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PREFACE 

The field of systematics deals with similarities and differences 

of organisms in an effort to recognize patterns, which reveal the evolu

tionary and developmental origins of the diversity of living things. 

One is indeed fortunate in a systematic endeavor when a taxon is found 

exhibiting characteristics that indicate a pivotal phylogenetic posi

tion in combination with features that are distinctive in closely 

related taxa yet have arisen convergently in widely separate species. 

Such a system allows the perceptive scientist to simultaneously examine 

factors that influence the evolution of the characteristic within a 

natural group, which shares a fundamental genetic background, and among 

distantly related species. 

Anomalous secondary thickening in Stegnosperma os a character

istic that shows this type of fortuitous pattern. Anomalous secondary 

growth has long been the object of anatomical investigations but very 

few studies have dealt with the phenomenon from a position of phyloge

netic strength. Those authors who did report on the anomaly in a 

natural group such as the Chenopodiales examined the relatively 

advanced Amaranthaceae, Chenopodiaceae, and Nyctaginaceae. By turning 

to the Phytolaccaceae, which possess a wide array of ancestral features, 

insight can be gained into the evolution of the anomaly from ancestors 

with normal secondary growth. Many aspects of Stegnosperma make it an 

ideal organism in which to study the origins of the anomaly from an 

evolutionary and developmental point of view. 
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This dissertation, in taking advantage of the merits of the 

pattern of growth in Stegnosperma, has resulted in a clear picture of 

the vegetative axis, which is superior to the efforts of many authors 

in such genera as Avicennia, Bougainvillea, Chenopodium, Phytolacca, 

and Simondsia. This report described the anomalous condition in 

Stegnosperma for the first time, illustrates the primary vascular sys

tem and apical organization, traces the development of the first vascu

lar cambium in the seedling, shows the relationship between shoot and 

root architecture and the initiation of the anomaly, follows the longi

tudinal course of vessels and phloem through the stem, examines trends 

in cellular dimensions, and demonstrates the path of fluid translocation 

through the complex vascular interconnections of the secondary plant 

axis. 

The author wishes to thank Tony Burgess for assistance in -

collecting specimens of j3. halimifolium in the Sierra de las Pintas and 

a long but futile search in the Pinacates; Dr. J. E. Endrizzi for cyto

genetic coaching; Dr. R. Felger for the collection of S^. watsonii; 

Dr. A. C. Gibson for assistance in collecting specimens, especially 

jS. cubense; Dr. W. B. Heed for critical reading of the manuscript; 

Linda Horak for patience and encouragement; Dr. C. T. Mason, Jr. for 

inestimable help and encouragement in the critical final stages; 

Dr. R. T. Ramage for the use of a camera lucida; Jose Sanchez for pre

paring many of the line drawings; Dr. 0. G. Ward for the use of the 

Leitz microscope used in this study and for cytogenetic reagents; and 

Kent Wood, RBP, for many hours spent showing me the intricacies of 

photomicrography, copy work, and printing. 
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ABSTRACT 

Most dicotyledonous species with secondary growth possess a 

single cylindrical vascular cambium. However, anomalous types are not 

uncommon. The various classification systems for anomalous patterns 

of secondary thickening are compared and the distribution of successive 

cambia in about 20 families of 13 orders is summarized. The distribu

tion of this feature within the Phytolaccaceae is detailed including 

new observations showing successive cambia in Stegnosperma. 

Serial sections of different developmental stages of plant 

axes permitted precise three-dimensional reconstruction of the vascular 

system. Macerations of increments adjacent to the plant of transverse 

sectioning allowed comparison of xylem-cell dimensions between succes

sive increments, different parts of individual plants, and all three 

species. 

Comparisons between species reveal that j3. cubense has second

ary xylem with the largest diameter pores, longest vessel elements, 

longest fiber-tracheids, and largest diameter fiber-tracheid pits. 

j3. watsonii has the greatest number of pores per square mm, smallest 

fiber-tracheid diameter, and the largest ratio of fiber-tracheid to 

vessel-element length. 

Pore diameter, fiber-tracheid length, and the ratio of fiber 

tracheid to vessel-element length were less in small stems than in 

large stems and less in large stems than in roots. Pores per square 

mm, fiber-tracheid diameter, and vessel-element length were more or 

x. 
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less constant between small stems and roots. Most xylary cell dimen

sions remain constant between successive increments of wood at a given 

level. 

The anomalous cambia arise in the conjunctive tissue and 

function bidirectionally. They are first evident as dedifferentiated 

parenchyma and then as small fascicular areas. Tangential expansion 

of existing regions produces larger arcs and rings of vascular tissue. 

Radial and tangential interconnections between vascular bundles 

are common in Stegnosperma. Dye movement traced through the axis 

confirms the presence of a complex network. 

At the upper and lower limits of a given ring or arc of anoma

lous vascular tissue, a radial connection occurs with the adjacent 

inner increment. The resulting pattern is a series of concentric 

cylinders of cambial zones, which anastomose with inner layers at 

their top and bottom. The normal increment of secondary thickening 

is the innermost cylinder and each successive layer forms a shorter 

but wider sheath around the previous layers. 

The apical organization of Stegnosperma consists of four 

zones: tunica, central mother cells, peripheral, and pith-rib meri-

stem. A cambium-like or transition zone was not observed. 

The primary shoot vasculature is described as open, lacking 

direct vascular connections between sympodia, and followed a 2/5 

phyllotaxy. Patterns of differentiation in shoot apices are detailed. 

The organization of the root apex as determined from seedling studies 

is analyzed by the constituent histogens. The vasculature of seedlings 

was found to follow the common dicotyledonous pattern. 
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The initiation of secondary growth in the hypocotyl and its 

acropetal development is also typical of other dicotyledons. Secondary 

growth ascends the shoot helically according to phyllotaxy. The 

vascular cambium descends in the root, first appearing opposite the 

phloem and then in the pericycle. 

These observations are discussed in light of their differences 

with earlier studies, compared with other Phytolaccaceae, and examined 

with regard to the physiological function of the anomaly. Systematic 

implications are summarized and a tentative phyllogeny of the 

Phytolaccaceae is given. 



CHAPTER 1 

INTRODUCTION 

The majority of dicotyledonous species that have secondary 

growth produce vascular tissues by means of a single cylindrical and 

persistent vascular cambium. The vascular cambium develops in part 

from interfascicular parenchyma and in part from elongate cells in the 

procambial bundles. Below the level of cambial initiation the vascular 

cambium takes the form of a sheath surrounding the xylem in stems, 

roots, and branches, extending as strips into the leaves if the latter 

possess secondary growth. Such a meristem gives rise to xylem by 

periclinal divisions to the inside. Radial files of daughter cells 

are thus produced with the oldest cells farthest removed from the 

cambium. The vascular cambium keeps pace with the increasing circum

ference of the axis by radial anticlinal divisions as well as by 

intrusive growth, elimination of initials, and the formation of ray 

initials from fusiform initials (Esau, 1977). 

Anomalous Patterns 

Exceptions to the developmental pattern exhibited by most 

dicotyledonous plants take on a variety of forms. De Bary (1884) and 

Solereder (1908) provided the first summaries on anomalous stem 

structure. Pfeiffer (1926) classified patterns of anomalous secondary 

growth on the basis of cambial organization and activity. Chalk and 

Chattaway (1937) and Metcalfe and Chalk (1950) have largely followed 
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the system of Pfeiffer (1926). Philipson and Ward (1965) used the 

position of anomalous cambial initiation in their classification. 

De Bary (1884) devised a classification scheme with three 

major categories. The first broad group of anomalous stem and root 

structures included those axes that had an atypical distribution of 

secondary xylem and phloem despite a normally derived, normally 

arranged, and permanently active vascular cambium. The second anoma

lous type was that in which radial and axial parenchyma of the xylem 

dilated in conjunction with the appearance of new cambial zones pro

ducing a "fragmented" axis. The anomalous formation and arrangement 

of the vascular cambium and its derivatives was the third class of 

anomalous structures, subdivided into four distinct cases: 

1. In addition to the normal cambial cylinder, a second appears 

concentric with the first at the innermost limit of the 

cylinder of wood. 

2. In place of the normal cambial cylinder arising in and between 

the primary vascular bundles, there appear several separate 

cambia around the primary vascular bundles, either one around 

each bundle or one around each group of bundles. These anoma

lous cambia are termed "partial thickening rings." 

3. Renewed thickening zones occur when, after a period of normal 

secondary growth, a new vascular cambium is formed in the 

parenchyma outside the first. Each successive cambium behaves 

like the first and may be replaced by another external to it. 

4. Extrafascicular cambium arises entirely outside the ring of 

primary vascular bundles. 
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Solereder (1908) had nine anomalous structural types. These 

were the contracted vascular systems of certain dicotyledons, axes 

showing polystelic structure, medullary and cortical vascular bundles, 

intraxylary phloen (phloem interior to the xylem), interxylary (phloem 

strands embedded within the secondary xylem), the successive develop

ment of secondary xylem and phloem, compound and divided xylem, unequal 

thickening of the xylem, and cleavage of the xylem by a resumption of 

meristematic activity in the xylary parenchyma. 

The eight anomalous types of secondary growth recognized by 

Pfeiffer (1926) are summarized below and shown on Figure 1. The first 

anomalous form is the broadened or flattened stem (corpus lignosum 

fasciatum) in which the vascular cambium produces unequal amounts of 

xylem so that the axis becomes eccentric (Fig. la). In the second type 

of anomaly the stem takes on a lobed appearance due to the uneven 

production of xylem at different points around the circumference of 

the axis (Fig lb). This is termed c.. J., lobatum. The interrupted 

cambium (£. 1_. interruptum) has unequal cambial activity in different 

sectors. Some sectors have normal activity but others have a marked 

reduction in the amount of xylem and a corresponding increase in the 

amount of phloem produced. In the regions of reduced xylem production 

the cambium remains at the base of a furrow of phloem, separated by 

a radial line of cleavage from the adjacent ridge of xylem (Fig. lc). 

