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LEAF ANATOMY AND SUBGENERIC AFFILIATIONS OF
C; AND C, sPECIES OF SUAEDA (CHENOPODIACEAE) IN
NORTH AMERICA?

DeBorAH D. FISHER,?2 H. JOCHEN SCHENK,® JENNIFER A. THORSCH, AND
WAYNE R. FERREN, JR.

Department of Ecology, Evolution, and Marine Biology, University of California, Santa Barbara, California 93106-9610

The halophytic genus Suaeda (Chenopodiaceae) includes species with the C; and C, photosynthetic pathways. North
American species of this genus were investigated to determine whether C; and C, leaf anatomy are consistent within the
two sections of Suaeda, Chenopodina and Limbogermen, present on this continent. All species from section Chenopodina
were found to possess C; anatomy, whereas all species from section Limbogermen were found to be C, species. Character-
istics of leaf anatomy and chloroplast ultrastructure are similar to those reported from C; and C, species, respectively, from
the Eastern Hemisphere. All species from section Limbogermen have the suaedoid type of leaf anatomy, characterized by
differentiation of the mesophyll into palisade parenchyma and a chlorenchymatous sheath surrounding central water-storage
tissue, as well as leaf carbon isotope ratios (3'3C) of above —20. All species from section Chenopodina have austrobassioid
leaf anatomy without a chlorenchymatous sheath and 8**C values of below —20. According to our literature review, the
photosynthetic pathway has now been reported for about half (44) of the Suaeda species worldwide. The C; and C,
photosynthetic syndromes are with few exceptions distributed along sectional or subsectional lines. These findings throw

new light on the infrageneric taxonomy of this genus.
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Suaeda.

Four large generain the Chenopodiaceae, Atriplex, Ko-
chia, Bassia, and Suaeda, include both C; and C, species
(Welkie and Caldwell, 1970; Carolin, Jacobs, and Wesk,
1975; Osmond, Bjorkman, and Anderson, 1980; Shomer-
Ilan, Nissenbaum, and Waisel, 1981). The C, photosyn-
thetic syndrome consists of anatomical, physiological,
and biochemical components, all of which must be pres-
ent to facilitate proper functioning of the CO,-concen-
trating mechanism that C, plants possess in addition to
the Calvin-Benson (C;) pathway of carbon fixation
(Bjorkman, 1973; Pearcy and Ehleringer, 1984; Ehlerin-
ger and Monson, 1993). Presence or absence of the C,
syndrome has been recognized as an important taxonomic
character in plant families and genera that include both
C; and C, species, for example in the Poaceae (Brown
and Smith, 1972; Ehleringer and Monson, 1993), es
pecialy in the genus Panicum (Poaceae) (Zuloaga, Dub-
covsky, and Morrone, 1993). In the Chenopodiaceae, the
C, syndrome as an infrageneric character has only been
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studied extensively in the genus Atriplex (Osmond,
Bjorkman, and Anderson, 1980). Although the taxonomic
importance of leaf anatomy in Suaeda had been recog-
nized almost a century ago (Solms-Laubach, 1901), this
is the first study of the distribution of the C; and C,
syndromes in different sections of the genus Suaeda.

The Chenopodiaceae have evolved a number of very
different C, leaf anatomies, ranging from typical bundle
sheath arrangements in the genus Atriplex (Downton, Bis-
alputra, and Tregunna, 1969; Osmond, Troughton, and
Goodchild, 1969; Napp-Zinn, 1984/1988) to cylindrical
chlorenchyma-sheaths surrounding internal water-storage
tissue in the leaf-succulent genera Salsola and Suaeda
(Metzler, 1924; Evenari, 1938; Olesen, 1974; Carolin, Ja-
cobs, and Wesk, 1975; Napp-Zinn, 1984/1988). These
different anatomies correspond with different biochemi-
cal pathways (Glagoleva et al., 1990; P yankov, 1991,
Gamaley et al., 1992; P yankov et al., 1992a).

The genus Suaeda consists mostly of halophytic leaf-
succulents that grow in saline and alkaline wetlands and
deserts worldwide, but primarily outside the tropics. A
number of species have been found to be valuable feed
for livestock in arid areas (11jin, 1936a), while others have
been utilized to desalinize irrigated farmlands (e.g., Zhao,
1991). The genus is known to be taxonomically very dif-
ficult (Standley, 1917; Hopkins and Blackwell, 1977;
Boulos, 1991). According to our review of the literature,
it is currently thought to include ~90 species worldwide,
but almost twice as many names have been published.
The difficulty lies in the fact that the genus includes
wide-ranging polymorphic species, such as the coastal
salt marsh plant Suaeda maritima, which has aworldwide
extratropical distribution, aswell as a number of narrowly
distributed endemic taxa. This means that the taxonomy
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of Suaeda should be considered within a continental or
even global context.

The overall goal of this project was to clarify the sys-
tematics of the genus Suaeda and its sections in North
America. More specifically, species of Suaeda were in-
vestigated to determine whether characteristics of C; or
C, leaf anatomy are consistent within each of the two
sections of the genus present on this continent, Cheno-
podina Moquin-Tandon and Limbogermen Iljin. Addi-
tionally, a review of the literature on the distribution of
C, vs. C; leaf anatomy in the sections of Suaeda world-
wide was conducted.

