrocarpa subsp.
macrocarpa (fig. 21) have a thinner endotesta than
those in the preceding sections (table 2). The en-
dotestal cells are radially flattened and contain
crystals (fig. 20). In section Megapterium and in
all of the following sections, the endotestal cells
are not prominently enlarged radially in contrast to
those in the preceding sections. The mesotesta has
sclerotic, pitted cells and is 8—16 cells thick in O.
brachycarpa and 6-20 cells thick in O. macro-
carpa subsp. macrocarpa. The exotestal cells are
thin walled and not specialized; the surface pattern
is reticulate or has collapsed papillae (fig. 40).

SECTION LAVAUXIA SUBSECTION LAVAUXIA.—
Oenothera flava (fig. 22), a North American spe-
cies, has a thin endotesta with thickened inner walls
(table 2). The mesotesta becomes crushed at ma-
turity (table 3). The exotestal cells are radially
elongated into pillar-like structures. The upper half
of each exotestal cell is narrower than the lower
half and is separated from the adjacent cells, giving
the seed surface a beaded appearance (fig. 41). The
cells also have numerous minute papillac on their
upper surface.

SECTION LAVAUXIA SUBSECTION AUSTRALIS.—
Oenothera acaulis (fig. 23), a South American
species, has a thin endotesta. The endotestal cells,
however, have thickened inner and radial walls,
typical for sections with thick endotesta (table 2).
The mesotesta is crushed, as in O. flava. The exo-
testal cells are not as enlarged as those of O. flava
(table 3); they are thick walled and more contin-
uous with one another than in O. flava, resulting
in a colliculate surface pattern (fig. 42).

SECTION ANOGRA.—Qenothera engelmannii (fig.
24), O. pallida subsp. runcinata (fig. 25), and O.
kleinii (fig. 26) have thin endotesta, with a thick-
ened inner wall and a completely crushed meso-
testa (tables 2, 3). The exotesta of O. pallida and
O. kleinii has enlarged subcuboidal cells, making
the surface pattern alveolate (fig. 44). In O. en-
gelmannii, however, the exotestal cells are col-
lapsed, giving the seed surface a scalariform pat-
tern (fig. 43).



Figs. 10—18.—LS and CS of seed coats of Oenothera. em, Embryo; entg, endotegmen; ents, endotesta; extg, exotegmen; exts,
exotesta; ms, mesotesta. Scale = 50 pm in figs. 10—14, 16—18; 1 mm in fig. 15. Fig. 10, O. caespitosa subsp. caespitosa (CS).
Fig. 11, O. cavernae (LS). Fig. 12, O. harringtonii (LS). Fig. 13, O. primiveris subsp. primiveris (CS). Fig. 14, O. xylocarpa
(CS). Figs. 15-17, O. muelleri (CS). Fig. 18, O. tubifera (CS).
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Fics. 19-28.—LS and CS of seed coats of Oenothera. entg, Endotegmen; ents, endotesta; extg, exotegmen; exts, exotesta; mt,
mesotesta. Scale = 50 um in figs. 19-23, 27; 20 pm in figs. 24-26, 28. Figs. 19, 20, O. brachycarpa (CS). Fig. 21, O.
macrocarpa subsp. macrocarpa (CS). Fig. 22, O. flava (CS), an immature stage in which the mesotestal cells are still being
crushed. Fig. 23, O. acaulis (LS). Fig. 24, O. engelmanii (CS). Fig. 25, O. pallida subsp. runcinata (CS). Fig. 26, O. kleinii
(CS). Fig. 27, O. canescens (CS). Fig. 28, O. dissecta (CS).
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SECTION GAUROPSIS.—Qenothera canescens (fig.
27) and O. dissecta (fig. 28) have thin endotesta
with a thickened inner wall (table 2). The meso-
testa of both species is completely crushed, and the
exotesta has remarkably radially elongated cells that
are modified into pillar-like structures at ma-
turity (table 3). Unlike those of O. flava (fig. 22),
however, the pillar-like exotestal cells of these two
species are tightly connected with one another along
their entire length, making the external surface
smooth or inconspicuously reticulate (fig. 46).

SECTION PARADOXUS.—Oenothera havardii (fig.
29) has a thin endotesta with a thickened inner wall
but has a persistent mesotesta two to five cells thick,
with cells that are sclerotic, pitted, and radially
flattened (tables 2, 3). The exotestal cells are ra-
dially elongated and separated from one another in
their upper halves, as in O. flava, giving the sur-
face a beaded appearance. They also have numer-
ous minute papillae on their upper surfaces (fig.
45).

SECTION KNEIFFIA SUBSECTION KNEIFFIA.—The
seeds of O. fruticosa subsp. fruticosa (fig. 30) and
O. perennis (fig. 31) are similar in structure. The
endotesta of these species is very thin, with thick-
ened inner walls (table 2). The mesotesta is com-
pletely crushed (table 3). The exotesta has papilla-
like cells that taper toward the apex; the surface
pattern is aculeate (fig. 47).

SECTION XYLOPLEURUM.—Qenothera speciosa
(fig. 32) is similar to the species of sections Hart-
mannia and Kneiffia in having a comparatively thin
endotesta and a crushed mesotesta (tables 2, 3).
The exotestal cells are papilla-like and are similar
to those of section Kneiffia and the North Ameri-
can members of section Hartmannia. The surface
pattern is aculeate (fig. 48).

SECTION HARTMANNIA.—The seeds of O. kun-
thiana (fig. 33), O. rosea (fig. 34), O. seifrizii (fig.
35), and O. epilobiifolia subsp. cuprea (fig. 36)
have both thin endotesta with thickened inner walls
and crushed mesotesta (tables 2, 3). By contrast,
these species are diverse in the degree of exotesta
specialization. Oenothera kunthiana and O. rosea
have papilla-like exotestal cells that taper in the up-
per half so that the surface pattern is aculeate (fig.
48). Both O. seifrizii and O. epilobiifolia are spe-
cialized and similar to one another in having sub-
cuboidal exotestal cells, giving a colliculate sur-
face pattern (fig. 42), as in O. dissecta and O.
canescens.

Discussion

SYSTEMATIC CONSIDERATIONS

SECTION OENOTHERA.—Based on results of ex-
perimental hybridization studies, STUBBE and RAVEN
(1979) expanded section Oenothera to include five
subsections: Emersonia (DIETRICH et al. 1985),

Munzia (DIETRICH 1977), Raimannia, Nutanti-
gemma (DIETRICH and WAGNER 1987), and Oeno-
thera. A comparison of seed coat anatomy indi-
cates that this section is uniform in having a thick
endotesta, persistent mesotesta (except in O. vil-
losa, subsection Oenothera), and a nonspecialized
exotesta. Oenothera maysillesii (subsection Emer-
sonia) is strikingly different not only from other
members of its subsection but also from the other
subsections of section Oenothera. Oenothera may-
sillesii has a mesotesta one to three cells thick with
sclerotic, pitted cells, whereas other species have
a one-cell-layered mesotesta with thin-walled cells
or no mesotesta at all. The multilayered mesotesta
in O. maysillesii also occurs in sections Eremia,
Contortae, Ravenia, and Megapterium. At the same
time, crossing experiments and other shared mor-
phological features indicate an undoubted relation-
ship between O. maysillesii and the three other
species of subsection Emersonia (STUBBE and RAVEN
1979; DIETRICH et al. 1985). A multilayered me-
sotesta appears to be a primitive character for the
genus and thus cannot be used to predict relation-
ships.