The fourth type of anomaly described is the foraminate stem (c. 1. 

foraminatum). The cambium is located in the normal position but the 

secondary xylem includes strands of phloem (Fig. Id). Still another 

anomalous type is the concentric stem (^. 1^. circumvallatum). The 
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O f  

a. Corpus lignosum fasciatum b. Corpus lignosum lobatum 

o i oy 
0 T f /1 

; <? -0oQ, -J&, 

V ] 
- ' ̂  

Or 

c. Corpus lignosum interruptum d. Corpus lignosum foraminatum 

Fig. 1. Diagrammatic representation of the eight major cate
gories of anomalous secondary thickening. — After Pfeiffer (1926) 

Stippling denotes phloem, circles/dashes indicate xylem, and 
hatching represents pith. 



Corpus lignosum circumvallatum f. Corpus lignosum diffractum 

g. Corpus lignosum divisum h. Corpus lignosum compositum 

Fig. 1. — Continued 
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cambium is short-lived and is replaced at intervals by new meristematic 

tissue resulting in the production of concentric rings of collateral 

vascular bundles (Fig. le). In the dispersed axis or c_. 1.. dif fractum 

the stem is divided into irregular strands by dilation of the pith 

and rays (Fig. If). The divided stem (£. 1. divisum) occurs when each 

primary vascular bundle develops into a small woody cylinder (Fig. lg). 

The eighth type of anomaly is the compound stem (c_. 1. compositum) 

in which a central primary cylinder is surrounded by a ring of woody 

cylinders (Fig. lh) . 

Chalk and Chattaway (1937) recognized the eight types although 
/ 

they discussed only the foraminate and concentric forms. Two subdivi

sions were designated: The Strychnos type and the Combretum type. 

In species possessing the Strychnos type strips of the cambium cease 

to grow but as the adjacent cambium continues to function, the "gap" 

is gradually healed over, leaving a strand of phloem embedded in the 

xylem. The Combretum type of cambium produces phloem on the inside 

of the cambium in a small area instead of xylem, leaving a strand of 

intraxylary phloem. A subdivision was also made of c. 1_. circum-

vallatum in which only a relatively small portion of the axis is 

enclosed by a new cambium. This modification of the concentric type 

was termed c. 1_. circumseptum. 

Metcalfe and Chalk (1950) noted several categories of anoma

lous secondary growth. Medullary phloem, medullary bundles, included 

phloem, and cortical bundles are specifically listed. Families whose 

members possess successive cambia, the foraminate type of anomaly, 
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and the concentric type are also recognized in a manner similar to the 

treatment of previous authors (Pfeiffer, 1926; Chalk and Chattaway, 

1937). 

Exceptions to the normal pattern of cambial activity were 

classified by Philipson and Ward (1965) on the basis of the position 

of initiation as follows: anomalous cambia may arise (a) in the pith, 

either between the protoxylem of the normal ring of bundles and a zone 

of internal phloem, or between the xylem and phloem of medullary 

bundles; (b) in the cortex or other tissues external to the normal 

position of the cambium; or (c) in a variety of other arrangements. 

The first and last cases are not fundamentally different from patterns 

outlined in Metcalfe and Chalk (1950); however, the second case (b) 

includes normal bidirectionally functioning cambia of the concentric 

cambia. A unidirectional cambium as conceived by Philpson and Ward 

(1956) would be considered to produce vascular tissue only towards 

the inside of the axis, leaving regions of phloem within the secondary 

xylem. 

Systematic Distribution of Corpus 

Lignosum Circumvallatum 

The concentric type of anomalous secondary growth by means of 

successive cambia is widespread among dicotyledonous species. Members 

of 20 families in 13 orders are reported to exhibit c. 1. circum

vallatum: Asteraceae (Asterales), Menispermaceae (Berberidales, 

Capparaceae (Capparales), Aizoaceae, Amaranthaceae, Caryophyllaceae, 

Chenopodiaceae, Nyctaginaceae, Phytolaccaceae (Chenopodiales), 

Buxaceae (Euphorbiales), Polygalacaceae (Geraniales), Avicenniaceae 
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(lamiales), Plumbaginaceae (primulales), Fabaceae, Stylidiaceae 

(Rosales), Connaraceae, Rhabdodendraceae (Rutales), Celastraceae 

(Santalales), Convolvulaceae (Solanales), and Dilleniaceae (Theales; 

Metcalfe and Chalk, 1950; Philipson, Ward, and Butterfield, 1971; 

orders sensu Behnke, 1976; Thorne, 1976). The concentric type of 

anomaly must have arisen independently many times, since in most 

orders the anomaly is present in only a few genera. 

A notable exception to the common pattern of convergent evolu

tion of anomalous secondary thickening by successive cambia is the 

Chenopodiales. Six closely related families of this well-defined 

order have members with successive cambia. Genera reported to have 

anomalous secondary thickening by successive cambia are numerous 

within the Aizoaceae, Amaranthaceae, Caryophyllaceae, Chenopodiaceae, • 

Nyctaginaceae, and Phytolaccaceae (Metcalfe and Chalk, 1950). In 

Aizoaceae 12 genera possess the concentric anomaly, although the woody 

genus Polpoda lacks it. The Amaranthaceae (except Allmania, 

Cladothrix, and Tidestromia lanuginosa) and 19 genera of Caryophyl

laceae are known to have the concentric type of anomalous secondary 

growth. With the exception of Hemichroa, Nitrophila, and Polycnemum, 

all Chenopodiaceae show anomalous structure in their axes. De Bary 

(1884), Solereder (1908) , and Pfeiffer (1926) considered all 

Nyctaginaceae to have the concentric type, but Chalk and Chattaway 

(1937) classified Neea, Pisonia, and Torrubia under the foraminate 

category. After systematic reassessments have been made (Eckardt, 

1964; Nowicke, 1969; Bortenschlager, 1973) and the results of this 
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study included, eleven genera of Phytolaccaceae are characterized by 

_1. circumvallatum. 

Anomalous secondary thickening by successive cambia is distri

buted within the Phytolaccaceae as follows: Successive cambia are 

present in Agdestis (Agdestoideae), Barbeuia (Barbeuioideae), 

Anisomera, Ercilla, Phytolacca (Phytolaccoideae), Gallesia, Petiveria, 

Seguieria, Rivina (Rivinoideae), and Stegnosperma (Stegnospermoideae). 

Secondary growth is reported to be normal in Microtea (Microteoideae), 

Hilleria, Ledenbergia, Monococcus, Schindleria and Trichostigma 

(Rivinoideae). Lophiocarpus (Microteoideae) has not been investigated. 

The status of Agdestis, Barbeuia, and Stegnosperma as members of the 

Phytolaccaceae is uncertain and provisional (Nowicke, 1969; Hofmann, 

1977). Appendix A summarizes the systematic distribution of the 

anomaly and other characteristics. 

The Phytolaccaceae have many features considered ancestral 

for the Chenopodiales, such as simple, alternate, entire, estipulate 

leaves, no true corolla, superior ovary, free carpels, and tricolpate 

pollen grains (Thorne, 1976). Knowledge of the development of anoma

lous secondary thickening by successive cambia in the Phytolaccaceae 

would be an asset in our understanding of the evolution of the plant 

axis in the Chenopodiales and throughout dicotyledons as a whole. 

Because the Phytolaccaceae contain species with and without the 

anomaly, one should look to species that have normal secondary growth 

for a protracted period before the onset of anomalous cambial activity 

for insight into the factors affecting the evolution of the anomaly 

within the family and the order. Stegnosperma has been found to be a 



genus whose species produce normal secondary vascular tissues for a 

relatively long period prior to the appearance of the first anomalous 

cambium. It is.this feature that led earlier investigators to believe 

that Stegnosperma did not have the concentric type of anomaly (Pfeiffer, 

1926; Heimerl, 1934). 

The Genus Stegnosperma 

Morphology 

Stegnosperma is a genus of tropical shrubs (Fig. 2) distributed 

from northwestern Mexico to Central America and the West Indies (Fig 

3). The leaves are alternate, spathulate, elliptic or ovate-orbicular, 

acute, mucronate or rounded, entire or more or less lamellate, glab

rous, more or less leathery to slightly succulent, and petiolate with 

obtuse bases and calcium oxalate crystals. Inflorescences are recemes, 

sometimes condensed and termed cymules. The flowers (Fig. 4) are 

perfect and actinomorphic with pedicels to 8 mm long. Flowers are 

subtended by a single lanceolate or ellipitic and keeled bract, and two 

smaller bracteoles. Sepals number five and are more or less united 

at the base. Five petaloid staminodia are elliptic to ovate, thin, 

and adhere to the sepals. The staminodia have been considered petals 

by most authors (Rogers, 1949; Hofmann, 1977) but the occasional pre

sence of anthers on them was observed by Nowicke (1969). The stamens 

are 5, 8, or 10 in number with the filaments widening at the base 

and uniting into a ring. The ovary is spherical and 3-5 carpellate. 

The style is short or absent and the 3-5 stigmas are recurved. The 

fruit is a capsule splitting by 3-5 seams and containing 3-5 seeds. 



Fig. 2. Habit and habitat of Stegnosperma cubense. — Near collection site of Gibson 3402 
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S. cubenae 
3". hallmifollum 
2". watsonii 

Fig. 3. Geographical distribution of the three species of 
Stegnosperma 

Regions of sympatry between j3. halimifoium and S^. watsonii are 
designated by cross-hatching and the "x" at Bahia de los Angeles (lat 
29° N). Based on Nowicke (1969); Hastings, Turner, and Warren (1972); 
and collections at the University of Arizona herbarium. 