The specialized leaf anatomy found in all known C,
species of Suaeda is very distinctive. It had been de-
scribed in a number of anatomical publications long be-
fore the discovery of the C, pathway of photosynthesis
(Solms-Laubach, 1901; Paulsen, 1912; Evenari, 1938;
Shields, 1951; Pyykkod, 1966). Like those of numerous
other C, species, this leaf anatomy deviates from the typ-
ica bundle-sheath (Kranz-type) anatomy (Brown, 1975;
Carolin, Jacobs, and Wesk, 1975; Napp-Zinn, 1984/
1988). Two distinct cell layers of chlorenchyma are lo-
cated between the epidermis and a central water-storage
tissue. In contrast, C; species of Suaeda do not show a
differentiation of the chlorenchyma into distinct layers
(Shomer-llan, Beer, and Waisel, 1975; Shomer-Ilan, Neu-
mann-Ganmore, and Waisel, 1979; Glagoleva et al.,
1990). Biochemical and physiological studies of Suaeda
species have reveaed both C; and C, pathways of carbon
fixation, and C, photosynthesis has been found exclu-
sively in species exhibiting the specialized C, anatomy
(Shomer-llan, Beer, and Waisel, 1975; Shomer-llan, Neu-
mann-Ganmore, and Waisel, 1979; Bil’ et a., 1981; Frey
and Kirschner, 1983; Venkatesalu and Chellappan, 1988;
Glagoleva et al., 1990; P yankov et al., 1992a; P’ yankov,
1993; Kolchevskii, Kocharyan, and Koroleva, 1995). All
C, species of Suaeda examined utilize the NAD-ME bio-
chemical type of C, photosynthesis and predominantly
use aspartate as the first stable product of carbon fixation
(Shomer-llan, Neumann-Ganmore, and Waisel, 1979; Bil’
et a., 1981; Glagoleva et al., 1990, 1992; P'yankov et
al., 1992a; P yankov, 1993).

Studies of the anatomy, morphology, and ecology of
Suaeda species often have been hampered by incorrect
identification of species or by the confusing taxonomy
that has led to a proliferation of synonyms. For example,
the North American species Suaeda moquinii (Torrey)
Greene is known by 19 other names. Likewise, herbarium
specimens labeled Suaeda californica S. Watson may be
any one of three different species from two different sec-
tions of the genus: S californica, S taxifolia Standley,
or S esteroa Ferren & Whitmore. This situation has re-
sulted in contradictory observations about the anatomy,
morphology, and biochemistry of the same species of
Suaeda, contributing further to the confusion (Welkie and
Caldwell, 1970; Winter, 1981).

Various genera, subgenera, and sections have been pro-
posed in the past for the taxa that comprise the genus
Suaeda (Moquin-Tandon, 1840, 1849; Grenier and God-
ron, 1856; Volkens, 1894; Ulbrich, 1934), including most
recently the system by Iljin (19363, b), who described
seven sections, based largely on gynoecium and seed
morphology. Two additional sections have been proposed
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by Townsend (1980) and Tsvelev (1993), who revised
Iljin's system based on an examination of eastern Euro-
pean species. Tsvelev aso renamed two of Iljin's sec-
tions, using names that he assumed to have priority over
the names chosen by lljin, including the name Schoberia
(C. A. Meyer) Volkens for Iljin’'s section Heterosperma,
based on the genus Schoberia C. A. Meyer now sub-
merged into Suaeda. However, a recent review of the
nomenclatural history of Suaeda by H. J. Schenk and W.
R. Ferren (unpublished data) revealed that the section
name Chenopodina Moquin-Tandon has priority over
both Heterosperma and Schoberia. Chenopodina is treat-
ed here as a synonym for Heterosperma Iljin, excluding
section Conosperma lljin, which Tsvelev (1993) pro-
posed to merge in section Schoberia nom. illeg..

Of the species examined in this study, Suaeda cal ceo-
liformis (syn. S depressa name misapplied) and S li-
nearis have been assigned to section Chenopodina (syn.
Heterosperma) by |ljin (1936b). (For authorities for spe-
cies names see Tables 1 and 6.) This section includes
predominantly annuals with axillary clusters of flowers,
horizontal, often dimorphic seeds, and slender, very short
and smooth to dlightly papillous stigmas, which are in-
serted on the constricted tip of the ovary. Suaeda esteroa
and S puertopenascoa also show these characteristics
(Ferren and Whitmore, 1983; Watson and Ferren, 1991,
Ferren, 1993). Suaeda taxifolia, S. moquinii (syn. S ra-
mosissima), S. tampicensis, and S. palmeri were assigned
to section Limbogermen by Iljin (1936b). This section
includes shrubs and subshrubs with axillary flower clus-
ters, horizontal and/or vertical, monomorphic seeds, and
filiform, pilose-papillate stigmas, which are subsessile or
on a short style that arises from a pit in the top of the
ovary. These characteristics are also found in Suaeda
conferta and Suaeda californica, the latter of which was
assigned to section Chenopodina (syn. Heterosperma) by
Iljin (1936b), presumably because of a misidentification.

MATERIALS AND METHODS

Suaeda californica, S taxifolia, S. moquinii, S. calceoliformis, and S
esteroa, were collected in their native habitats in California. Localities
and voucher numbers are listed in Table 1. Entire shoots were fixed in
the field on ice in 6% gluteraldehyde buffered with 0.05 mol/L sodium
cacodylate (pH 6.8) for 6 h. Leaves were excised from the stems, cut
into 1.0-mm pieces, and fixed under vacuum for an additional 2 h.
Samples were postfixed in 2% osmium tetroxide in sodium cacodylate
buffer overnight at 4°C. The tissue was dehydrated through a graded
acetone series and embedded in Spurr’s epoxy resin (Spurr, 1969). Sec-
tions were cut on a Porter-Blum MT2B ultramicrotome. Thick sections
were stained with 1% toludine blue in water and photographed on a
Zeiss Ultraphot. Thin sections were stained with uranyl acetate and lead
citrate and photographed on a Siemens Elmiskop 101 transmission elec-
tron microscope (TEM).

Leaves from these five species were also used for 3'3C carbon isotope
ratio determinations. Dried leaves were prepared in a Craig-type com-
bustion system with CO, determination on a Finnigan MAT 251 isotope
ratio mass spectrometer. Values are reported as $°C (%o) relative to the
PeeDee belemnite (PDB) standard.