Oenothera villosa subsp. villosa is distinct in
section Oenothera in having a thin endotesta and
a completely crushed mesotesta. Although it has
not been determined that these anatomical features
of O. villosa subsp. villosa are typical for subsec-
tion Oenothera, it appears that this subsection has
the most specialized and simplified seed structure
among the subsections of section Oenothera. Thin
endotesta and crushed mesotesta appear to have been
independently derived in subsection Oenothera and
the other species that exhibit these characters.

Both O. laciniata and O. heterophylla (subsec-
tion Raimannia) have seed coat structures identical
with those of O. stubbei and O. macrosceles (sub-
section Emersonia). The similarity in seed anat-
omy between subsections Raimannia and Emer-
sonia, rather than subsection Oenothera, appears
to run contrary to results from experimental hy-
bridizations. No seeds were produced in attempted
hybridizations between subsections Raimannia and
Emersonia except for pollen-sterile hybrids ob-
tained with difficulty between O. maysillesii and
O. drummondii Hook. subsp. thalassaphila (T. S.
Brandegee) W. Dietrich & W. L. Wagner (STUBBE
and RAVEN 1979). By contrast, viable hybrids can
readily be obtained in certain plastome conditions
between subsections Raimannia and Oenothera
(STUBBE and RAVEN 1979).

SECTION KLEINIA.—Oenothera albicaulis and O.
coronopifolia constitute section Kleinia (MUNZ 1965;
RAVEN 1970). Based primarily on capsule and seed
morphology, Munz (1935, 1965) placed the two
white-flowered species of section Kleinia in his
subgenus Raimannia, a group of otherwise yellow-
flowered species, rather than with other white-



Fics. 29-36.—LS and CS of seed coats of Oenothera. entg, Endotegmen; ents, endotesta; extg, exotegmen; exts, exotesta; ms,
mesotesta. Scale = 50 wm in figs. 29, 30; 20 wm in figs. 31-36. Fig. 29, O. havardii (CS). Fig. 30, O. fruticosa subsp. fruticosa
(LS). Fig. 31, O. perennis (LS). Fig. 32, O. speciosa (LS). Fig. 33, O. kunthiana (LS). Fig. 34, O. rosea (CS). Fig. 35, O.
seifrizii (CS). Fig. 36, O. epilobiifolia subsp. cuprea (CS).
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flowered species, subgenus Anogra. RAVEN (1970)
considered section Kleinia to be intermediate be-
tween subgenus Raimannia and subgenus Anogra.
Our data show that O. albicaulis has essentially the
same seed anatomy as species of section Oeno-
thera subsection Raimannia and three species of
subsection Emersonia. The seed coat structure of
members of section Anogra is entirely different in
lacking a mesotesta and in having a thin endotesta
composed of cells with a thickened inner wall. This
indicates that section Kleinia is directly related to
section Oenothera subsection Raimannia. The seed
surface pattern, however, differs between section
Kleinia and subsection Raimannia primarily in the
deeper depressions on the surface of seeds in the
former group (figs. 37, 38).

HECHT (1950) hybridized O. albicaulis with spe-
cies of subsection Raimannia but obtained few
seeds, which did not germinate. This indicates that,
despite the clear relationship between section Klei-
nia and subsection Raimannia, considerable ge-
netic divergence may have occurred.

SECTIONS PACHYLOPHUS, EREMIA, CONTORTAE,
AND RAVENIA.—Until RAVEN (1970) reviewed the
species of these sections, O. muelleri had been in-
cluded in subgenus Raimannia, and all others were
included in subgenus Pachylophus (MuNz 1965).
RAVEN (1970) reevaluated the relationships of these
species and suggested that they could be divided
into three distinct subgroups: (1) a subgroup of O.
caespitosa, O. cavernae, and O. brandegeei, i.c.,
section Pachylophus, which was subsequently ex-
panded to contain two additional species, O. har-
ringtonii and O. psammophila (WAGNER et al.
1985); (2) a subgroup with O. primiveris (now
treated as section Eremia; WAGNER 1986) and O.
xylocarpa (now section Contortae; WAGNER 1986);
and (3) a subgroup with O. muelleri and O. tubi-
fera (now section Ravenia, WAGNER 1986). Bio-
systematic studies of these species (STOCKHOUSE
1973; WAGNER et al. 1985) strongly supported this
treatment. The latter study included SEM obser-
vations of seed surface patterns and internal struc-
tures of hand-sectioned seeds. In addition, a cladis-
tic analysis (WAGNER et al. 1985) indicated that
section Pachylophus is a monophyletic group most
closely related to O. primiveris and O. xylocarpa.
Our study also strongly supports the conclusion of
RAVEN (1970) and is consistent with WAGNER’S
(1985) cladistic analysis.

The examined species of section Pachylophus are
distinct in having a persistent, multilayered me-
sotesta with compressed cells and a multilayered
fibrous exotegmen. Both features are unknown
elsewhere in the genus except in O. primiveris
(section Eremia), which sometimes has a two-
layered exotegmen. Oenothera primiveris subsp.
primiveris may have a two-cell-layered fibrous
exotegmen near the chalazal end of the seed, a fea-

ture that represents a link with section Pachylo-
phus. By contrast, O. primiveris subsp. primiveris,
O. xylocarpa (section Contortae), and O. muelleri
and O. tubifera (section Ravenia) have a persisent,
multilayered mesotesta with noncompressed, scle-
rotic, pitted cells and a one-cell-layered fibrous
exotegmen. The combination of these characters
distinguishes these four species from the members
of section Pachylophus. Both O. muelleri and O.
tubifera are distinct from O. primiveris and O. xy-
locarpa by their unique sclerotic, pitted, polygonal
endotestal cells.

Seeds of O. primiveris and O. xylocarpa, like
those of species in section Pachylophus, have ra-
dially enlarged endotestal cells with thickened in-
ner and radial walls, a feature also shared by mem-
bers of sections Oenothera and Kleinia. In this
respect, O. primiveris and O. xylocarpa are more
similar to section Pachylophus than to section Ra-
venia, as indicated by cladistic analysis (WAGNER
et al. 1985). Seeds of O. primiveris and O. xylo-
carpa differ from those of O. maysillesii (subsec-
tion Emersonia) only in having a thinner endotesta
and exotestal cells that may be irregularly swollen
rather than collapsed. Oenothera primiveris differs
from both O. maysillesii and O. xylocarpa in its
thicker, one- to two-cell-layered exotegmen and
thicker, two- to five-cell-layered mesotesta.