Fig. 4. Flower of Stegnosperma halimifolium 

St, stamen; Se, sepal; PS, petaloid staminodia; 0, ovary 
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The seeds are 2-4 mm in length and have a smooth, shiny, red-brown to 

black testa (Fig. 5). The seedlings are epigeal (Fig. 6). 

Cytogenetics 

Cytogenetic investigation of Stegnosperma root tips shows that 

the diploid chromosome number is 36. Neighbors and Gilmartin (1978, 

personal communication ) examined meiocytes and reported a haploid 

number of 18. 

Systematics 

In the first comprehensive treatment of the Phytolaccaceae 

(Walter, 1909) Stegnosperma was placed in the monogeneric 

Stegnospermoideae. Most subsequent workers (Heimerl, 1934; Eckardt, 

1964; Nowicke, 1969; Bortenschlager, 1973) have followed the classifi

cation of Walter (1909). However, Hutchinson (1959) treated the genus 

as a monogeneric family in the Pittosporales. 

The genus has consisted of two species, S^. halimifolium 

Benth. and j>. cubense A. Rich, for most of its taxonomic history. 

Only since the generic commentary of Rogers (1949) has a third species, 

j>. watsonii D. J. Rogers, been included in the genus. A fourth 

binomial, _S. scandens (lunan ex Jackson) Standley, is a synonym under 

j5. cubense (Rogers, 1949). 

The distinctness of jS. halimifolium and _S. watsonii is 

questionable on the basis of their geographic distribution (Fig. 3) 

and the variability of distinguishing characteristics. Rogers (1949) 

lists three characteristics of J5. watsonii that differentiate it 

from S^. halimifolium: few-flowered cymules, petals abruptly 



Fig. 5. Seed of Stegnosperma halimifolium 

Arrow indicates hilum. 



Fig. 6. Seedlings of Stegnosperma halimifolium 

Upeer left, 15 days old; lower right, 5 days old. 



constricted at the base, and lateral funicular scar. The cymules on 

close inspection can be seen to be condensed recemes. The petals 

(actually petaloid staminodia) are constricted in all specimens 

examined of these putative species (Fig. 4). Funicular scars tend to 

be basal, although a few appear more or less lateral. The most consis

tent characteristic of _S. watsonii that sets it apart from j3. 

halimifolium is the small number of flowers per inflorescence. Since 

this feature could easily be affected by local environmental factors, 

one should be cautious in interpreting specific differences on the 

basis of a single trait. 

Anomalous Secondary Thickening 

Early accounts of secondary growth in Stegnosperma (Pfeiffer, 

1926; Heimerl, 1934) report normal secondary xylem and phloem. 

Metcalfe and Chalk (1950) repeated the statements of Pfeiffer (1926). 

However, research in this laboratory disclosed anomalous secondary 

thickening by successive cambia (the concentric type, c_. 

circumvallatum) in £L watsonii. When roots and large stems of the 

remaining two species were examined, they too were found to possess 

anomalous cambial activity. 

The purpose of this work is to describe adequately the mature 

structure of the plant axis, analyze the variability in wood structure 

within individual plants and between species, investigate the ontogeny 

of the anomalous cambia, illustrate the three-dimensional structure of 

the secondary vascular tissues, and trace the development of the cambic 

from the inception of the first vascular cambium back to the primary 



vascular system. The results of this study can be compared with other 

descriptions of the Phytolaccaceae in order to clarify the systematic 

position of the subfamily, with ontogenetic investigations of other 

species with anomalous secondary growth by successive cambia, with 

existing descriptive work on the three-dimensional structure of the 

anomaly in other taxa, and with studies of the primary vascular system 

in closely related families in the Chenopodiales. Such comparisons 

will provide an understanding of how anomalous secondary thickening 

develops in relation to the development of the primary and normal 

secondary levels and aid in interpreting more complex patterns of 

anomalous growth seen in both closely related and more distantly 

related families. 



CHAPTER 2 

MATERIALS AND METHODS 

Samples of j5. cub ens e (Gibson 3402 ARIZ) , _S. halimifolium 

(Burgess 5639 ARIZ, Horak 155 ARIZ), and j>. watsonii (Felger s. n. 

ARIZ), representing a wide range of developmental stages from shoot 

apices to subterranean parts, were liquid preserved in formalin-acetic 

acid-ethanol (Johansen, 1940). A cultivated specimen of j3. halimi

folium approximately two years old was harvested and fixed in Craf 

II (Johansen, 1940). Seeds collected from S^ halimifolium (Burgess 

5639) were germinated on filter paper and subsequently a portion was 

treated with oxyquinoline and fixed in Carnoy's solution (Johansen, 

1940). A second set of seedlings was fixed in formalin-acetic acid-

ethanol (Johansen, 1940) or cacodylate-buffered glutaraldehyde (Berlyn 

and Miksche, 1976). The remainder were transplanted to sterile soil 

in peat pots and maintained under a photo-period approximating the 

seasonality of 32° N latitude for two to eleven months prior to 

fixation in formalin-acetic acid-ethanol (Johansen, 1940) or cacodylate-

buffered glutaraldehyde (Berlyn and Miksche, 1976). 

Stem and root samples greater than approximately 6 mm in 

diameter were sectioned on a sliding microtome at 20-50 ym. Materials 

less than about 8 mm in diameter were infiltrated with tertiary 

butanol, embedded in Paraplast, and sectioned on a rotary microtome at 

7-20 ym. Some critical regions of the cultivated two-year-old plant 

19 
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were embedded in celloidin before sectioning (Humason, 1967). Precise 

three-dimensional reconstruction of the axes was made possible by 

observing serial transverse and longitudinal sections of vegetative 

apices, young stems and roots, and mature axis segments. Sections 

were stained in either safranin and fast green, safranin and aniline 

blue, toluidine blue, or iron hematoxylin (Johansen, 1940). 

The chromosomes of Stegnosperma were observed from root tip 

mitoses prepared by squash techniques and stained with aceto-orcin 

followed by hematoxylin (Endrizzi, 1972, personal communication). 

Measurements of cell width, wall thickness, pore density and 

percentage of solitary pores were made from transverse sections. 

Cell lengths were measured from wood samples macerated in Jeffrey's 

solution, taken from arcs or rings of xylem immediately above or 

below the plane of transverse sectioning. Care was taken to note 

which sample corresponded with a particular arc of xylem so that data 

on length and width were collected for each successive increment at 

a given level of transection. At each point of sampling 10 to 40 

(usually 25) measurements of each feature were taken. Axis segments 

with few anomalous increments thus were sampled only a few times; 

whereas, large stems and roots had proportionally more cells sampled. 

Sample size at one transectional level varied from 50 to over 275. The 

total sample size for individual plants exceeded 1,000 in some cases. 

_ 2  
Ray height and number of rays mm were measured from tangential 

sections. Ray widths were determined from transverse sections as well. 

In order to permit more detailed comparisons, stems were classified as 

(less than 15 mm diameter) or large (greater than .15 mm diameter). 
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These data have been grouped and displayed in the descriptive 

sections of this paper. In the diagnoses mean values have been 

reported followed by ± one standard deviation for each feature. Data 

concerning the number of successive cambia compared with axis diameter 

and the length of tracheary elements versus xylem increment were 

subjected to the method of linear regression of Steel and Torrey 

(1960). A discussion of the assumptions of this regression model 

and how the observations of Stegnosperma meet these assumptions is 

given in Appendix B. 

Observations of the ontogeny of the vascular cambium were 

made by following the developmental changes as seen in vascular 

bundles of different degrees of maturity around the outer circumference 

of the axis and by following individual vascular bundles through the 

length of the axis in serial transverse sections. These views were 

supplemented by those seen in serial longitudinal sections in order 

to clarify patterns of development. 

The three-dimensional structure of the secondary xylem and 

phloem was examined in serial transverse and longitudinal sections. 

Three-dimensional representations were constructed from sequential 

camera lucida drawings of serial sections. Individual camera lucida 

drawings were given an oblique perspective by graphical methods 

(Williams, 1975). Vascular connections through the axis segments were 

traced by following the path of aniline blue from a reservoir under 

normal atmospheric pressure. 

Observations on the apical organization were made on median 

longitudinal sections of seven apices from the four wild collections 



(Burgess 5639, Felger s. n., Gibson 3402, Horak 155). Analysis of 

the primary vascular system was based on procambial strands and leaf 

traces as viewed in transverse section. Four apices were examined in 

serial transection (Gibson 3402, Horak 155, and two cultivated apices). 

Procambium was identified according to the criteria set forth in Esau 

(1965). Primary phloem elements were identified by their position in 

the leaf trace or strand, their relative sizes and shapes, their thick 

cell walls, and lack of cell contents when observed under phase con

trast microscopy. No attempt was made to distinguish between proto-

phloem and metaphloem. Protoxylem elements were identified by their 

small size, rounded appearance, birefringent walls (as observed under 

polarized illumination), and position in the procambial strand. 

Metaxylem elements were distinguished from protoxylem by their later 

appearance in the leaf trace, their larger diameter, their irregular 

shape in cross section, and their relative position with regard to 

the protoxylem. Vascular terminology follows Larson (1975). The 

primary vascular system has been displayed by means of a transverse 

cylindrical projection. 



CHAPTER 3 

DESCRIPTIVE ANATOMY AND ONTOGENY 

Macroscopic observation of sufficiently old stems and roots 

of Stegnosperma reveals a distinct pattern of concentric rings and 

arcs in cross section and the axis may occasionally have a pronounced 

eccentricity (Fig. 7a). The innermost region is a cylinder, typically 

5-15 mm in diameter, though at the base of the plant and in roots this 

is reduced to 2-3 mm. Outward, the biege wood alternates with promi

nent yellowish-white arcs of phloem and secondary parenchyma (conjunc

tive tissue). Successive increments of wood are 1-3 mm in width. 