Suaeda tampicensis, S linearis, Suaeda conferta, and Suaeda puer-
topenascoa were collected in their native habitats (see Table 1 for lo-
calities). Entire shoots were fixed in the field in 95% ethanol on ice,
and subsequently stored in a freezer. Leaves were hand-sectioned for
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Figs. 1-5. Transverse sections of leaves of Suaeda species, with the abaxial side of the leaf on top. The approximate location of these figures
on the cross-sectional leaf areais indicated in Fig. 12. Scale bars = 50 pm. 1. S californica. 2. S. taxifolia. 3. S moquinii. 4. S calceoliformis. 5.
S. esteroa.

Figure Abbreviations: C, crystalloid; CS, chlorenchymatous sheath; G, grana; M, mitochondrion; B, plastoglobules; PP, palisade parenchyma; S,
starch; SR, spongy parenchyma; WS, water-storage tissue.
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topenascoa. In these four species, internal water-storage
tissue surrounds the vascular bundles, and a distinct chlo-
renchymatous sheath is not observed. This anatomy,
termed austrobassioid (Carolin, Jacobs, and Wesk, 1975),
is typical for most C; plants of the genus.

Water-storage tissue is more abundant in the suaedoid
species, where it fills at least 50% of the volume of the
leaf, and it comprises < 30% of the leaf volume in the
austrobassioid species (Table 2).

Anatomical features of leaf tissues—Sections of
leaves from Suaeda californica, S. taxifolia, S. moquinii,
S. tampicensis, and S. conferta (all section Limboger men)
reveal a distinct inner chlorenchymatous sheath located
between the palisade parenchyma and the water storage
tissue (see Figs. 1-3 for examples). This sheath is gen-
erally one cell layer thick, and consists of small cubical
cells that are densely packed with chloroplasts, located
centripetally along the cell wall (Fig. 7). This chloren-
chymatous sheath can be seen with a hand lens at 10X
magnification in unstained, free-hand, leaf cross sections
as a dark green ring of cells.

Species assigned to the section Limboger men have vas-
cular bundles embedded in the central water-storage tis-
sue, which in S, taxifolia, S. moquinii, S. tampicensis, and
S. conferta also contains numerous chloroplasts. Inter-
veinal distances are minimal between the small bundles
(Figs. 1-3), and the bundles are not in direct contact with
the chlorenchymatous sheath. Compact bundle sheath cell
arrangements surrounding these veins are not observed,
but in S taxifolia, the water-storage tissue cells surround-
ing the bundles vaguely resemble typical bundle sheath
cells (Figs. 2, 7).

In leaves from Suaeda calceoliformis, S esteroa, S
linearis, and S puertopenascoa (section Chenopodina),
large vascular bundles are surrounded by water-storage
tissue containing few chloroplasts. An exception is the
water-storage tissue of S. puertopenascoa, which contains
almost as many chloroplasts as that of the C, speciesfrom
section Limboger men. Species from section Chenopodina
have small vascular bundles, mostly not in contact with
intercellular spaces, and enclosed by nonuniform paren-
chyma. Distinctions among adjacent palisade, spongy,
and possible bundle sheath cells are not obvious and in
many cases palisade and spongy parenchyma appear to
be in direct contact with the small bundles (Figs. 4—6).
Small interveinal distances are observed, with mostly
only one parenchyma cell separating the lateral bundles.

Chloroplast characteristics—Quantitative and struc-
tural correlations between chloroplasts from the various
mesophyll cell types of five species were observed at
both the light and TEM level. Results are summarized in
Table 3. Some epidermal chloroplasts of S taxifolia and
S. californica contain crystalloids (Fig. 8). The chloro-
plasts in the water-storage tissue of S. calceoliformis and
S. esteroa (Chenopodina) generally contain limited
amounts of well-defined grana. The thylakoids of S cal-
ceoliformis chloroplasts are more loosely aligned; those
of S. esteroa more tightly stacked. The numerous chlo-
roplasts in the palisade and spongy parenchyma of both
species contain starch and plastoglobules, lack crystal-
loids, and have slightly more pronounced stacking of thy-
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lakoids (Fig. 11). Chloroplasts of S. calceoliformis often
appear more rounded than the typical disc shape and con-
tain greater quantities of plastoglobules.

In species from section Limbogermen, chloroplasts are
more abundant in the water-storage tissue than in any of
the C; species, especialy in S taxifolia (Figs. 2, 7) and
S. moquinii (Fig. 3). The cells surrounding the smaller
bundles of S. taxifolia have the largest number of chlo-
roplasts (Fig. 7). Well-defined grana, starch, and plasto-
globules, but not crystalloids, are found in chloroplasts
from water-storage cells of S taxifolia and S. californica.
These features are more difficult to discern in S. moquinii
chloroplasts, due to numerous, large lipid-like deposits
located within the stroma, but grana are observed and
stromal thylakoids are minimal. The palisade cells of
these three species contain similar numbers of chloro-
plasts in their palisade cells. Starch, plastoglobules, and
crystalloids are present, but unlike in the C; species,
stacked grana are minimal to absent (Fig. 10).

The inner chlorenchymatous sheath is the distinguish-
ing feature of the suaedoid C, anatomy. The chloroplasts
of the sheath cells of S californica, S taxifolia, and S
moquinii are predominantly centripetally aligned and
contain large quantities of starch and plastoglobules
(Figs. 1-3, 7, 9). Granular and crystalloid inclusions are
abundant in the chloroplasts of S taxifolia. Grana are
observed in all three species (Fig. 9), but thylakoids are
more loosely organized in S taxifolia and S. moquinii,
and in the latter species, stacking is generally minimal.
Particularly conspicuous are the numerous, large mito-
chondria, usually positioned between the chloroplasts and
the plasmalemma (Fig. 9). The cristae of these mito-
chondria are highly developed and phytoferritins are
abundant (Fig. 9).