SECTION MEGAPTERIUM.—The seed coat anat-
omy of the two examined members of this section
is uniform but distinct from that of other sections.
Oenothera brachycarpa and O. macrocarpa subsp.
macrocarpa have a persistent, multilayered me-
sotesta with sclerotic, pitted cells, a feature shared
with O. maysillesii, section Oenothera, and sec-
tions Ravenia, Contortae, Eremia, and Paradoxus.
Although the mesotestal cells are similar in struc-
ture to those of these other sections, they are smaller.
Species of section Megapterium differ from O. ha-
vardii in lacking any specialized exotestal cells and
from the remainder of the examined species in hav-
ing thin endotesta. Seeds of sections Anogra, Gau-
ropsis, Hartmannia, Kneiffia, Lavauxia, Mega-
pterium, Paradoxus, and Xylopleurum have thin
endotesta; all of these sections except Megapte-
rium and Paradoxus have crushed mesotesta.

Thin endotesta, based on the outgroup compar-
ison to Stenosiphon, appears to represent a ple-
siomorphic feature and thus does not indicate re-
lationship. Crushed mesotesta, however, represents
a synapomorphy, giving the first unequivocal data
that ally these sections to one another.

SECTION LAVAUXIA.—Oenothera flava (North
American) and O. acaulis (South American) differ
from each other in the degree of specialization of
the exotesta. In O. flava the exotestal cells are
prominently radially elongated into pillar-like cells,
whereas in O. acaulis they are less radially elon-
gated and subcuboidal in shape. The resultant dif-
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FiGs. 37-42.—SEM of the seed surface of Oenothera. Scale
(right), 42 (right). Fig. 37, O. maysillesii (Breedlove 44288, MO). Fig. 38, O. albicaulis (Dueholm 4453, MO). Fig. 39, O.
tubifera (Stubbe 305, DUSS). Fig. 40, O. macrocarpa subsp. fremontii (McGregor 32015, MO). Fig. 41, O. flava (Wagner &
Downs in 1978, MO). Fig. 42, O. acaulis (1974, Rodriguez s.n., MO).

ferent seed surface patterns—tuberculate, beadlike
in O. flava (fig. 41) and colliculate in O. acaulis
(fig. 42)—support the subdivision of section La-
vauxia into two subsections (WAGNER 1986).
SECTION ANOGRA.—The three examined species
in this section have a relatively simple seed coat

50 wm in figs. 37-40, 41 (left), 42 (left); 5 um in figs. 41

structure, including a thin endotesta, crushed me-
sotesta, and a relatively unspecialized exotesta.
Oenothera engelmanii differs from O. pallida subsp.
runcinata and O. kleinii in having collapsed exo-
testal cells. This specialized exotesta probably is
related to the encapsulation of each seed in a por-
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tion of the capsular tissue, which is dispersed with
each seed (WAGNER, unpublished data). The other
two species have normal capsule dehiscence, and
the seeds are free of the capsule walls.

SECTION GAUROPSIS.—In contrast to the close
similarity of seed coat structure between O. ca-
nescens and O. dissecta, that of O. havardii is con-
spicuously different in having both a persistent,
multilayered mesotesta with sclerotic, pitted cells
and a very specialized exotesta with remarkably ra-
dially elongated cells. Oenothera havardii not only
is distinct from the other two species included by
Munz (1932, 1965) in his subgenus Gauropsis but
also from members of all other sections of the ge-
nus. These unique differences support the removal
of O. havardii from section Gauropsis to the new
monotypic section Paradoxus (WAGNER 1984). A
pronounced difference in seed size also supports
this classification.

SECTION KNEIFFIA.—OQOenothera fruticosa subsp.
fruticosa and O. perennis are perennial herbs (MUNZ
1965; STRALEY 1977) and have relatively simple
anatomical seed coat structures with aculeate seed
surfaces formed by papilla-like exotestal cells. Ac-
cording to STRALEY (1977) who studied seed coat
surfaces in the five species of section Kreiffia, two
annual species, O. linifolia (the only member of
subsection Peniophyllum) and O. spachiana (sub-
section Kneiffia), have a verrucose seed surface
similar to the aculeate surface of the perennial spe-
cies. Section Kneiffia has been placed close to sec-
tion Hartmannia because both sections have cla-
vate capsules with the seeds clustered in each cell
(MuNz 1965). Seed coat anatomy supports this
interpretation. Both O. epilobiifolia and O. seifrizii
(section Hartmannia) differ from the other taxa in
these sections in having enlarged, subcuboidal
exotestal cells.

SECTIONS HARTMANNIA AND XYLOPLEURUM.—
Among the species examined in these sections, O.
kunthiana, O. rosea, and O. speciosa are identical
in anatomical structure. They are also similar to the
species of section Kneiffia. The Central and South
American species of section Hartmannia, O. seif-
rizii and O. epilobiifolia subsp. cuprea, differ in
having less radially enlarged exotestal cells that are
subcuboidal in shape. Based on this evidence, these
two species could be separated into their own sec-
tion or subsection. In further support, both have
yellow petals, sometimes with a red spot, while the
other species of section Hartmannia have white or
purple petals. Crossing studies (RAVEN and PAR-
NELL, unpublished data) demonstrated a distinction
in crossability among O. seifrizii, O. epilobiifolia,
and other yellow-flowered species of section Hart-
mannia and the remainder of section Hartmannia,
which has species with white or rose-purple petals.

There is a coincidence in shape of exotestal cells
between the yellow-flowered species of section

Hartmannia and section Lavauxia: both O. seifrizii
and O. epilobiifolia subsp. cuprea, like O. acaulis
(section Lavauxia), have a colliculate seed surface
with subcuboidal exotestal cells. This similarity has
surely evolved independently in the two groups and
perhaps represents a loss of specialization in each
lineage brought about by long-distance dispersal.

CLADISTIC ANALYSIS

The relationships among the sections of Oeno-
thera have been difficult to analyze. Sectional de-
limitation was based largely on structure of the
capsules and seed arrangement in the fruit (MUNZ
1965). This approach was maintained in subse-
quent detailed studies of individual sections (DIE-
TRICH 1977, STRALEY 1977; DIETRICH et al. 1985;
WAGNER et al. 1985; WAGNER, unpublished data),
but it has been primarily useful in delimiting sec-
tions, not in determining relationships among them.
A cladistic analysis using these new data should
thus provide new insights into the relationships
among the sections of Oenothera. Moreover, hy-
potheses of relationships based on these data can
be tested with other, more diverse data using ad-
ditional characters.

The data were analyzed by the PAUP (Phylo-
genetic Analysis Using Parsimony) computer pro-
gram written by DAvVID L. SwOFFORD, Illinois Nat-
ural History Survey, Urbana, Illinois.

Overall, 20 characters (table 4) were used in the
analysis. In the following list the character is given
in italics, followed by zero (0) for the plesio-
morphic state and one (1) or a higher number for
the derived or apomorphic state(s). A brief state-
ment explains the basis of the polarity decision. If
the hypothesis of polarity is straightforward, based
solely on outgroup comparison to the most closely
related genus, Stenosiphon, no comment is given.