These layers may be complete rings or arcs in transection. Those 

layers that are innermost tend to be complete rings, while the outer 

ones are generally less extensive arcs. Rings or arcs of vascular 

tissue are not annual rings; the two-year-old plant possessed four 

successive increments. Rays are also apparent, especially in the 

peripheral regions where they are wide and numerous. Rays may extend 

through several to many layers or they may appear cle novo in each 

_3 
ring or arc. Wood density is estimated at 0.73 gm cm 

Microscopic examination of the axes of species of Stegnosperma 

reveals that the initial secondary growth is normal (Figs. 7-9). 

Much of the phloem associated with normal secondary xylem is crushed 

during the increase in girth with further secondary growth (Figs. 

23 



Fig. 7. Cross, radial, and tangential sections of Stegnosperma 

a. Cross section of j3. halimifolium stem showing anomalous 
secondary thickening of successive cambia; bar = 1 cm. b. Radial sec
tion of normal increment of secondary xylem of S^. cubense stem; bar = 
200 ym. c. Tangential section of normal secondary xylem of S_. cubense; 
bar = 200 ym. 





Fig. 8. Transverse sections of axes of Stegnosperma halimi
folium, cubense, and S^. watsonii 

a. Normal secondary xylem of S^. halimifolium stem. b. Normal 
secondary xylem, secondary phloem, and first anomalous increment of 
secondary xylem in S^. halimifolium stem. c. S^. cubense root showing 
normal secondary growth, anomalous increments, and zone of dedifferen
tiating parenchyma in the outermost part of the conjunctive tissue, 
d. j5. watsonii stem illustrating the arrangement of tissues external 
to the normal secondary xylem. Key to labelling: AX, anomalous xylem; 
CT, conjunctive tissue; NX, normal xylem; Pe, periderm; Ph, phloem; 
R, ray; S, sclerenchyma. Bar = 200 ym. 
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Fig. 8. Transverse sections of axes of Stegnosperma halimi-
folium, S. cubense, and S. watsonii 



Fig. 9. Cross sections of Stegnosperma axes 

a. Region of normal secondary growth in root of j>. halimifolium. 
b. Stem of cubense showing primary and early secondary xylem. 
c. Normal secondary xylem is cubense stem. d. Segment of anomalous 
secondary thickening, h root of J3. cubense. Key to labelling: AZ, 
anomalous xylem; CT, conjunctive tissue; Ph, phloem; Pi, pitch. 
Bar = 200 ym. 



3.4 , / VX.1t A- < F' l: i ,i 1 ' <i 

Irf*r 
tepB 



27 

8b and 9a). Immediately outside this phloem lies a band of parenchyma 

(conjunctive tissue). 

The term conjunctive tissue as used here denotes secondary 

parenchyma associated with vascular bundles (Esau, 1977). However, 

I have elected to not use the terms "radial and tangential panels 

of conjunctive tissue" (Esau and Cheadle, 1955). Instead, "ray" 

refers to a longitudinal panel of tissue extending through the second

ary xylem and phloem, and "conjunctive tissue" is reserved for the cir

cular or semi-circular bands of secondary parenchyma. This differs 

fundamentally from the concept of conjunctive tissue as defined by 

Cutter (1978) in which the parenchyma is derived from ground meristem. 

The normal vascular tissues are succeeded toward the periphery 

by the first anomalous xylem increment, its associated phloem and 

conjunctive tissue, and other successive anomalous increments. 

Anatomical Descriptions 

The following diagnoses are summarized in Tables 1-4. 

Wood of Stegnosperma 

Concentric cylinders of wood present separated by secondary 

phloem and conjunctive tissue (Figs. 7a, 8c). Pores evenly distributed 

- 2  
in the xylem; 38.4 ± 20.4 pores mm . Pores tending to be radially 

elongated and rounded to angular in cross-sectional view. Pore diame

ter moderately small (75.3 ± 23.9 ym) . Pores over 90% solitary with 

pairs often due to vessel-element tail overlap. Vessel-element wall 

thickness 2.5 ym or less. Vessel-element length moderately short 

(261.7 ± 83.0 ym). Perforation plates exclusively simple; end walls 
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Table 1. Summary of wood characteristics for species of 
Stegnosperma. — Dimensions are ym 

Species 

Feature S. cubense S. halminifolium S. watsonii 

-2 
Pores mm 35.9 33.9 60.0 

Pore diameter 89.8 66.1 54.3 

Vessel-element length 312.1 224.8 226.0 

Vessel-element pit diameter 5.0 4.6 3.3 

Fiber-tracheid length 789.7 560.9 627.3 

Fiber-tracheid diameter 18.8 22.1 9.7 

Fiber-tracheid wall thickness 3.3 3.1 5.5 

Fiber-tracheid pit diameter 4.6 3.9 2.8 

Fiber-tracheid/vessel-element 
length 2.53 2.50 2.78 

Rays mm 3.5 6.3 8.3 

Table 2. Summary of wood characteristics for small stems of 
Stegnosperma. — Dimensions are ym 

Species 

Feature S. cubense S. halminifolium S. watsonii 

Pores mm ^ 30.3 39.1 60.0 

Pore diameter 71.0 48.9 54.3 

Vessel-element length 319.7 277.7 226.0 

Fiber-tracheid length 730.5 545.0 627.3 

Fiber-tracheid diameter 17.7 18.9 9.7 

Fiber-tracheid/vessel-element 
length 2.29 1.96 2.78 
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Table 3. Summary of wood characteristics for large stems of 
Stegnosperma. — Dimensions are ym 

Species 

Feature S. cubense S. halminifolium 

Pores mm-2 36.7 27.4 

Pore diameter 74.1 63.4 

Vessel-element length 313.0 216.1 

Fiber-tracheid length 786.5 523.5 

Fiber-tracheid diameter 18.2 22.1 

Fiber-tracheid/vessel-element length 2.51 2.42 

Table 4. Summary of wood characteristics for roots of 
Stegnosperma. — Dimensions are ym 

Species 

Feature S. cubense S. halminifolium 

-2  
Pores mm 

Pore diameter 

Vessel-element length 

Fiber-tracheid length 

Fiber-tracheid diameter 

Fiber-tracheid/vessel-element length 

36.9 

116 .0  

307.6 

827.6 

19.7 

2.69 

43.7 

76.2 

222.4 

636.3 

2 2 . 0  

2 .86  
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transverse to oblique. Lateral walls of vessels with numerous rows of 

small, alternate bordered pits (diameter 5.0 ± 1.1 ym). Tyloses occa

sionally present in old wood. Fiber-tracheid moderately short (634.1 ± 

134.9 ym). Fiber-tracheid diameter 25.9 ±8.8 ym). Fiber-tracheid 

wall thickness 4.0 ± 0.5 ym; pit diameter 4.1 ± 0.6 ym. Fiber-tracheid 

vessel-element length 2.91. Axial wood parenchyma scanty paratracheal 

and apotracheal in radial chains. Rays uniseriate to multiseriate 

(usually about 3 cells wide); height 0.5-8+ mm (mean 2.9 ± 1.8 mm not 

including rays that are taller than the height of the section). Ray 

cells mostly erect with some square or procumbent; strongly lignified 

in the inner wood, remaining unlignified for a considerable period in 

the outer wood. Storying absent. Starch grains in the radial paren

chyma of large stems and especially abundant in roots. Crystals 

absent in the secondary xylem. 

Wood of Stegnosperma cubense 

Secondary xylem as in the generic summary above except as 

_o 
noted below (Figs. 7b-c, 8c, 9b-d, 10a). Pores mm 35.9 ± 23.9. 

Pore diameter 89.8 ± 26.0 ym. Vessel-element length 312.1 ± 84.8 ym. 

Vessel-element pit diameter 5.0 ± 0.7 ym. Fiber-tracheid length 

789.7 ± 162.5 ym. Fiber-tracheid diameter 18.8 ± 4.7 ym. Fiber-

tracheid wall thickness 3.3 ± 0.6 ym; pit diameter 4.6 ± 0.6 ym. 

— 9 
Fiber-tracheid/vessel-element length 2.53. Rays mm 3.5 ± 1.3. 

Wood of Stegnosperma halimifolium 

Secondary xylem as in the generic summary except as noted 

_o 
below (Figs. 8a-b, 9a, lOb-c). Pores mm 33.9 ±,14.6. Pore diameter 



Fig. 10. Transverse sections of Stegnosperma axes 

a. Root of j>. cubense showing arrangement of tissues from 
primary xylem to anomalous increments, b. Anomalous secondary xylem 
of S_. halimifolium ste. c. Anomalous secondary xylem of j3. halimi-
folium root. d. Normal increment of secondary xylem of J3. watsonii. 
Key to labelling: AX, anomalous xylem; NX, normal xylem; Ph, phloem. 
Bar = 200 ym. 
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66.1 ± 19.1 ym. Vessel-element length 224.8 ± 71.5 ym. Vessel-element 

pit diameter 4.6 ± 1.1 ym. Fiber-tracheid length 560.9 ± 120.7 ym. 

Fiber-tracheid diameter 22.1 ±5.1 ym. Fiber-tracheid wall thickness 

3.1 ± 0.8 ym; pit diameter 3.9 ± 0.5 ym. Fiber-tracheid/vessel element 

length 2.50. Rays mm ^ 6.3 ± 2.8. 

Wood of Stegnosperma watsonii 

Secondary xylem as in the generic summary except as noted 

_2 
below (Figs. 8d, lOd). Pores mm 60.9 ± 16.4. Pore diameter 54.3 

± 9.9 ym. Vessel-element length 226.0 ± 79.7 ym. Vessel-element pit 

diameter 3.3 ± 0.3 ym. Fiber-tracheid length 627.3 ± 29.4 ym. Fiber-

tracheid diameter 9.7 ± 3.6 ym. Fiber-tracheid wall thickness 5.5 ± 

2.2 ym. Pit diameter 2.8 ± 0.3 ym. Fiber-tracheid/vessel-element 

length 2.78. Rays mm ^ 8.3 ± 2.3. 