013C values—Results from the measurements of §°C
in five species of Suaeda are summarized in Table 4. S
calceoliformis and S. esteroa have values below —20%o,
indicating a high degree of 1*C discrimination typical for
C,; species, while S californica, S. moquinii, and S tax-
ifolia have values above —20%o0, which is typical of C,
Species.

DISCUSSION

C, anatomy and physiology—Our findings show that
North American species of Suaeda from the section Lim-
bogermen are consistently C, species, whereas species
examined from section Chenopodina are C; species. Spe-
cies from section Limbogermen are characterized by the
typical suaedoid leaf anatomy described from other C,
species of Suaeda, as well as carbon isotope discrimi-
nation ratios typical of C, species (Winter and Troughton,
1978; Osmond, Bjorkman, and Anderson, 1980; Winter,
1981). Ultrastructural features of the chloroplasts and mi-
tochondria of species from Limbogermen are similar to
those reported from other C, species of Suaeda in the
sections Lachnostigma, Schanginia, and Conosperma.
Features found in our studies, such as reduced thylakoid
stacking in chloroplasts from palisade parenchyma cells,
large, centripetally arranged chloroplasts with abundant
starch and large stacks of grana, and many, large mito-
chondria with well-developed cristae in the sheath cells,
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Figs. 6-11. Transverse sections of leaves of Suaeda species. 6. Vascular bundles in water-storage tissue of S. esteroa. Bar = 50 pm. 7.
Chlorenchymatous sheath of S taxifolia. Bar = 50 wm. 8. Epidermal crystalloid in S. californica. Bar = 0.5 wm. 9. Mitochondria associated with
achloroplast in a chlorenchymatous sheath cell of S californica. Bar = 0.5 pm. 10. Stromathylakoids in a chloroplast from the palisade parenchyma
of S taxifolia. Notice absence of grana. Bar = 0.5 pm. 11. Stroma thylakoids and grana in a chloroplast from the palisade parenchyma of S
esteroa. Bar = 0.5 pm.

also have been reported from S monoica (Shomer-Ilan,
Beer, and Waisel, 1975; Shomer-llan, Neumann-Gan-
more, and Waisel, 1979), S altissima, and S confusa
(Glagoleva et al., 1990). These characteristics are typical
for C, plants of the NAD-ME biochemical type (Hatch,
Kagawa, and Craig, 1975; Ku and Edwards, 1975; Gla-

goleva et al., 1990, 1992; P'yankov, 1991, 1993;
P'yankov et al., 1992a).

Biochemical studiesin the C, species Suaeda monoica
have shown that fixation of atmospheric CO, by the C,
cycle takes place in the primary carbon assimilation
(PCA) cells of the palisade parenchyma, which exhibit
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TaBLE 3. Chloroplast characteristics of five North American species of Suaeda, determined by TEM microscopy. Because all chloroplasts have
stroma thylakoids, only presence or abundance of granais listed. Abbreviations used in this table: cp = centripetally aligned; pp = peripherally
aligned; CR = crystals present; GR = grana present; PG = plastoglobules present; ST = starch present; NA = not applicable.

Section Chenopodina

Section Limbogermen

Characteristic S calceoliformis S. esteroa S californica S taxifolia S. moquinii
Chloroplasts in pali- Many, mostly cp; GR; Many, pp; GR; ST; Many; few GR; ST; Many; no GR; ST; Many; no GR; ST;
sade parenchyma ST; PG; no CR PG; CR PG; CR PG; CR PG; CR
Chloroplasts in spongy Many; GR; ST; PG Many, pp; GR; ST; PG NA NA NA

parenchyma
Chloroplasts in chlo- NA NA
renchymatous sheath
(Kranz cells)
Chloroplasts in water- Few; GR; few ST; CR; Few; GR; few ST; CR;
storage cells PG PG

Many, cp; GR; many
ST, PG

Many, packed or cp;
loosely stacked GR;
ST, PG; CR

Many; GR; ST; PG,
no CR

Many, cp; few GR;
ST; PG

Few; GR; ST, PG Many; no GR; ST

high activities of PEP carboxylase (Shomer-1lan, Neu-
mann-Ganmore, and Waisel, 1979). The C, acids, formed
in the PCA cells, are transported to the photosynthetic
carbon reduction (PCR) cells of the chlorenchymatous
sheath, which contain all the components of the Calvin-
Benson (C;) cycle (Shomer-l1an, Neumann-Ganmore, and
Waisel, 1979).

The abundant chloroplasts in the water-storage tissue
reported herein for S. taxifolia, S, moquinii, S. tampicen-
sis, and S. conferta have also been reported for the central
Asian species S. arcuata and S. crassifolia (Bil’ et al.,
1981). These cells apparently contribute substantially to
carbon fixation. Enzymes for both the C, and C, pathway
of photosynthesis have been found in water-storage cells
of Suaeda monoica (Shomer-Ilan, Neumann-Ganmore,
and Waisel, 1979) and S arcuata (Pyankov et a.,
1992b). Bil’ et al. (1981; Bil’ and Fomina, 1992) ob-
served diurnal fluctuations of acidity in the cell sap of
leaves, as well as small rates of CO, fixation at night and
postulated that the cells of the water-storage tissue fix
carbon at night by the CAM pathway of photosynthesis.
P yankov et al. (1992b), however, found very low rates
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Fig. 12. Genera organization of leaf tissues in species of Suaeda
with austrobassioid (C;) and suaedoid (C,) types of leaf anatomy (mod-
ified after Carolin, Jacobs, and Wesk, 1975). The rectangles show the
approximate locations of Figs. 1-5 in the cross-sectional area of the
leaves.

of dark fixation in the C, species S. arcuata and S. mi-
crophylla, and reported similar daily oscillations of acid-
ity in these C, species and in the C; species S. paradoxa.
They concluded that there was no evidence for CAM
photosynthesis in Suaeda, and postulated that the ob-
served acidity fluctuations reflected synthesis of osmotic
agents and protective substances during the day.