The monotypic genus Stenosiphon was used as
the primary outgroup because all of the features
observed throughout Oenothera—(a) a persistent
endotegmen one cell layer thick, (b) consisting of
elongate cells; (¢) exotegmen with lignified fibers;
(d) and crystals in the endotestal cells—also are
found in Stenosiphon (TOBE, unpublished data). This
indicates either that these characters shared by both
genera are primitive features of their common
ancestor or that Stenosiphon was derived from
Oenothera. It is also the most closely related genus
to Oenothera, based on specialized stigma mor-
phology (RAVEN 1964).

1. Seed size (A): 0 = 2-3 mm long; 1 = 0.7-2 mm long.
2. Seed size (B): 0 = 2-3 mm long; 1 = 3-5 mm long.
For the polarity determination of characters 1 and 2,

a functional outgroup of O. maysillesii (section Oeno-
thera subsection Emersonia) was used. This species was
selected because it has the most plesiomorphic char-
acter states in the genus. Stenosiphon was not used be-
cause it has specialized, indehiscent, nutlike fruit in a

family that has largely many-seeded capsules or ber-
ries. Many-seeded capsules is the plesiomorphic state
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Fics. 43—48.—SEM of the seed surface of Oenothera. Scale
(right), 46 (right), 47, 48. Fig. 43, O. engelmanii (Goodman, Massey & Lawson 8069, MO). Fig. 44, O. kleinii (Wagner 4531,
MO). Fig. 45, O. havardii (Wagner & Brown 3922, MO). Fig. 46, O. canescens (Wagner & Butley 3636, MO). Fig. 47, O.
Sfruticosa subsp. fruticosa (from plants cultivated from Boufford 21575, MO). Fig. 48, O. speciosa (Wagner & Solomon 4089,
MO).

for the family. Stenosiphon fruit have a single seed that
matures. Thus, it is essentially impossible to polarize
seed size by the usual method. Moreover, seed size var-
ies among species in tribe Onagreae, of which Oeno-
thera is a member. In this situation a functional out-
group comparison in the sense of WATROUS and WHEELER

50 wm in figs. 43, 45 (left), 46 (left); 5 pm in figs. 44, 45

(1981) was thought to be the best possible method for
polarizing seed size. This was done by determining the
undirected character state that was present in both
O. maysillesii and other species of Oenothera. The state
common to both was considered to be the plesiomor-
phic state.
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TABLE 4
DATA MATRIX OF SEED AND CAPSULE CHARACTERS USED IN CLADISTIC ANALYSIS OF OENOTHERA
Taxon 1 23 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
O. maysillesii (MAY) .0 001 1 0O0O0O0O O 1 0 (V] 0 0 0 0 0 0
O. stubbei (STU) .10 0 1 1 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0
O. macrosceles (MAO) .10 0 1 1 0 0 0 O O 0 0 0 0 0 0 0 0 0 0
O. organensis (ORG) .10 0 1 1 0 0 0 O O 0 0 0 0 0 0 0 0 0 0
0. villosa (VIL) ..... 1 00 010O0O0OT1 O O 1 0o 0 0 0 0 0 0 0
0. laciniata (LAC) .10 0 1 1 0 0 0 O O 0 0 0 0 0 0 0 0 0 0
O. heterophylla (HET) .10 0 1 1 00 0O O 0 0 0o 0 0 0 0 0 0 0
0. albicaulis (ALB) .10 01 10O0O0O0 O 0 0 0 0 0 0 0 0 0 0
O. caespitosa (CAE) .00 21 100 O0O0 O 0 0 1 0 0 1 0 0 0 0
O. cavernae (CAV) .0 021 10000 O 0 0 1 0 0 1 0 0 0 0
O. harringtonii (HAR) .00 2 1 1 0 0 O0O0 O 0 0 1 0 0 0 0 0 0 0
O. primiveris (PRD) ..... 001 1 100O0O0 O 1 0 0 0 0 1 0 0 0 0
O. xylocarpa (XYL) .00 01 100 O0O0 O 1 0 0 0 0 1 0 0 0 0
O. muelleri (MUE) .0 1. 01 11100 O 1 0 0 0 1 0 0 0 0 0
O. tubifera (TUB) .0 1 01 1 1 1 00 O 1 0 0 0 1 0 0 0 0 0
O. brachycarpa (BRA) .0 1 0 0 00 O OO0 1 1 0 0 0 0 1 0 0 0 1
0. macrocarpa (MAC) .01 00000 0 O0 1 1 0 0 0 0 1 0 0 0 1
0. flava (FLA) .00 00 0O OO 11 0 O 1 0 1 0 0 2 0 0 1
O. acaulis (ACA) .0 0000O0O0OOOT1 0 O 1 0 0 0 0 1 0 0 1
O. engelmannii (ENG) .10 0 0 0 O0O0T1 1 O 0 1 0 0 1 0 0 0 1 0
O. pallida (PAL) .10 0 0 0 OO 11 0 O 1 (V] 0 0 1 0 1 0
O. kleinii (KLE) .0 0000 OO 11 0 O 1 0o 0 0 0 1 0 1 0
O. canescens (CAN) .10 0 0 O0 OO 1 1 O 0 1 0 1 0 0 2 1 0 1
O. dissecta (DIS) ..... 1 0000 0 O0O0T1T1 O 0 1 0 1 0 0 2 1 0 1
O. havardii (HAV) .0 0 00OOOOT1 O0 O 1 0 0 1 0 0 3 0 0 1
O. fruticosa (FRU) .10 0 00 O O 1 1 O 0 1 0 0 0 0 3 1 0 1
O. perennis (PER) .10 0 00O O 1 1 O 0 1 0 0 0 0 3 1 0 1
O. speciosa (SPE) ..... 10 0000 01 1 O 0 1 0 0 0 0 3 1 0 1
O. kunthiana (KUN) .10 0 0 0 O0OOT1 1 O 0 1 0 0 0 0 3 1 0 1
O. rosea (ROS) .10 0 0 00O 11 O 0 1 0o 0 0 0 3 1 0 1
O. seifrizii (SEI) ..... 1 000 O0O0OT1 1 O 0 1 0o 0 0 0 1 1 0 1
O. epilobiifolia (EPD) ..... 1 0000 O0O0OT1T1 O 0 1 0o 0 0 0 1 1 0 1
Stenosiphon (STE) ..... 01 00O0O0OO0OO0OO0O O 0 0 0O 0 0 1 0 0 1 1
3. Exotegmen thickness (no. cell layers): 0 = 1; 1 = 1- mordium. In contrast, a “subdermally initiated” integu-

v oA

2;2 = (2)3(4).

In addition to Stenosiphon, one-layered fibrous exo-
tegmen occurs in Gongylocarpus (CARLQUIST and RAVEN
1966), in Ludwigia (CORNER 1976; EYDE 1978), and in
Hauya, Camissonia, and Epilobium (TOBE, unpublished
data).