Wood of Small Stems 

Stegnosperma cubense. Secondary xylem as in the specific 

_2 description except as noted below. Pores mm 30.3 ± 18.7. Pore 

diameter 71.0 ± 27.0 ym. Vessel-element length 319.7 ± 96.4 ym. 

Vessel-element pit diameter 5.1 ± 0.6 ym. Fiber-tracheid length 

730.5 ± 145.8 ym. Fiber-tracheid diameter 17.7 ± 3.6 ym. Fiber-

tracheid wall thickness 2.7 ± 0.1 ym; pit diameter 4.6 ± 0.6 ym. 

_2 Fiber-tracheid/vessel-element length 2.29. Rays mm 4.0 ± 0.1. 

Stegnosperma halimifolium. Secondary xylem as in the specific 

_2 description except as noted below. Pores mm 39.1 ± 16.6. Pore 

diameter 48.9 ± 8.0 ym. Vessel-element length 277.7 ± 42.8 ym. 
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Fiber-tracheid length 545.0 ± 55.7 ym. Fiber-tracheid diameter 

18.9 ±5.2 ym, Fiber-tracheid/vessel-element length 1.96. 

Stegnosperma watsonii. Secondary xylem as in the specific 

description. 

Wood of Large Stems 

Stegnosperma cubense. Secondary xylem as in the specific 

_ 2  
description except as noted below. Pores mm 26.7 - 15.8. Pore 

diameter 74.1 ± 20.8 ym. Vessel-element length 313.0 ± 65.7 ym. 

Fiber-tracheid length 786.5 ± 135.7 ym. Fiber-tracheid diameter 

18.2 + 6.1 ym. Fiber-tracheid vessel-element length 2.51. 

Stegnosperma halimifolium. Secondary xylem as in the specific 

- 2  
description except as noted below. Pores mm 27.4 ± 6.5. Pore 

diameter 63.4 ± 13.4 ym. Vessel-element length 216.1 ± 71.5 ym. 

Fiber-tracheid length 523.5 ± 102.7 ym. Fiber-tracheid diameter 

22.1 ± 4.7 ym. Fiber-tracheid/vessel-element length 2.42. 

Wood of Roots 

Stegnos£ermaj^ubense. Secondary xylem as in the specific 

— 2  description except as noted below. Pores mm 36.9 ± 21.8. Pore dia

meter 116.0 ± 32.8 ym. Vessel-element length 307.6 ± 54.2 ym. Fiber-

tracheid length 827.6 ± 171.7 ym. Fiber-tracheid diameter 19.7 ± 

5.7 ym. Fiber-tracheid/vessel-element length 2.69. 
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sS^^nos£erma^^^mifolium. Secondary xylem as in the specific 

-2 
description except as noted below. Pores mm 43.7 ± 21.8. Pore 

diameter 76.2 ± 32.6 ym. Vessel-element length 222.4 ± 68.2 ym. 

Fiber-tracheid length 636.3 ± 238.7 ym. Fiber-tracheid diameter 

22.0 ±6.1 ym. Fiber-tracheid/vessel-element length 2.86. 

Wood of Individual Arcs or Rings 

The value for a given cellular dimension remains more or less 

constant as one samples areas from the center of the axis outwards at 

a particular level of transection (Table 5). However, the number of 

- 2  
pores mm " decreases as one moves outward through successive xylem 

-2  
increments. The equation in Table 5 is for pores mm of vascular 

tissue only, that is, adjusted for the large amounts of ray and con

junctive tissue present in the outermost areas. Unadjusted values 

would decrease at a much faster rate. Pore diameter is constant over 

increment number and maximum pore diameter follows suit. Tracheary 

elements show similar trends in length (Fig. 11, Table 5). Note 

that Figure 11 presents data for a single large stem of halimi-

folium and Table 1 summarizes the observations for the pooled values 

of all samples. 

Coefficients of determination are typically low to very low 

indicating that the linear model explains only a small portion of the 

variability in samples. From this one must conclude that increment 

number has little effect on cellular dimensions, that there is a great 

deal of variability in wood cell dimensions over time, and that pores 

_ 2  mm decreases as samples are examined outwards. 
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Table 5. Regression lines and coefficients of determination 

Equations and coefficients are given for various cellular dimensions 
as a function of xylem increment. Xylem increment is determined from 
the first normal cambial layer outwards. Units given are in micra. 

Cellular Dimension Equation R2 

Vessel-element 

Diameter Y 
= 
75.3 <0.01 

Wall thickness Y = 2.5 0.22 

Length Y = 261.7 0.73 

Pit diameter Y sz 5.0 <0.01 

-2 
Pores mm Y = -1.654X + 39.1 0.42 

Fiber-tracheid 

Diameter Y = 25.9 0.34 

Length Y = 634.1 0.57 

Pit diameter Y = 4.1 <0.01 

Ray height Y = 2.89 <0.01 

-2 Rays mm Y = -4.6 <0.01 

Maximum vessel-element diameter Y = 134.9 <0.01 
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Extraxylary Tissues 

Sieve tubes, companion cells, and phloem parenchyma comprise 

the phloem (Fig. 12). No phloem fibers are apparent. Phloem may be 

crushed and obliterated after the production of subsequent arcs of 

vascular tissue by successive cambia (Figs. 8b, 9a, 9d). 

Outside the cylinder of vascular tissue the conjunctive tissue 

remains distinct from the cortex. Initially, perivascular fibers 

differentiate in the cortex. These fibers are separated by continued 

increase in circumference of the axis. Parenchyma cells differentiate 

into sclereids so as to maintain a complete cylinder of sclerenchyma 

(Fig. 8d). Perivascular sclerenchyma is absent in roots except near 

the transition zone. Druse-containing idioblasts are found in the 

outermost cortex and conjunctive tissue, as well as in the pith. 

Starch grains are numerous and large in the cortex, pith, and conjunc

tive tissue of roots and large stems. A distinct phellogen layer is 

observed giving rise to radial files of radially flattened phellum 

(Fig. 8d). Occasionally, perivascular sclerenchyma is seen "included" 

within the periderm due to the initiation of subsequent phellogen in 

deeper seated tissues. 

Leaf Anatomy 

Blade thickness variable, over 300 ym. Cuticle thin (less 

than 3 ym), lacking papillae, striae, or rods. Epidermis 37-53 ym 

in thickness, uniseriate, without sclerified walls; cell outline 

polygonal in surface view, anticlinal walls wavy in a cultivated 

specimen, otherwise straight; files of cells, papillae, or trichomes 



Fig. 12. Secondary phloem of ;S. watsonii illustrating sieve 
plates 

Bar = 20 ym; SP, sieve plate. 



absent (Fig. 13). Stomata anomocytic, amphistomatic; 23-100 stomata 

_ 2  mm ; guard cells 31-42 ym in length, symmetrical (Fig. 13). Isobi-

lateral mesophyll with 2-3 upper and 1-2 lower palisade layers, upper 

palisade 160-315 ym in width, lower layers 105-370 vm in width; hypo-

dermis, sclerenchyma, secretory structures, nectaries, or silica 

bodies absent; druses present throughout the mesophyll, mostly in 

the center of the blade when viewed in cross section, 60-100 Um in 

diameter. Petiole with 3 or more traces from one gap, the bundles 

forming an arc. Stipules absent. 

Ontogeny of Anomalous Secondary Growth 

In notfmal cambial activity of dicotyledons the phloem is 

produced toward the outside of the axis and the differentiation of 

phloem cells is in the same sequence as they are produced. A variable 

number of divisions occur to cambial derivatives before their matura

tion as sieve elements (Esau and Cheadle, 1955) and these subsequent 

divisions more or less disturb the radial files extending from the 

cambium. Nevertheless, it is possible to observe the radial files 

in secondary phloem of dicotyledons with normal secondary growth. 

The origin and differentiation of the anomalous secondary 

phloem in Stegnosperma (Fig. 14) is congruent with the common dicoty

ledonous pattern. In a given arc or ring of vascular tissue the 

first sieve elements appear among the first derivatives. Further 

cell divisions within the cambium cause an outward displacement of 

the first-formed sieve elements while others differentiate between 

the first cells and the cambium. Eventually the oldest phloem loses 



Fig. 13. Leaf surface of S_. cubense as viewed with oblique 
darkfield illumination 

Bar = 20 ym; GC, guard cell. 



Fig. 14. Early differentiation of the anomalous cambial zone 
and associated tissues 

a. First anomalous increments as viewed in cross section of _S. 
halimifolium stem. Bar = 200 ym. b. Root of j>_. cubense showing the 
initiation of an anomalous increment. Bar = 200 ym. c. Differentiating 
bundle in root of _S. cubense. Note strong radial seriation and relative 
sizes of elements of the vascular bundle and adjacent conjunctive tissue 
and rays. Bar = 40 ym. d. Longitudinal view of differentiating vascu
lar bundle in root of cubense. Note the elongation of the differen
tiating cells versus the configuration of adjacent parenchyma. Bar = 
40 ym. Key to labelling: AX, anomalous xylem; CT, conjunctive tissues; 
FT, fiber-tracheids; NX, normal xylem; Pe, periderm; Ph, phloem; S, 
sclerenchyma; VE, vessel element. 

* 
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its translocating function and is crushed (Figs. 8b, 9a, 9d). Despite 

the divisions of phloem mother cells prior to giving rise to a sieve-

element precursor, the radial files still remain visible (Fig. 12). 

The phloem of Stegnosperma does not arise by irregularly oriented 

divisions in the cambial zone as postulated by Philipson and Ward 

(1965) in their model of unidirectional cambial activity. 