C; anatomy and physiology—The anatomical features
reported here from section Chenopodina are also consis-
tent with those reported from other C; species of Suaeda
(Caralin, Jacobs, and Wesk, 1975; Mateu Andrés, 1989;
P yankov et al., 19924a). Our findings concerning chlo-
roplast ultrastructure in this section are similar to those
for other C; species in the Chenopodiaceae (Downton,
Bisalputra, and Tregunna, 1969; Osmond, Bjorkman, and
Anderson, 1980). Carbon isotope discrimination values
found for S. esteroa and S. calceoliformis are typical for
C; plants (Winter and Troughton, 1978; Osmond, Bjork-
man, and Anderson, 1980; Winter, 1981). Martin, Lub-
bers, and Teeri (1982) reported a similar 3°C value of
—25%0 for S linearis from North Carolina, and Guy,
Reid, and Krouse (1986) reported a value of —25.6%o for
a species from Alberta, Canada, identified as S. maritima,
but very likely S. calceoliformis (Bassett and Crompton,
1978).

Organization of leaf tissues—All species from section
Limbogermen have an isolateral leaf anatomy, whereas
the species from section Chenopodina show varying de-
grees of bifaciality, due to the differentiation of the leaf
mesophyll into densely packed palisade parenchyma and
more loosely packed tissue, somewhat resembling spongy
parenchyma. The thickness of the palisade parenchyma

TaBLE 4 Carbon isotope ratio in leaves from species of Suaeda col-
lected in California. The data are expressed in the 8 notation, where
the data are reported against the PDB standard and 33C = [(*3C/
2Cgmpie) (PCI*2Cyangara) — 1] X 1000.

Species d13C value (%o)
Suaeda calceoliformis —-25.7
Suaeda esteroa —-24.4
Suaeda californica —-12.7
Suaeda moquinii -13.0
Suaeda taxifolia -18.5
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on the adaxial or abaxial side of the leaves may be related
to leaf angle, but our observations on leaf position in
species of section Chenopodina only partially agree with
this notion. Leaves of S calceoliformis are often in a
tightly ascending arrangement, which may explain the ad-
axia position of spongy parenchyma, but thisis also true
for S linearis and S. esteroa, which have small amounts
of spongy parenchyma on the abaxial side. A survey of
plants from different locations indicated that the amount
and location of spongy parenchyma appear to vary sub-
stantially among individuals and populations of species
from section Chenopodina (H. J. Schenk, unpublished
data).

Isolateral (unifacial) leaf anatomy is common in plants
that grow under high light conditions and in leaves that
are held in a more or less vertical (orthotropic) position
(Heinricher, 1884; Napp-Zinn, 1984/1988). This feature
is a common characteristic found in plants from hot and
arid environments because it tends to minimize heating
of the leaves and thus reduces transpirational demands
(Ehleringer and Forseth, 1980). However, vertical leaf
position combined with isolateral leaf anatomy should be
advantageous in all high-light environments, regardless
of aridity, as long as there is enough scattered radiation
to reach all sides of the leaf (Heinricher, 1884; Nobel,
1991). This is true in desert environments and on shore-
lines, the habitat for many species of Suaeda.

In addition to the two kinds of leaf anatomy found in
this study (Fig. 12), Paulsen (1912) described and illus-
trated a third kind of leaf anatomy for the central Asian
species S. microsperma. In this type, water-storage tissue
is situated below the epidermis, forming a hypodermis
that surrounds what appears to be internal palisade pa-
renchyma and/or a chlorenchymatous bundle sheath.
Pyykko (1966) described a similar anatomy for herbari-
um specimens from Patagonia identified as S. fruticosa,
which are very likely S argentinensis (Soriano, 1942,
1945). Such peripheral water-storage tissues are known
in the Chenopodiaceae from the genus Atriplex (Volkens,
1887; Jurgens, 1985; Weiglin and Winter, 1991). Yet an-
other anatomical type may be the C; anatomy in S. vera,
which appears to be of a different kind from the one
observed in section Chenopodina. According to Solms-
Laubach (1901), water-storage tissue and chlorenchyma
in this species are not differentiated into separate layers.
These earlier reports are currently under investigation to
determine whether they in fact represent distinct anatom-
ical types and to evaluate the taxonomic importance of
any differences observed.

Functional anatomy and ecology—The C, species of
section Limbogermen are largely restricted to the south
and the semiarid west of the North American continent,
from Mexico north to 50° N latitude, west of 95° longi-
tude, but largely excluding the Pacific coast north of cen-
tral California, whereas C; species are widely distributed
on the continent. This agrees with the notion that C,
plants are most abundant in hot, dry, high-light environ-
ments (Bjorkman, 1973; Pearcy and Ehleringer, 1984,
Ehleringer and Monson, 1993).

Species from section Limbogermen have the superior
water-use efficiency of the C, syndrome, as well as a
higher degrees of leaf succulence, compared to the C,
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species from section Chenopodina. This fits in well with
observations regarding habitat range of the species stud-
ied. North American species of section Chenopodina are
largely restricted to more or less saline wetlands, while
species from section Limbogermen extend from wetlands
to upland areas. In wetlands, C; and C, species of Suaeda
commonly grow side by side, for example S moquinii
and S calceoliformis in akaline habitats of the Great
Basin, or S tampicensis and S linearis along the coast
of southern Texas. Studies of such sympatric populations
along gradients of salinity and aridity would be infor-
mative. Other studies of such gradients have often found
C, species to be more abundant in drier and more saline
sites (Syvertsen et al., 1976; Eickmeier, 1978; Shomer-
Ilan, Nissenbaum, and Waisel, 1981). However, a number
of small-scale distributional studies have found no cor-
relation between the abundance of C, species and envi-
ronmental factors (Pearcy and Ehleringer, 1984; Barbour
et a., 1987; Weiglin and Winter, 1991). This is not very
surprising as the photosynthetic pathway is only one fac-
tor of many influencing the ecological behavior of plants.