. Endotesta thickness (um): 0 = 5-22; 1 = 30-127.
. Endotestal cell shape (A): 0 = Radially flattened; 1 =

Radially enlarged.

. Endotestal cell shape (B): 0 = Rectangular or stellately

lobed; 1 = Polygonal.
Polygonal endotestal cells are derived and are oth-
erwise unknown in the family.

. Endotestal cell-wall thickenings (A): O = Inner and ra-

dial; 1 = Uniformly thickened (cells also sclerotic and
pitted).

. Endotestal cell-wall thickenings (B): 0 = Inner and ra-

dial; 1 = Inner.

. Mesotesta thickness (no. cell layers) (A): 0 = 1-38;

1 = 0 (crushed).

In contrast to the great diversity of mesotesta struc-
ture in Oenothera, the structure of the integuments is
constant throughout the genus (TOBE and RAVEN 1985).
BoumaN and CALIs (1977) postulated that, in dicotyle-
dons, the “subdermally initiated” outer integument is
more primitive than the “dermally initiated” one. The
term “dermally initiated” integument refers to one in
which initiation and growth take place by divisions of
dermal cells and of their derivatives of the ovule pri-

10.
11.

12.
. Mesotesta cells (C): 0 = Thick walled, sclerotic, pitted;

ment is one in which initiation and growth occur by
divisions of subdermal cells and their derivatives (Bou-
MAN 1974). The three genera in Onagraceae with the
highest proportion of plesiomorphic features—Fuch-
sia, Lopezia, and Circeae—have subdermally initiated
outer integuments, while other, more specialized gen-
era such as Epilobium and Camissonia have a dermally
initiated outer integument (TOBE and RAVEN 1985).
Oenothera, although among the more specialized gen-
era, has both subdermally and dermally initiated outer
integuments. The dermal initials divide less actively than
the subdermal ones, a feature shared only with Steno-
siphon (TOBE and RAVEN 1985). Thus, the mature outer
integument is two-layered in the upper portion and three-
layered in the lower. It is not yet possible to determine
with certainty which mesotesta type is more primitive.
On the basis of present information, it seems best to
regard the crushed single cell layer type as a derived
feature through a process of simplification in size and
number of layers (cf. COoRNER 1976, p 57). This hy-
pothesis is supported by outgroup comparison to Steno-
siphon.

Mesotesta thickness (no. cell layers) (B): 0 = 1-8;
1 = 6-20.

Mesotesta cells (A): 0 = Thin walled; 1 = Thick walled;
sclerotic, pitted.

Mesotesta cells (B): 0 = Thin walled; 1 = Crushed.

1 = Thick walled, lignified, compressed.



1987] TOBE ET AL.—OENOTHERA SEED COAT ANATOMY 251

This transformation involves only thick-walled cells.
The process of becoming lignified and compressed ap-
pears to represent terminal, unique developments.

14. Exotesta thickness (um): 0 = 10-45; 1 = 46-152.

15. Exotestal cells (A): 0 = Flattened to collapsed; 1 =
Completely collapsed.

16. Exotestal cells (B): 0 = Flattened to collapsed; 1 =
Irregularly swollen to collapsed.

17. Exotestal cells (C): O = Flattened or collapsed; 1 =
Enlarged; subcuboidal; 2 = Radially enlarged; pillar-
like; 3 = Radially enlarged; papilla-like.

Enlarged exotestal cells appear to be a derived fea-
ture because they occur only in conjunction with the
crushing and loss of mesotestal layers. The only ex-
ception is O. havardii, which has a multilayered me-
sotesta. The assignments of 1, 2, or 3 to the derived
feature is arbitrary and thus unreliable for predicting
relationships. This hypothesis is further supported by
the outgroup comparison to Stenosiphon.

18. Seed arrangement in each locule (A): 0 = Rows; 1 =
Clustered.

Most of the other genera of tribe Onagreae with cap-
sular fruit have seeds arranged in distinct rows. The
exceptions appear to represent other derived features for
the family, such as the two-seeded capsules embedded
within the stem in Gongylocarpus, the few-seeded nut-
like capsules of Gaura and Heterogaura, and the one-
seeded nutlike capsules of Stenosiphon.

19. Seed arrangement in each locule (B): 0 = 2 rows; 1 =
1 row.

In Oenothera, seeds in one row per capsule represent
a reduction specialization.

20. Capsule winged or angled: 0 = No; 1 = Yes.

Most of the tribes in Onagraceae lack winged or an-
gled capsules. It is difficult to determine the polarity of
this transformation series, however, since some genera
of the tribe Onagreae (e.g., Calylophus and Clarkia)
have both terete and angled capsules, while others (e.g.,
Stenosiphon and Gaura) have angled or winged cap-
sules. Winged capsules are apomorphic in Oenothera.

In the first analysis, cladograms were generated
for the first 17 characters using the MULPARS and
SWAP options of the PAUP program. These op-
tions allowed global branch swapping in a search
for multiple, equally parsimonious trees (SWOF-
FORD, unpublished data). This generated 42 equally
parsimonious trees, each with 32 steps. Among these
trees, only three were topologically different; all
the others were arbitrary resolutions of multifur-
cations. One of the three fully resolved trees is pre-
sented (fig. 49). The other two differed only in the
relative placement of section Megapterium (MAC-
BRA) and section Ravenia (TUB-MUE). They were
placed together as sister groups, either at the po-
sition occupied by TUB-MUE or at the present po-
sition of MAC-BRA (fig. 49).

Five parallelisms appear (fig. 49): character 2
(large seeds), character 4 (thick endotesta), char-
acter 11 (mesotestal cells thick walled, sclerotic,
and pitted), character 15 (exotestal cells com-
pletely collapsed), and character 17 (exotestal cells
radially enlarged; papilla-like). Character 4 is an
endotesta apomorphy of the MAC-BRA lineage that
also appears on the other principal lineage (fig. 49,
below VIL and the remaining species). However,
it appears with two other synapomorphies that ap-

pear to define large natural groups. The following
questions must be addressed: does section Mega-
pterium, O. macrocarpa and O. brachycarpa
(MAC-BRA), belong on the other lineage, or has
character 4 evolved independently twice? Simi-
larly, thick-walled, sclerotic mesotesta (character
11) appears in O. havardii (HAV) and in the com-
mon ancestor to the large group of sections on the
right-hand side of the diagram. This character should
be studied further since it is grouped with taxa that
have a thin-walled mesotesta that is crushed at ma-
turity (fig. 49).

Likewise, the parallelism in character 15 (col-
lapsed exotestal cells) occurs as an apomorphy for
O. engelmannii (ENG) and as a synapomorphy of
section Ravenia (MUE-TUB). This most likely
represents a true parallelism. In O. engelmannii
(ENG) of section Anogra, this apomorphy appears
to be related to the encapsulation of each seed in
a portion of the fruit. Character 2 (large seeds) oc-
curs in both the TUB-MUE and MAC-BRA lin-
eages and could represent a true synapomorphy.
This interpretation is suggested by the other two
diagrams (not presented), which placed these two
lineages together.