In listing the anomalous aspects of a putatively unidirectional 

cambium, these same authors suggested that the xylem may not be arranged 

in radial files because of random divisions in the cambial zone. No 

indication is given of random divisions in the centrifugal production 

of cells by the cambium (Figs. 8b, 9b-c, lOb-c). Disturbances of 

radial seriation are apparent in the xylem resulting from cellular 

adjustments during differentiation, as is common in the secondary 

xylem of dicotyledons (Esau, 1977). The principal adjustments in the 

xylem of Stegnosperma are those due to the lateral expansion of vessels 

and the intrusive growth of fiber-tracheids (Fig. 14b). 

The spatial relationships of cell layers in stems of 

Stegnosperma are clarified by the presence of the layer of sclereids 

outside the vascular tissues. Because no cambial activity occurs 

outside these sclereids, one must look to the interval between the 

sclereids and the oldest phloem for the meristematic activity giving 

rise to a successive cambium (Figs. 8d, 14a). Six to eight layers of 

parenchyma cells lie between the outermost sieve elements and the 

sclereids. This pattern is seen in an early stage of phloem differen

tiation as well as later (Figs. 8d, 14a). The outer parenchyma cells 

are members of radial files of cells in the phloem or those of 
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parenchyma between the vascular strands. This indicates that the 

parenchyma cells outside the phloem have the same origin as the 

phloem and the rays. 

The parenchyma internal to the sclereids is the source of 

the anomalous cambia. Periclinal divisions give rise to a radially 

seriated tissue. Many of the parenchyma cells subadjacent to the 

layer of sclereids do not become involved in cambial activity. As 

such, some of these parenchyma cells are produced by earlier anomalous 

cambia, others by later cambia and these parenchyma cells are of 

different generations. This notwithstanding, there exists an onto

genetic continuity between cells producing the successive cambia. 

The ontogenetic relationship between successive cambia is not 

immediately apparent in the root. Since the cambia originate from 

the pericycle, they are related in a distant sense. The confinement 

of new divisions to the neighborhood of previously formed vascular 

tissues, specifically, to cells in radial alignment with them, points 

toward a closer relationship. One may assume that cells located 

close to the previous increment of vascular tissues and in direct 

radial alignment with them are of the same origin. 

In examining cambia of different developmental stages the 

following pattern becomes apparent. Fascicular regions first become 

distinguished by a dedifferentiation of conjunctive parenchyma (Fig. 

14b). Cellular divisions are increased in the region resulting in 

radial files of meristematic cells (Fig. 14c) that are longitudinally 

elongated (14d). In very young fascicular regions only one to a few 

thick-walled cells are observed, the result of centrifugal 



differentiation. At a later stage of activity xylary fibers and 

conjunctive parenchyma are produced (Fig. 14a, left-hand fascicular 

region). -Phloem eventually differentiates opposite the fiber-tracheids 

(Fig. 14a). While phloem cells are set off to the outside, the new 

inner derivatives differentiate as vessel elements and associated 

cells (Fig 14b). The cambium becomes removed from the sclereids by 

the outward addition of derivative cells with respect to the xylem. 

In time interfascicular cambium develops, its initial cambial divisions 

starting next to the fascicular cambium and spreading tangentially. 

In the outer regions of large stems, and to a lesser degree large 

roots, the interfascicular regions remain parenchymatous, making the 

vascular bundles appear distinct (Figs. 8c, 9a, 9d, 10a). 

With the production of a new cambium, the preceding cambium 

gradually ceases producing cells. These developmental changes do not 

occur uniformly around the circumference of the stem. Following the 

outermost part of the vascular region around the stem reveals active 

bundles in different stages of differentiation (Figs. 8c, 14a-b). 

Summary 

The anomalous secondary growth in the axes of Stegnosperma 

species is described for the first time. Comparisons between species 

reveal that JS. cubense has secondary xylem with the largest diameter 

pores, longest vessel elements, longest fiber-tracheids, and largest 

diameter fiber-tracheid pits. Also, j3. watsonii has the greatest 

_ 2  
number of pores mm , smallest fiber-tracheid diameter, and the 

largest ratio of fiber-tracheid to vessel-element length. Pore 



diameter, fiber-tracheid length, and the ratio of fiber-tracheid to 

vessel-element length were less in small stems than in large stems 

- 2  
and less in large stems than in roots. Pores mm , fiber-tracheid 

diameter, and vessel-element length were more or less constant between 

small stems and roots. Most xylary cell dimensions remain constant 

between successive increments of wood at a given level. 

The anomalous cambia arise in the conjunctive tissue and 

function bidirectionally. The anomalous cambia become evident as 

dedifferentiated parenchyma and then as small fascicular regions. 

Tangential expansion of preexisting regions produces cambial arcs 

and rings. 



CHAPTER 4 

THREE-DIMENSIONAL STRUCTURE OF 

SECONDARY VASCULAR TISSUES 

Few species with £. 1. circumvallatum have been examined with 

regard to the three-dimensional structure of the secondary vascular 

system. Fahn and Schchori (1967) investigated several species of 

Chenopodiaceae. They reported a complex network of anastomosing 

vascular strands in which phloem and xylem followed independent 

paths. In Avicennia, Zamski (1979) observed a similar arrangement 

of interconnecting arcs and rings of secondary tissues. Although 

Avicennia develops a layer of sclerenchyma between the xylem and 

phloem of each increment and members of the Chenopodiaceae do not, 

the overall three-dimensional patterns of secondary growth is similar. 

A description of the axis of Stegnosperma based for the most 

part on transectional views of different-sized stems and roots does 

not provide the insight necessary to fully understand the complexity 

of the vascular system arising from the successive cambia. When 

serial sections are carefully reconstructed, an intricate network 

of anastomosing vascular bundles becomes apparent. 

Analysis of serial sections shows many connections between 

fascicular cambia in both tangential and radial planes. A tangential 

connection between adjacent strands is produced. Within the same ring 

while the radial link occurs along rays and across intervening 
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conjunctive tissue. In all cases the youngest cells of the surrounding 

xylem and phloem are closest to the vascular cambium. Older cells 

produced by earlier divisions lie farther to the outside in the phloem 

and farther to the inside in the xylem, due to centripetal and centri

fugal differentiation. In regions of the axis where interfascicular 

areas are prominent, such as in a recently formed increment of vascular 

tissue, the interconnections among fascicular cambia are readily seen 

in serial sections. Where interfascicular regions are reduced in 

width by the tangential spread of adjacent fascicular arcs as ray 

intitials are replaced by fusiform initials, tangential connections 

are obscured by the additional vascular tissue between the originally 

distinct bundles. Radial links are still very much evident since they 

pass across a layer of conjunctive parenchyma, which is distinctive 

even if lignified. 

Progressing downward from the apex of the stem, the first 

appearance of an anomalous condition is apparent as a radial connection 

(Fig. 15a). Collateral vascular bundles depart from the normal 

vascular cylinder and pass downward in the axis parallel to the 

normal secondary vascular tissue but outside the oldest' phloem. The 

initial radial connection occurs in the vicinity of a major (but not 

necessarily the first) branch. Additional vascular bundles arise 

by similar radial anastomoses. At a lower level the interfascicular 

areas between the bundles become active, producing vascular tissue 

in the interval between the strands, thus forming a larger arc. The 

addition of other anomalous bundles, either by radial anastomoses 

with the inner cylinder of vascular tissue or by tangential widening 
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F i g .  15. Relationship between branching and the anomaly. 

a. Diagrammatic representation of the initiation and subsequent development of the first 
formed anomalous arcs in the stem. The pith has been omitted for ease of visualization. Axis 
diameter is approximately 8 mm. b. Diagrammatic representation of the initiation and subsequent 
development of the first-formed anomalous arcs in the root. Axis diameter is approximately 3 mm. 
Key to labelling: An, anastomosis; AX, anomalous xylem; BR, branch root; NX, normal xylem; 
PE, periderm. 



of the anomalous increment, gradually enlarges the arc. In time a 

ring of anomalous tissues may form. 

Progressing upward from the apex of a root, the first appearance 

of an anomaly is evident as a radial anastomosis (Fig. 15b). Vascular 

bundles depart from the vascular cylinder at a point of branch root 

origin (not necessarily the first or largest branch root encountered). 

In this case three vascular bundles have separated from the vascular 

cylinder and at a higher level they are united by the development of 

vascular tissue in the interfascicular regions. Thus, a single arc 

of anomalous secondary growth is produced. 

Between the upper limit in the stem and the lower limit in 

the root, other successive cambia arise. These also appear first as 

a radial link with a preexisting inner increment. The relationship 

between these cambia and shoot or root architecture is not readily 

apparent. Figure 16 illustrates the full course of normal and anoma

lous vascular cambia in a two-year-old plant. No branching event is 

associated with the onset of the third cambium in the upper hypocotyl. 

Lower in the root the second cambial layer becomes continuous around 

the circumference of the axis. The third cambium also forms a con

tinuous cylinder, although at lower levels it becomes discontinuous, 

appearing as arcs in transections. Following the axis still lower, 

the second cambium appears as arcs in transection. Eventually each 

cambial layer anastomoses with the next layer interior to it, until 

only the normal vascular cambium remains. The overall picture that 

develops is one of a series of concentric cylinders of cambial layers, 

which at their upper and lower limits merge with the next cambial 



Representation of the three-dimensional courses of the vascular cambia in the stem 
a two-year-old specimen of Stegnosperma halimifolium 

Fig. 16. 
and upper root of 

Cross sections are at 2-cm intervals from slightly above the first-formed anomaly to the 
point in the root where the axis subdivided into several small roots, each with a normal and an 
anomalous layer of secondary vascular tissue. The pith and periderm are omitted from the oblique 
perspective drawing for ease of visualization. Solid lines indicate transectional position of 
tissues, especially the vascular cambium, and in oblique perspective show the connection between 
successive cross sections. Dotted lines illustrate the marginal limits of cambial arcs in longi
tudinal view. Where two dotted lines join to form an acute angle, a cambial layer disappears by 
radial connection with the next inner increment. Key to labelling: Pe, periderm; Pi, pith; 
VC, vascular cambium. 
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cylinder interior to it. Radial interconnections with the layers 

just to the inside and outside are common over the length of a given 

vascular cylinder. The normal cambial zone forms the longest cylinder 

and each successive layer external to it is a shorter cylinder with 

a larger radius. The outermost cambial layer is the shortest cylinder 

with the largest radius. 