Phenology and life histories—The phenology of
North American C; and C, species of Suaeda is largely
similar. All are active throughout the summer, which may
include prolonged periods of drought in the southwestern
part of the continent. Thus, they do not show the differ-
ence in phenology observed in many other C; and C,
taxa. In the semideserts of North America, C, species are
mostly active from fall to spring, whereas C, species tend
to be active in summer, especially under conditions of
summer precipitation (Syvertsen et al., 1976; Ehleringer
and Monson, 1993; Ehleringer, 1994). It seems likely that
all Suaeda species are enabled by their succulence to per-
sist throughout the dry season.

Any ecological differences among species from the
sections Limboger men and Chenopodina may result from
their different life histories. The fact that C; species of
Suaeda in North America are herbaceous annuals and
perennials, whereas the C, species are semishrubs and
shrubs appears to be a phylogenetic and biogeographical
coincidence. In central Asia, C, species of Suaeda are
mostly annuals (Glagoleva et al., 1990; P yankov et al.,
19923).

Taxonomy and phylogeny—Our results on the distri-
bution of C; and C, photosynthesis in North American
species of Suaeda mostly agree with those of Welkie and
Caldwell (1970). A taxonomic re-examination of the
specimens used by these authors enabled us to clarify the
differences found. Of nine specimens labeled as S. cali-
fornica, we re-identified seven as S taxifolia, one as S.
californica, and one as S esteroa. The photosynthetic
syndrome of the only specimen of S californica could
not be determined (G. W. Welkie, personal communica-
tion). Five specimens originally identified as S. depressa
var. depressa and reported by Welkie and Caldwell to be
a C, species turned out to be S. moquinii. The corrections
proposed here to the reports regarding specialized |eaf
anatomy in Suaeda in Welkie and Caldwell (1970) are
summarized in Table 6.

Four other North American species belonging to sec-
tion Chenopodina have not been included in the present



1206

AMERICAN JOURNAL OF BOTANY

[Vol. 84

TaBLE 5. C; and C, anatomy and physiology in Suaeda. The determinations are partly based on anatomical descriptions and drawings made before
the discovery of the C, syndrome (Solms-Laubach, 1901; Monteil, 1906; Paulsen, 1912; Evenari, 1938; Sheilds, 1951; Pyykko, 1966). More
recent determinations were based on leaf anatomy, biochemistry, and 3'°C values (see the references listed for further details). Sectional
affiliations determined by Iljin (19363, b), with the following exceptions: S. aegyptiaca (Townsend, 1980), S esteroa, S. californica (Ferren,
1993), S puertopenascoa (Watson and Ferren, 1991), S conferta and S mexicana (W. R. Ferren and H. J. Schenk, unpublished data), S.
patagonica (determined from herbarium specimens and original description), S australis, S carnosissima, and S asphaltica (tentatively deter-
mined from original descriptions). For a discussion of the sectional affiliations of S fruticosa, S vera, and S. heterophylla see the text and

footnotes below.

Section C,; C,
Suaeda* (syn. sect. Platystigma Iljin) (shrubs) S verabfhiixyx
Chenopodina Moquin-Tandon (syn. Heterosperma S australis S crassifolia”

I1jin nom. illeg.; Schoberiat (annuals and pe-
rennials)

Schanginia (C. A. Meyer) Volkens subsect.
Schanginia (Syn. Spermacocca Iljin) (annuals)

Schanginia (C. A. Meyer) Volkens subsect. Leio-
sperma lljin (annuals to shrubs)

Lachnostigma Iljin (mostly shrubs)

Conospermat Iljin (annuals)

Limbogermen Iljin (perennials, shrubs)

Brezia (Moquin-Tandon) Volkens (annuals)

Immersa Townsend (annuals to perennials)

Physophora Iljin (shrubs)
Sectional affiliation unknown:

S. calceoliformis?e
S. corniculata¥

S. esteroa®

S. lineariser

S. maritimaPohikty
S. mexicana?

S. occidentalis?

S. olufsenii™t

S patagonica®

S puertopenascoa?

S. glauca?
S linifoliat
S paradoxad
S altissimabehty***
S microphyllabott
S vermiculatabF S arucata®t
S asphalticahs
S dendroidest

S. fruticosaloax*
S. monoicaPfx
S pruinosa**
S vermiculata’hx

S acuminata”

S. carnosissima

S confusa®

S splendensbfhy**=

S. californica?
S conferta?

S moquinii2g

S palmeri?

S. suffrutescens’
S tampicensis?
S. taxifolia?9

S heterophylla®*
S aegyptiacabhio
S. physophora*

S ifniensis! S arguinensis*
S. palaestina S divaricata®

T Tsvelev (1993) proposed to submerge sections Heterosperma and Conosperma into section Schoberia (C. A. Meyer) Volkens nom. illeg.
1T Tsvelev (1993) suggested S microphylla to be more closely related to S dendroides than to S. altissima.

F According to Winter (1981) this report of C; photosynthesis in S vermiculata was probably due to incorrect taxonomy.
* See the discussion section regarding sectional affiliations of S vera, S. fruticosa, and other species of section Lachnostigma.