Five reversals appear (fig. 49): characters 1, 5,
8, 12, and 16. It is not surprising that characters
such as 1 (seed size) and 16 (exotestal cells flat-
tened) would exhibit reversals, since size can be
modified in a number of ways and surface features
appear to be rather easily altered, especially where
the difference is a matter of the cells becoming
flattened at maturity.

The reversal of character 5 (endotestal cell shape)
twice (fig. 49) is puzzling. The shape of the en-
dotestal cells—radially flattened vs. enlarged—is
constant within sections of the genus. The hypoth-
esized reversal is not a terminal apomorphy but a
synapomorphy that defines a large number of sec-
tions on one hand and section Megapterium (MAC-
BRA) on the other. Perhaps some other cladogram
that does not show this character reversal would be
a better reflection of the phylogeny of the genus.

The reversal of character 8 (endotestal cells with
both inner and radial walls thickened) in O. acaulis
indicates that the cells of this species should be
carefully reexamined. In rechecking the 32 spe-
cies, we found that, in nearly all species, the char-
acter was clearly discernible but occasionally was
somewhat difficult to determine. In general, thin,
radially flattened endotestal cells were accom-
panied by a thickened inner wall, and the radially
enlarged cells had thickened radial and inner walls.
In the radially flattened cells it was sometimes dif-
ficult to determine whether the radial wall was
thickened, as in O. acaulis. Thus, it was not clear
whether the thickened radial walls in our prepa-
ration of O. acaulis actually represented a reversal
to conspicuously thickened radial walls of other
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F1G. 49.—Cladogram using characters 1-17 run with MULPARS and SWAP options of PAUP program.

species. This problem somewhat lowers the reli-
ability of this character in indicating relationships,
at least in section Lavauxia.

Finally, the apparent reversal of character 12 (thin-
walled mesotestal cells) in O. havardii in a lineage
where they are crushed at maturity is possible. The
reversal could have arisen paedomorphically in
which the juvenile stage with the uncrushed cells
is retained in the mature seed. It is also possible,
especially since the other apomorphies of O. ha-
vardii (fig. 49) are parallelisms (characters 11 and
17), that O. havardii is not correctly placed in this
diagram.

Another problem with figure 49 is that anatom-
ical features of the seed coat alone do not differ-
entiate sections Anogra, Lavauxia, Hartmannia,

Xylopleurum, and Kneiffia. Thus, in figure 49, the
constituent species of these sections are not nec-
essarily adjacent to each other. For example, O.
engelmannii (ENG) is separate from O. kleinii
(KLE) and O. pallida (PAL), even though all are
members of section Anogra. Likewise, O. flava
(FLA) is far from O. acaulis (ACA) (both of sec-
tion Lavauxia). These sections are clearly delim-
ited from one another and are obviously monophy-
letic. This is based primarily on morphological
features and detailed experimental hybridization
studies in which it has been possible to produce
intrasectional hybrids but not intersectional ones
(KLEIN, unpublished; WAGNER, unpublished). The
anatomical seed characters that resolve this part of
the cladogram are features of the exotesta or other
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characters that exhibit reversals or parallelisms.
These exotesta features appear to have been de-
rived more than once within some of these sec-
tions, resulting in false hypotheses of relationship.
This analysis, however, strongly indicates that sec-
tions Anogra, Gauropsis, Hartmannia, Kneiffia,
and Xylopleurum plus sections Lavauxia and Para-
doxus form a monophyletic subgroup in the genus.

Another apparently monophyletic subgroup com-
prises sections Pachylophus (CAV, CAE, HAR),
Eremia (PRI), and Contortae (XYL). In turn, this
lineage is related to sections Ravenia (MUE-TUB),
O. maysillesii (MAY) of subsection Emersonia, and
possibly section Megapterium (MAC-BRA). How-
ever, since the characters that form the basis of these
hypotheses represent parallelisms, the placement
of at least section Megapterium is unreliable using
the present data.

In this initial analysis (fig. 49), a thin endotesta
5-22 pm thick (character 4) is hypothesized to be
a derived feature. Because the first analysis showed
character 4 to be derived more than once, its po-
larization was reconsidered. Subsequent examina-
tion by TOBE (unpublished data) revealed that thin
endotesta 5—-20(—27) wm thick was a plesiomor-
phic feature throughout most of the family Ona-
graceae. This character is even present in Lud-
wigia, the sister group of the remaining 15 genera
of the Onagraceae. The polarity of character 4 was
reversed, and the new matrix was run on PAUP.
Characters 1, 2, 15, 16, and 17 were omitted from
the new analysis because they were considered the
least reliable characters for separating homology
from parallelism. New nonseed characters 18, 19,
and 20 that have commonly been used in the de-
limitation of presumably monophyletic infrage-
neric groupings in the past were added to the anal-
ysis.

The new data matrix was analyzed as before, us-
ing PAUP with SWAP and MULPARS. Several
hundred trees were generated, all of which repre-
sented arbitrary resolutions of trichotomies and tet-
rachotomies. The tree in figure 50 was obtained by
running the data without the MULPARS option.

The overall topology of the new diagram (fig.
50) is similar in many ways to that in figure 49.
Several important differences can be seen. Oeno-
thera xylocarpa (XYL) is now grouped with O.
maysillesii (MAY) because they share the same state
for all of the 15 characters analyzed. The place-
ment of O. havardii (HAV) is also somewhat dif-
ferent. Species of sections Lavauxia and Anogra,
which previously were split, are now grouped to-
gether. The most significant difference, however,
is that the MAC-BRA lineage is now adjacent to
HAV, rather than to XYL and TUB-MUE.

The cladogram (fig. 50) contains four parallel-
isms and three reversals. Two of the parallelisms,
characters 9 (mesotesta thickness, number of cell

layers) and 12 (mesotesta cells, thin walled vs.
crushed at maturity) appear to represent true par-
allel development. The VIL lineage represents sec-
tion Oenothera subsection Oenothera, 13 closely
related, specialized North American species. They
are adapted to open, early successional habitats and
produce extremely large numbers of small seeds.
Many of the species have become nearly cosmo-
politan weeds. The reduction in mesotesta in sub-
section Oenothera appears to be related to these
adaptations. Similarly, the development of char-
acters 9 and 12 in the common ancestor to sections
Gauropsis, Anogra, Kneiffia, Hartmannia, and
Xylopleurum appears to represent a parallel but as
yet unknown adaptation for smaller seed size and
simple anatomical structure. Abundant crossing data
support this interpretation, showing that subsection
Oenothera is closely related to subsections Rai-
mannia (HET-LAC) and Emersonia (ORG-MAO-
STU and MAY). No artificial crosses have ever
been successful between any member of these five
sections and a species of section Oenothera. Mor-
phological evidence further indicates that section
Oenothera is not closely related to the five sec-
tions.