The movement of a dye through the plant axis substantiates 

the presence of numerous vascular interconnections, especially radial 

links between adjacent rings or arcs. In following the dye from the 

single point in Figure 17a through successive intervals of 12-13 mm 

it can be seen that the dye spreads tangentially before any radial 

connection with the inner ring (Fig. 17a-d). Even so, the entire 

stem shows the dye within approximately 40 mm except for the nonvas

cular branch gap (Fig. 17d). 

Serial sections through large diameter nodes reveal that 

several successive increments can contribute to a departing branch. 

Nonetheless, due to the complex radial and tangential anastomoses, 

all functional vascular tissue is connected with a branch within a 

few centimeters of the node. 

Examining the structure of Stegnosperma at a finer level of 

resolution, one observes that phloem strands behave independent of 

individual vessels (Fig. 18). Because radial anastomoses take place 

along rays, adjacent fascicular areas are not disturbed. Of the 12 

vessels in Figure 18a, the majority travel through the block with 

only small deviations. Those vessels that depart from the sample 

remain in close proximity to its margins. Thus phloem bundles pass 
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Fig. 17. Dye movement in stem of Stegnosperma 

a. Stem outline showing aniline blue staining a single 
vascular bundle and some adjacent tissue, b. Approximately 12 mm 
from the plane of transection in a, additional bundles now carry 
the stain, but no dye has reached the inner cambial increment, 
c. About 25 mm from a, dye has appeared in the inner ring of vascu
lar tissue and spread further tangentially. d. By approximately 38 
mm from a, the stain has reached all areas of the cross section in 
both rings of tissue. Dashed lines indicate the parenchymatous "gap" 
of a departing branch. 



Fig. 18. Paths of individual vessels and phloem bundles in the 
axis 

a. Individual vessels passing through a sample of wood 0.3 mm 
wide by 0.3 mm deep by 3 mm high. Sinuous courses are the result of 
vertical compression of scale, b. Paths of phloem bundles through 
the same sample volume as in a. Perspective angle has been rotated 
upward and to the right. Once again the longitudinal course of the 
phloem is distorted due to the compression of the vertical scale. 
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Fig. 18. Paths of individual vessels and phloem bundles in the axis 



from an inner to an outer increment along the side of a large ray 

(not shown in Fig. 18). Although the phloem is opposite tracheary 

elements in the xylem and presumably developed from the same fusiform 

initials, the paths of phloem bundles with their included sieve-tube 

elements differ from the paths of nearby vessel elements. 

In old increments of vascular tissue, the phloem becomes 

non-functional. Sieve-tube elements are crushed and phloem parenchyma 

inflates. The period of translocating ability for a given layer of 

phloem is unknown, but the outer four increments show little structural 

change due to the increase in girth. 

Summary 

In transectional view the anomalous secondary thickening by 

successive cambia in Stegnosperma is observed to produce concentric 

rings or arcs of vascular tissue. When examined by reconstructing 

serial sections, the distinctness of these concentric rings is lessened 

by the presence of radial connections between adjacent cambial zones. 

Tangential connections between vascular bundles in the same increment 

also occur. 

Observations of the movement of dye through axis segments 

confirms the presence of a complex network of vascular tissue. 

At the upper and lower limits of a given ring or arc of 

anomalous vascular tissue, a radial connection occurs with the adja

cent inner increment of secondary growth. The resultant pattern is 

a series of concentric cylinders with occasional radial and tangential 

anastomoses. The normal increment of secondary thickening is the 



•innermost cylinder and each successive layer forms a shorter but 

wider cylinder around the previous layers. Successive vascular 

cylinders eventually join with the next inner layer by means of radial 

links at its upper and lower limits. 



CHAPTER 5 

APICAL ORGANIZATION, PRIMARY GROWTH, AND 

THE INITIATION OF SECONDARY GROWTH 

The shoot apical meristems of seed plants are composed of zones 

of cells, each with unique characteristics. These zones, the tunica, 

central mother cells, peripheral zone, and pith-rib meristems, have 

been the objects of much research (Cutter, 1965; Gifford, 1954; Gifford 

and Corson, 1971; Popham, 1951). In the Centrospermae (Chenopodiales) 

the apical organization of Amaranthus (Nougarede, Gifford, and Rondet, 

1965), Bougainvillea (Stevenson, 1978), and many cacti (Boke, 1941, 

1944, 1951, 1954, 1955; Freeman, 1970; Mauseth, 1978a, 1978b) has been 

investigated. The development of the primary vascular system has 

received more attention (Allsopp, 1964; Balfour and Philipson, 1962; 

Esau, 1954, 1965; Philipson, 1949; Philipson and Balfour, 1963). In the 

Centrospermae (Chenopodiales) the primary vasculature has bee described 

in the Cactaceae (Gibson, 1976), Nyctaginaceae (Mikesell and Popham, 

1976; Stevenson and Popham, 1973), Chenopodiaceae, and Phytolaccaceae 

(Balfour and Philipson, 1962). Within the Phytolaccaceae only Phyto

lacca dioica has been studied with regard to primary vasculature. 

Apical Organization 

The height of the apical meristem sensu Mauseth (1978a) is esti

mated to be 150 ym. The width at the level of attachment of the first 

primoridum visible in longitudinal section is 300 ym. From the ratio 
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of height to width, 0.5, it can be seen that the apical dome is very 

nearly hemispherical (Fig. 19a). 

All meristems examined have the four typical zones. A cambium

like zone (Popham, 1951; Stevenson, 1978) was not observed (Fig. 19a). 

Boundaries between the central mother cells and the peripheral zone, 

and the peripheral zone and the pith-rib meristem are more or less 

readily demarcated. The interface between the central mother cells 

and the pith-rib meristem is less distinct and might be misconstrued 

as a cambium-like zone. 

The four zones vary greatly in size. The one-layered tunica 

contains an average of about 38 cells as viewed in longitudinal section 

or 11.7% of the total number of cells seen in sections. The central 

mother cells numbered approximately 66 (20.2%), the peripheral zone 

contained about 86 cells (26.4%), and the pith-rib meristem had 

approximately 136 cells (41.7%). Although these data give an indica

tion of the relative sizes of the apical zones, intraplastochron 

variations, small sample size, and high sample variance make compara

tive conclusions difficult. 

Primary Vascular System 

Trace System Phyllotaxis 

Detailed analysis of serial sections reveal that the vascular 

traces conform to a 2/5 phyllotaxy. The 2+3 contact parastichies 

and five sympodia are evident in Figure 19b. Because there are no 

direct vascular connections between sympodia (Fig. 20), the system 



Fig. 19. Shoot apex of Stegnosperma 

a. Median longitudinal section showing apical organization and 
the development of successive primordia. b. Cross section 10 ym below 
the apical dome illustrating the phyllotaxy of 2/5. Key to labelling: 
CMC, central mother cells; PR, pith-rib meristem; PZ, peripheral zone; 
T, tunica; numerals indicate primordia number, counting the first pri-
mordium on the apical dome as one. 
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b 
Fig. 19. Shoot apex of Stegnosperma 



Fig. 20. Primary growth of Stegnosperma as viewed in trans
verse sections. 

a. Cross section 100pm below the apex. b. Cross section 
200ym below the apex. Numerals indicate primordia number, counting 
the first primordium on the apical dome as one. Magnification X125. 
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is classified as open (Dormer, 1946, 1972). The data is graphically 

presented in Figure 21. 

Procambial Strand Development 

All procambial strands develop acropetally. Strands 1-5 

provide little assistance in determining the acropetal nature of the 

primary system since they are only visible below a point approximately 

130 ym beneath the apical dome. It is not possible to determine 

critically if these strands continue to a higher level due to the 

highly dense cytoplasm in all cells of the residual meristem. Pro

cambial strands 6-11 demonstrate the acropetal development. Each 

of these strands could be followed acropetally from its point of origin 

in the vicinity of a trace five plastochrons older in the same ortho-

stichy until it either faded out in the residual meristem or exited 

into the corresponding primordia (Fig. 21). 

Residual Meristem 

Procambial development in Stegnosperma is best interpreted 

in terms of the concept of residual meristem (Esau, 1954, 1965, 1977). 

Acropetal differentiation of newly diverging procambial occurs in 

the interfascicular residual meristem between older traces. At a 

level 200 ym below the apex the strands are sufficiently distinct 

to be identified. The vascular cylinder is clearly set off from the 

highly vacuolated cells of the pith and cortex (Fig. 20b). At the 

100 ym level a complete vascular cylinder can no longer be recognized 

(Fig. 20a), though the dense cytoplasm of the cells of the more 

advanced procambial strands is apparent. Younger strands can be 
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Fig. 21. Summary diagram of observations on the procambium and 
primary xylem of Stegnosperma 

Procambium is designated by dotted lines, protoxylem by dashed 
lines, and metaxylem by solid lines. 



identified in serial sections as "blocked out" sectors of the residual 

meristem. Vacuolation of the pith begins at 60-70 ym from the apical 

dome and above this level the residual meristem and ground meristem 

can only be separated by cellular orientation and cytoplasmic densities. 

There is no evidence of medullary bundles or a "vascular ring" that 

originates outside the leaf traces as in Phytolacca dioica (Balfour 

and Philipson, 1962). 

Differentiation of Primary Phloem and Xylem 

Primary phloem differentiates acropetally and in continuity 

with older phloem in the procambial strands. Mature primary phloem 

elements are present in each trace extending into the lamina of 

leaves 7-11. Phloem elements had matured into the lamina of leaf 7 

to within 250 ym of the tip. 