** |ljin (19364, b) assigned S. heterophylla to section Heterosperma. This assignment to section Brezia follows Volkens (1894) and Tsvelev
(1993). Moquin-Tandon (1849) and Ulbrich (1934) recognized Brezia Mog. as a separate genus.
*** Freitag (1989) reports S. splendens and S. altissima to be C; species, apparently based on a casual report in Solms-Laubach (1901). Tsvelev
(1993) assigned S altissima to a new monotypic section called Macrosuaeda.
References. a = Present study; b = Carolin, Jacobs, and Wesk, 1975; ¢ = Glagoleva et al., 1990; d = P'yankov et a., 1992a; e = Pyykko,
1966; f = Shomer-llan, Nissenbaum, and Waisel, 1981; g = Welkie and Caldwell, 1970; h = Winter, 1981; i = Freitag, 1989; | = Mateu Andrés,
1989; k = Venkatesalu and Chellappan, 1988; | = Winter and Troughton, 1978; m = P'yankov, 1993; n = Bil’ and Fomina, 1992; o = Frey and
Kurschner, 1983; p = Martin, Lubbers, and Teeri, 1982; g = Weiglin and Winter, 1991; r = Shields, 1951; s = Evenari, 1938; t = Paulsen, 1912;

u = Maire, 1962; v = Gamaley, 1984; w = Mommaerts-Billiet, 1971; x = Solms-Laubach, 1901; y = Monteil, 1906.
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TaBLE 6. Corrections to the determinations of specialized leaf anato-
my in the genus Suaeda (Chenopodiaceae) in Welkie and Caldwell
(1970, page 2138), based on a re-examination of the herbarium
specimens used in that study. (+) species that exhibit the special-
ized (C,) leaf anatomy; (—) species that do not exhibit the spe-
cialized leaf anatomy (C;).

Suaeda

(+) S californica S. Watson
S. moquinii (Torrey) Greene
name used in Welkie and Caldwell (1970):
S. fruticosa (Linnaeus) Forsskal auct.
mult., name misapplied
S intermedia (S. Watson) Heller
S nigra (Rafinesque) Macbride
S. moquini (Greene) Nelson
S torreyana S. Watson var. torreyana
S torreyana S. Watson var. ramosissi-
ma (Standley) Munz
S suffrutescens S. Watson
S taxifolia Standley
(=) S calceoliformis (Hooker) Moquin-Tandon
name used in Welkie and Caldwell (1970):
S. depressa (Pursh) S. Watson var. de-
pressa auct. mult, name misapplied
S. depressa (Pursh) S. Watson var. erec-
ta S. Watson
S minutiflora S. Watson
S esteroa Ferren & Whitmore
S linearis (Elliott) Moquin-Tandon
S maritima (Linnaeus) Dumortier
S occidentalis S. Watson

synonyms:

synonyms:

study. One of these is S maritima, a polymorphic taxon
with a worldwide distribution in coastal marshes. Thisis
a C; gpecies with austrobassioid leaf anatomy (Welkie
and Cadwell, 1970; Carolin, Jacobs, and Wesk, 1975;
Venkatesalu and Chellappan, 1988; Mateu Andrés, 1989).
Suaeda rolandii, a rare species of coastal marshes of
northeastern North America from New Jersey to Nova
Scotia, is thought to be allotetraploid in origin, derived
from the closely related S. calceoliformis and S maritima
(Bassett and Crompton, 1978; Clemants, 1992). There-
fore, it is likely a C; species, as aso suggested by its
distribution. Suaeda occidentalis, a taxon that is closely
related to S. calceoliformis (Watson, 1874), possesses C,
anatomy (Welkie and Caldwell, 1970). We al so attempted
to determine the presence of C, anatomy in herbarium
specimens of S jacoensis, but found that leaves from
these specimens did not rehydrate adequately to make a
determination possible.

In the section Limbogermen, other shrubby desert spe-
cies than the ones included in this study have been re-
ported from North America, including S nigrescens, and
S. suffrutescens, which two of the authors of this study
consider to be synonymous with Suaeda moquinii (W. R.
Ferren and H. J. Schenk, unpublished data). The leaf
anatomy of Suaeda suffrutescens has been described in
detail by Shields and colleagues (1951; Shields, Man-
gum, and Ludi, 1958). It is identical to the C, anatomy
described here for S moquinii.

In our study, presence of the C, syndrome was restrict-
ed to species from section Limbogermen. Other studies
of genera containing both C; and C, species have shown
that these two photosynthetic syndromes can be found in
taxa that are closely enough related to allow them to hy-
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bridize (Osmond, Bjorkman, and Anderson, 1980). Inter-
mediate C;-C, species also exist, including species of
Chenopodiaceae (Osmond, Bjorkman, and Anderson,
1980; P’ yankov, Voznesenskaya, and Kondrachuk, 1993).
However, research in two large genera that include both
C; and C, species, Atriplex and Panicum, has shown that
these two syndromes apparently do not occur within the
same species complex, or even in the same section of the
genus (Osmond, Bjorkman, and Anderson, 1980; Zuloa-
ga, Dubcovsky, and Morrone, 1993). An earlier review
by Carolin, Jacobs, and Wesk (1975) found three sections
of the genus Atriplex to include both C; and C, species,
while 15 sections were exclusively C; or C,. According
to Zuloaga, Dubcovsky, and Morrone (1993), presence or
absence of the Kranz syndrome is one of two characters
that contribute foremost to the delimitation of major
groups in the genus Panicum.