Another parallelism involves character 11 (me-
sotesta cells thick walled, sclerotic), which ap-
peared twice in the first analysis (fig. 49) but three
times in the second—as an apomorphy in both O.
havardii (HAV) and section Megapterium (MAC-
BRA) and in the common ancestor to section
Pachylophus and related sections. As in the initial
analysis, the correct placement of the MAC-BRA
lineage cannot be reliably determined using these
data.

The final parallelism (fig. 50) involves character
18 (seeds clustered in each locule). This feature
could conceivably have evolved independently, but
with some rearrangements of the cladogram a dif-
ferent tree of the same length can be derived for
the taxa involved. In this alternate cladogram,
character 18 is a synapomorphy linking sections
Kneiffia (FRU-PER), Xylopleurum (SPE), Hart-
mannia (ROS and remainder), and Gauropsis (DIS-
CAN). Characters 14 and 20, however, still show
the same reversals as in the cladogram (fig. 50),
and character 14 further switches back to the de-
rived state in section Gauropsis (DIS-CAN). Thus,
this new cladogram represents another alternative
with equal length and further shows that seed anat-
omy data are not sufficient to resolve some of the
phylogenetic relationships in the genus.

The principal conclusions that can be drawn from
the cladistic analysis of seed anatomy data are:

1. Species of section Oenothera subsections
Raimannia and Emersonia exhibit seed anatomy
that differs from a hypothetical common ancestor
of the genus in only one respect: a size increase of
the endotesta. This indicates that these species ap-
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FiG. 50.—Cladogram using characters 3—14 and 18-20 run with SWAP option of PAUP program.

pear to be the closest living relatives of the mono-
typic genus Stenosiphon. Stenosiphon thus would
be the sister group to Oenothera. Alternatively,
Stenosiphon may represent a very specialized de-
rived lineage that diverged early in the evolution
of the genus. Certain members of subsection Rai-
mannia, such as O. rhombipetala, share a number
of morphological features with Stenosiphon: habit,
inflorescence structure, and petal shape. At present
it is not clear whether some of these shared char-
acteristics represent adaptations to the prairie hab-
itat those plants occupy and are thus convergences,
or indicate common ancestry. If the latter is cor-
rect, then it is not possible at this time to ascertain
whether Stenosiphon shares a common ancestor with
Oenothera or represents a very specialized deriva-
tive from section Oenothera subsections Raiman-
nia or Emersonia. If the latter were true, then the
polarity of several characters may change when
another outgroup is selected, such as Gaura or
Camissonia, also of tribe Onagreae.

2. Early in its evolution Oenothera diverged into

two major lineages: (1) sections Oenothera, Klei-
nia, Ravenia, Eremia, Contortae, and Pachylo-
phus and (2) sections Megapterium, Paradoxus,
Lavauxia, Anogra, Hartmannia, Gauropsis, Xylo-
pleurum, and Kneiffia. The first lineage can be de-
fined based on the synapomorphy of radially en-
larged endotestal cells (character 5) and, except for
the derived subsection Oenothera (VIL), the syn-
apomorphy of thick endotesta (character 4). Sec-
tion Oenothera subsection Oenothera (VIL) is
clearly a member of this lineage despite its thin
endotesta, which appears to be a secondary reduc-
tion. The second major lineage is based on the syn-
apomorphy of winged or angled capsules (char-
acter 20). All of the sections in this lineage, except
section Megapterium, are further linked by having
only the inner walls of the endotestal cells thick-
ened (character 8), but it is possibly not reliable.
A third synapomorphy, thick exotesta (character
14), is considered to be less reliable since it shows
a reversal.

3. Crossing results unambiguously show that the
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members of subsection Emersonia, especially O.
maysillesii, share similar genomes and plastomes
(STUBBE and RAVEN 1979; DIETRICH et al. 1985).
These species also can form hybrids with other
species of section Oenothera, and O. maysillesii
hybridizes most successfully with the widest di-
versity of species (STUBBE and RAVEN 1979; DIE-
TRICH et al. 1985). Despite this indication of close
relationship, the seeds of O. maysillesii differ from
the other species of section Oenothera in their larger
size and thick-walled, sclerotic, and pitted meso-
testa cells. The anatomical features of the seeds of
O. maysillesii are very similar to those of species
in sections Ravenia, Eremia, and Contortae;, and
O. maysillesii appears to be their sister group. The
placement of O. maysillesii in subsection Emer-
sonia greatly increases the heterogeneity of this
subsection and does not fully reflect the apparent
central and generalized position of this species in
the genus. Possibly it should be placed in a new
monotypic section or subsection based on overall
features, despite its wide crossability with other
species of section Oenothera.

4. The placement of section Megapterium is not
clear from the analysis and should be investigated
further, using other data.

5. Sections Kreiffia, Hartmannia, Xylopleu-
rum, Gauropsis, and Anogra have similar anatom-
ical seed features. This provides the first unequiv-
ocal evidence that these taxa are related. The
characters of seed anatomy by which they differ
are essentially external aspects of exotesta. Al-
though exotesta features are valuable for delimiting
species and studying relationships of species within
sections (WAGNER, unpublished), they are not use-
ful for resolving phylogenetic relationships among
sections.

FACTORS RELATIVE TO THE DIVERSIFICATION
OF OENOTHERA SEEDS

The early evolution within members of the tribe
Onagreae took place in Madrean vegetation of
western North America (RAVEN and AXELROD
1978). Oenothera is typical of this pattern. Twelve
of the 14 sections of Oenothera are represented in
Texas and Mexico, mostly associated with Mad-
rean woodland or closely related vegetation types.
Diversity within the genus very quickly decreases
outside this area, although Arizona and New Mex-
ico have representatives of 10 sections. The high
sectional diversity in this region and the occurrence
in Texas and Mexico of species with the largest
number of primitive characters, including seed
anatomy features, strongly indicate that Oenothera
originated in Madrean vegetation in this region,
probably by the early Neogene. The genus has sub-
sequently diversified greatly into a wide variety of
habitats, ranging from low-elevation hot deserts to
montane temperate and subtropical forests, subal-

pine conifer forests, and eastern deciduous forests.
They inhabit open, sandy, rocky, or clay sites to
occasionally wet soils at stream or bog margins.
The range of Oenothera has spread throughout most
of North America and south through Central Amer-
ica and nearly all of temperate South America.
Judging from the patterns of distribution, the origin
of the various sections appears to have occurred in
conjunction with shifts into new ecological or geo-
graphical areas.

Many of the changes in seed anatomy among the
sections of Oenothera probably occurred in concert
with the establishment of new adaptive modes as
members of the genus migrated and shifted into new
habitats. Two questions concerning seeds can be
asked: (1) Has the establishment of new adaptive
modes always involved changes in seed anatomy?
(2) Does the present analysis show any clear cor-
relations between seed anatomy and adaptations to
new habitats? The answer to the first question ap-
pears to be no; to the second, yes. Seeds of the
specialized sections Hartmannia, Xylopleurum,
Kneiffia, Gauropsis, Anogra, and Lavauxia share
a great number of derived characters, essentially
differing only in features of the exotesta (cell size
and shape) and seed size (section Lavauxia). Yet
the evolution of these sections has involved exten-
sive ecological and geographical changes.

Section Hartmannia is centered in Mexico, pri-
marily in Madrean pine-oak forests. Some mem-
bers of this section have adapted to a variety of
high-elevation habitats, up to ca. 4,600 m in the
Andes of South America, while Oenothera rosea
occurs in open, often disturbed sites from 350 to
over 4,000 m. Related to section Hartmannia, but
in drier habitats, is section Gauropsis. These plants
have shifted to seasonally wet habitats in grassland
in the Chihuahuan desert of Mexico and in the High
Plains of the United States (WAGNER 1984). The
monotypic section Xylopleurum grows in open
grassland or woodland sites from Texas to Kansas
and Missouri, south to northern and eastern Mex-
ico.

Section Kneiffia may have originated in more
mesic areas from eastern Texas to eastern Okla-
homa and Louisiana. Subsequently, members of
this section spread nearly throughout the eastern
United States and adjacent Canada. Its five species
occupy a diversity of habitats from lowland to up-
land, prairie to forest openings, or stream margins.

All of the species of section Lavauxia occur in
seasonally wet sites such as arroyo, pond, or stream
margins and desiccating flats.

The final section in this assemblage, section
Anogra, is centered in the western United States.
This group probably originated in Madrean forest
or woodland in northern Mexico. The section is
now very diverse, ranging from the Great Plains
grasslands to the Sonoran and Great Basin Deserts.
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A reasonable hypothesis for a group of plants
that occurs in such a diverse array of habitats is
that at least some conspicuous adaptations in the
seeds will occur. With respect to the seed anatom-
ical characteristics studied, however, no such vari-
ation has been observed.

Contrasting sharply with this lack of anatomical
diversity in these Oenothera seeds is the pattern
observed in the remaining sections of the genus in
which the origin of a number of sections, and the
attendant shifts in geographical and ecological sit-
uations, strongly correlate with modifications in seed
coat anatomy. This pattern of correlated change in-
volves section Oenothera subsection Emersonia and
sections Ravenia, Eremia, and Contortae, con-
cluding with the evolution of the specialized sec-
tion Pachylophus.

In this monophyletic lineage, section Ravenia is
the closest relative to O. maysillesii (subsection
Emersonia). Oenothera muelleri and O. tubifera
occur in cool, mesic to submesic habitats at, 2,300—
3,200 m, with a patchy and presumably relictual
distribution in eastern to central Mexico. The unique,
thick-walled endotesta, very thick mesotesta, and
exotesta with longitudinally elongate collapsed cells
indicate that the seeds of members of section Ra-
venia are very specialized. These features may rep-
resent adaptations to the cool montane habitat in
which these nonweedy species occur. They appear
to represent further specializations on a common
ground plan begun in O. maysillesii, which occurs
at high elevations (2,100-2,600 m in Durango,
Mexico).

Based on their occurrence in xeric and submesic
vegetation types derived from generalized Madro-
Tertiary vegetation, the diversification of the re-
mainder of this lincage may well have been linked
to the Pliocene spread of dry climates, especially
from the mid-Pliocene onward (WAGNER et al.
1985). During this time, many plant groups ra-
diated from the more southern, warm Madro-Ter-
tiary vegetation into the cooler, drier climates that
were rapidly spreading in western North America
(AXELROD 1958, 1979; RAVEN and AXELROD 1978).

The more generalized, modally outcrossing, and
sometimes self-incompatible subspecies of O.
primiveris (section Eremia) occurs in the northern
Sonoran and Mojave Deserts. Its seed anatomy is
similar to that of O. maysillesii but differs in hav-
ing the endotesta sometimes two cells thick, a fea-
ture found elsewhere only in section Pachylophus.
There do not appear to be any structural adapta-
tions in the seeds in the evolution of this section
other than this feature and a greatly increased seed
surface area gained by the numerous enlarged mi-
cropapillae on the exposed wall of the exotestal cells,
which may function in greatly increasing the ad-
sorptive properties of the seeds of this desert an-
nual (WAGNER et al. 1985).

By contrast, the seeds of the widespread and
ecologically diverse section Pachylophus are highly
specialized, and this probably has contributed to its
success. The species of this section (O. caespitosa
and four closely related ecologically specialized
derived species) occur in a wide variety of ecolog-
ical situations (WAGNER et al. 1985). The four de-
rived species inhabit hot xeric Sonoran Desert sites,
mesic foothill grassland sites in Colorado, and the
interface between moving sand dune and lava in
Idaho. Oenothera caespitosa is one of the more
widespread species in the genus, ranging from
southern Canada to northern Mexico in diverse
habitats, including cool to hot deserts, pinyon-juni-
per woodlands, Great Plains grassland, Rocky
Mountain coniferous forest, and subalpine forest.

Specialization in the seeds of members of sec-
tion Pachylophus has almost certainly contributed
greatly to the ability of these species to colonize
so many xeric to submesic habitats. These adap-
tations were likely concurrent with the original shift
into cooler habitats that became available in the
Basin and Range region to the lee of the rising Sierra
Nevada, the area in which section Pachylophus
presumably originated (WAGNER et al. 1985). The
seeds of this group are distinct from those of other
species of this genus in having persistent, multi-
layered mesotesta with compressed cells and mul-
tilayered fibrous exotegmen. These features are
unknown elsewhere in the genus except for O.
primiveris.

The anatomy of the exotegmen is remarkably
constant in the genus (only six of 124 species have
any modifications), since it functions as conduct-
ing tissue of the seed. The multiplication of the
exotegmen in section Eremia, and even further ex-
panded and specialized in section Pachylophus, is
presumably closely tied to the adaptation to xeric
habitats. In section Pachylophus this development
is associated with another unique development: seeds
with a hollow chamber (“seed collar”) on the adax-
ial side that constitutes 30%—80% of the seed vol-
ume (WAGNER et al. 1985). Directly above the ra-
phial ridge the seed collar is one cell thick and
appears as a thin translucent membrane. This
chamber quickly absorbs water through the mem-
brane when it becomes available and which it can
store, presumably for use in germination after the
microhabitat of the seed has again become dry
(WAGNER et al. 1985). The modifications in seed
anatomy and development of the seed collar appear
to be strongly associated with the evolution and
adaptive success of section Pachylophus.

If one assumes that the anatomical diversity
among seeds of Oenothera species in this paper
represents adaptations to new or changing environ-
ments, then the patterns outlined here strongly in-
dicate that the outer layers of the seed, and espe-
cially the exotesta, are more strongly open to
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adaptive modification than the inner ones. This is
borne out by the two detailed examples described
above. Essentially, the only modifications noted in
the seeds of sections Hartmannia, Xylopleurum,
Gauropsis, Kneiffia, and Anogra are differences in
the exotesta. In sharp contrast are the changes in
each section of the series, including sections Ra-
venia, Eremia, Contortae, and Pachylophus. Sec-
tion Pachylophus exhibits the only major change
in the inner layers of the seed and thus represents
a shift to a new complex of seed characteristics.
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