A literature review of sectional affiliations of C; and
C, species of Suaeda gave the results summarized in Ta-
ble 5. Two sections appear to include both C; and C,
species. In section Schanginia, C; and C, species are di-
vided along subsectional lines. Tsvelev (1993) recently
proposed to dissolve subsection Leiosperma, suggesting
to place S microphylla in the affinity of S dendroides
and S. altissima in the monotypic section Macrosuaeda.
Section Schanginia is certainly in need of study; it isthe
only one of Iljin’s (1936b) sections defined by inflores-
cence type rather than stigma morphology, and the data
on photosynthetic types suggest artificiality of this sec-
tion. Only one C, species, S. crassifolia, is reported from
section Chenopodina, which is otherwise C,. There are a
number of potential explanations for this. Suaeda cras-
sifolia may belong in a different section or may have
been incorrectly identified in the study by Bil’ and Fom-
ina (1992). Alternatively, the origin of C, photosynthesis
in Suaeda may be polyphyletic as postulated for the ge-
nus Atriplex (Osmond, Bjorkman, and Anderson, 1980),
or reversals from C, to C; may have occurred. However,
it is likely that the C, syndrome in Suaeda has evolved
only once in the genus from a C; ancestor common to
al C, species of Suaeda. This is suggested by the unique
suaedoid leaf anatomy common to all C, species of Suae-
da examined so far. The global distribution of C, species
in Suaeda suggests that C, photosynthesis may have orig-
inated very early in the evolution of the genus, in the
upper Cretaceous or early Tertiary, possibly in seasonally
arid areas of the continental interior of Gondwana land
before its final breakup into the continents Africa, Aus-
tralia, and America (P yankov, 1991; Pyankov et al.,
19923a). A reversion of C, to C; photosynthesis could also
explain the presence of C; species in a section containing
C, species, but there is currently no evidence for this. No
data are available to clarify the potential evolutionary
pathways from C; to C, forms or vice versa, as C;-C,
intermediates are not known from Suaeda. The genus is
obviously in need of a phylogenetic analysis, including
species from all sections and both photosynthetic syn-
dromes.

The proposal by Tsvelev (1993) to combine section
Conosperma with Chenopodina (syn. Heterosperma)
would merge a group of C, annuals with a group of al-
most exclusively C; annuals and perennials that also has
adistinctly different stigma morphology (l11jin, 1936b). In
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view of this, we propose to retain the sections Cheno-
podina (syn. Heterosperma) and Conosperma as delim-
ited by Iljin (1936b).

Species from the sections Lachnostigma and Suaeda
(syn. Platystigma) are often considered to be closely re-
lated (e.g., Tsvelev, 1993), although it was pointed out
as early as 1901 that these species are easily separated
by their different leaf anatomies (Solms-Laubach, 1901).
The taxonomy and nomenclature of these groups have
been complicated in the past by confusion of the two
species S. vera Forssk. ex J. E Gmelin and S fruticosa
Forssk. ex J. E Gmelin (Schweinfurth, 1896; Soriano,
1942, 1945; Zohary, 1966; Pedrol and Castroviejo, 1988;
Boulos, 1991), which apparently also affected lljin's
(1936b) sectional assignments of these species. Thisissue
is discussed in a separate paper (H. J. Schenk and W. R.
Ferren, unpublished data). For the purpose of the topic
under discussion here it suffices to say that the gynoe-
cium morphology of S vera clearly shows that it belongs
in Iljin's Platystigma (a synonym for section Suaeda) (see
the illustrations in 1ljin [1936b] for gynoecium morphol-
ogy in Platystigma and Pedrol and Castroviejo [1988]
and Freitag [1989] for S. vera), whereas S. fruticosa be-
longs in section Lachnostigma. The proposal by Tsvelev
(1993) to include both of these taxa in section Suaeda
would again combine species with different photosyn-
thetic pathways and different gynoecium morphologiesin
one section. In light of this, we retain section Lachnos-
tigma (Table 5). Further studies are necessary to clarify
the relationships among the C; species S. vera and the C,
species S. fruticosa, S vermiculata, S. monoica, S. den-
droides, and S. microphylla, as well as the relationship
between these taxa and the North American taxa from
section Limbogermen.

The sectional affiliations of four species listed in Table
5 could not be determined. In the case of two of these
species, S palaestina and S ifniensis, the photosynthetic
pathway and a number of other characteristics suggest
affiliation with Suaeda vera (Maire, 1962; Freitag, 1989).

Hopefully, a phylogenetic analysis and an in-depth
look at the characters delimiting sections in Suaeda will
clarify some of the problems described above. For the
sections Chenopodina and Limbogermen in North Amer-
ica, the consistent differences in leaf anatomy correlate
with a number of other characters separating these sec-
tions (W. R. Ferren and H. J. Schenk, unpublished data).

Section Chenopodina in North America includes gla-
brous annuals and herbaceous or rarely suffrutescent pe-
rennials with sessile leaves that lack speciaized C, anat-
omy. Bractlets in the inflorescence are always without
marginal trichomes. The flowers are bisexual and more
or less hilateral; the calyx is hooded and keeled, horned,
and/or horizontally or vertically wing-margined; there are
two to four slender, short, and smooth to papillous stig-
mas, inserted on the constricted tip of the ovary. Seeds
are positioned horizontally and are dimorphic in some
species and individuals.

Section Limbogermen includes shrubs and subshrubs
(often flowering in the first year) that are glabrous or
pubescent. Leaves are sessile or constricted at the base
and short petiolate; they have specialized C, anatomy.
Bractlets in the inflorescence often have several marginal
scattered hairs. The flowers are bisexual or unisexual and
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radial; the calyx lobes are rounded, hooded, or keeled,
but not horned or wing-margined, and there are two to
mostly three filiform, pilose-papillate stigmas, which are
subsessile or on a short style, from a pit in top of ovary,
often on a neck-like extension. The seeds are always
monomorphic, in a horizontal or vertical position.

These consistent differences could justify a treatment
of these groups as different genera, or at least subgenera.
However, such a split would have to be made on the basis
of a global taxonomic treatment of the genus. Hopefully,
such a treatment will be possible in the near future to
clarify the difficult taxonomy of Suaeda. Knowledge of
the global distribution of C; and C, species of Suaeda
could also explain much about the ecology of these pho-
tosynthetic syndromes and the evolution of C, photosyn-
thesis in the Chenopodiaceae.
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