Protoxylem differentiation is discontinuous and always 

follows that of the primary phloem. Its site of initiation is 

observed to be at the level of insertion of the petiole on the stem. 

Differentiation from this level is both acropetal into the petiole 

and basipetal into the stem. In trace 7 protoxylem extends to within 

670 ym of the primordium tip. Protoxylem is continuous with parent 

traces in traces 8-11. A secondary peak of protoxylem development 

occurs within the lamina. 

Metaxylem differentiation follows protoxylem. In trace 9 

metaxylem is found at level 550 and higher as well as 930 ym and below. 

In the lamina of primordia 9, 10, and 11 a proliferation of metaxylem 

coincides with the secondary peak of protoxylem. The number of 



vessels and the number of subsidiary traces increase in the lamina. 

In traces 10 and 11 metaxylem is continuous with parent traces below. 

Metaxylem initiation and maximum bundle development occur simultane

ously with the beginning of rapid internode elongation between 

primordia 8 and 9. 

Extraxylary Fibers 

The first sclerenchyma to become apparent in the primary 

plant body is the extraxylary fibers. These arise within the pro-

cambial strands and residual meristem well in advance of protoxylem 

and more-or-less simultaneously with the priraa-ry phloem. The extra

xylary fibers develop acropetally, appearing at higher levels with 

weakly birefringent walls and intact protoplasts. When fully mature 

the walls are easily seen with crossed polarizing elements and no 

protoplast is evident under phase contrast microscopy. In the 

lamina an area of secondary proliferation occurs. For example, 

trace 8 contains but a single extraxylary fiber when it exits the 

vascular cylinder 210 pim below the apical dome; however, five fibers 

are visible 90 ym higher in the primordium. The fibers are not 

considered primary phloem fibers because they differentiate in the 

residual meristem independent of clearly demarcated vascular bundles, 

as well as in association with the primary bundles. 

Vascularization of the Seedling 

The epigeal germination of Stegnosperma is effected by a 

rapid elongation of the hypocotyl during the first week of growth 

(Fig. 6). The cotyledons, though somewhat succulent, are 



photosynthetically active and remain functional for up to eight 

weeks in cultivation. The cotyledons have approximately the same 

2 
surface area as the first-formed foliage leaves, about 1 cm . Several 

(2-5) true foliage leaves rapidly develop but further growth of the 

epicotyl is arrested for up to three weeks. During this period the 

tap root system develops extensively. In cultivation the seedlings 

would quickly extend their roots to the bottom of the pots before 

initiating a second period of epicotyl growth. 

Primary Root 

The primary root is diarch, with several groups of small 

protoxylem elements alternating with two larger groups of primary 

phloem cells. The pericycle is apparent as a single layer of cells. 

The Casparian thickenings of the endodermis are observed on the radial 

walls. Cortical cells are uniform and regular with large intercellular 

spaces. A hypodermis is evident beneath the epidermis. The cortex 

persists during early secondary growth but eventually breaks down 

(Fig. 22a-b). 

Development of the primary root axis is analyzed by histogens. 

The plerome is the precursor of the vascular cylinder, the periblem 

gives rise to the cortex, and the dermatogen produces cells destined 

for the epidermis. A clearly defined calyptrogen was not observed. 

The dermatogen gave rise to the epidermis by anticlinal divi

sions. Periclinal divisions near the tip produced radial files of 

cells that constituted the root cap (Fig. 22c). 
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Ph En C 

a. Stele and inner 
cortex. Magnification X250 

b. Epidermis and 
outer cortex. Magnification 
X250 

a. Median longitudinal 
section through root apex. 
Magnification X75. 

Fig. 22. Camera lucida drawings of primary growth in roots of 
15-day-old seedling of Stegnosperma halimifolium 



66 

The periblem consists of one or two layers. When two layers 

are present, the outer layer divides mostly anticlinally to form the 

hypodermis. The inner layer divides in random planes and produces 

the bulk of the cortical cells (Fig. 22c). 

The plerome initially divides in many planes but farther from 

the apex divisions are largely transverse (Fig. 22c). The outermost 

layer gives rise to the pericycle. The remainder divides to yield the 

stele. Differentiation of the vascular system is apparent 350 ym from 

the periblem. Primary phloem differentiates in two sites opposite one 

another and alternate with the two protoxylem poles, which differen

tiate at about the 1,400 ym level. Centripetal differentiation of the 

metaxylem continues until no central parenchyma is left. Casparian 

thickenings on the radial walls of the endodermal cells are visible 

before the completion of metaxylem formation. 

Hypocotyl and Cotyledons 

The lower segment of the hypocotyl is similar in vascular 

pattern to the root. The center of the stele gradually becomes paren

chymatous while there is a gradual rearrangement of the vascular 

cylinder. The exarch xylem of the root with its centripetal differen

tiation of elements is replaced by an endarch system with centrifugal 

differentation by the approximate halfway point of the hypocotyl. 

Simultaneously with these changes the phloem has shifted from its 

alternate arrangement with the xylem to an opposite one, producing 

collateral vascular bundles. These bundles diverge and enter the 

cotyledons (Fig. 23). 
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Fig. 23. Diagrammatic representation of the vascularization of 
the seedling axis. 

The outline of the shoot apex, cotyledon bases, and hypocotyl 
are shown surrounding the vascular bundles and stele. Based on the 
perspective of Crooks (1933). 



The cotylendons have two to three adaxial layers of palisade 

parenchyma and one (rarely two) abaxial layers of palisade parenchyma. 

The mesophyll has smaller air spaces than in mature leaves. Vascular 

bundles in the cotyledons develop no secondary tissue during their 

four-to-six-week life. Eventually, they shrivel and are abscised. 

Epicotyl 

The young epicotyl is surrounded by the cotyledonary bases. 

Leaf primordia are set off with irregular phyllotaxy representing 

rapid transition to the stable 2/5 pattern by the fifth primordium. 

Vascular bundles associated with the first four to six primordia are 

differentiated to a level below the cotyledonary node. Only the 

first through second or third primordia have traces that anastomose 

with the metaxylem of the lower hypocotyl. Other leaf traces below 

the cotyledonary node end in the parenchymas between the other bundles. 

When the primary tissues mature, fascicular and interfascicular cambia 

develop to form a continuous cylinder of vascular tissue and establish 

a vascular connection between the primary vascular bundles. Similarly, 

at higher levels in the shoot of older plants leaf traces differentiate 

as separate bundles, which end blindly after passing through 15-25 

nodes. Vascular connections within the stele are by secondary tissues 

not by anastomosing of primary bundles. 

Initiation of Secondary Growth 

The vascular cambium in seedlings first becomes evident by 

the formation of xylem elements opposite the phloem in the hypocotyl. 

This cambium functions normally, producing phloem.and xylem by 
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periclinal divisions and increasing in circumference by anticlinal 

divisions. After ten days to two weeks, periclinal and some anticlinal 

divisions in the pericycle cause an increase in the number of peri-

cyclic layers. The expansion of the stele ruptures the cortex, which 

is then cast off. A phellogen arises in the second layer of pericyclic 

cells from the outside. 

The development of the vascular cambium proceeds acropetally 

into the shoot and root. In the root the initiation of secondary 

growth proceeds as described above for the hypocotyl. In the stem 

secondary growth is initiated as an acropetal continuum, helically 

according to phyllotaxy. By repeated divisions the procambium forms 

a discontinuous lateral meristem opposite, the largest vascular bundles. 

These regions of division (fascicular cambium) spread tangentially, 

linking to each other and forming a circumferentially continuous 

lateral meristem. The vascular cambium at this point consists of 

fascicular and interfasicular cambium with fusiform and ray initials 

producing phloem to the outside and xylem toward the inside in a manner 

totally in agreement with the general dicotyledonous pattern. 

Summary 

The apical organization of Stegnosperma is seen to consist of 

four zones: tunica, central mother cells, peripheral, and pith-rib 

meristem. A cambium-like transition zone was not observed. The 

primary shoot vasculature was described as open, lacking direct vascu

lar connections between sympodia, and followed a 2/5 phyllotaxy. 

Patterns of differentiation in shoot apices were detailed. The 
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organization of the root apex as determined from seedling studies was 

analyzed by the constituent histogens. The vasculature of the seedling 

was observed and found to follow the common dicotyledonous pattern. 

The initiation of secondary growth in the hypocotyl and its subsequent 

acropetal development in shoot and root also are typical of other 

dicotyledons. Secondary growth ascends the shoot helically according 

to phyllotaxy. The vascular cambium descends the root first appearing 

opposite the phloem, followed shortly by divisions in the pericycle. 



CHAPTER 6 

DISCUSSION 

On the basis of the preceding results it is useful to remark on 

the conclusions of other authors who have studied various aspects of 

related topics. In particular, one should examine the important 

exceptions and differences to earlier studies, compare the observations 

with other Phytolaccaceae, and between species comment on the diagnoses 

of the anomalous growth as it relates to previous interpretations, 

defend the terminology used herein, speculate on the physiological 

and ecological function of the anomaly, and note the systematic 

implications. 

Exceptions to Earlier Studies 

All previous accounts that reported the anatomical structure 

of Stegnosperma (De Bary, 1884; Solereder, 1908; Pfeiffer, 1926; 

Heimerl, 1934; Chalk and Chattaway, 1937; Metcalfe and Chalk, 1950) 

were unanimous in pronouncing its normal pattern of secondary growth. 

Only Heimerl (1934) was careful enough to note the diameter of stems 

sampled. Even though the anomalous secondary thickening is apparent 

in small diameter roots, in stems there is considerable normal growth 

before the anomaly manifests itself. Thus, th3 6 mm sample of a stem 

of Heimerl showed normal structure and cambial activity. Conceivably 

in the same plant larger diameter stems and roots could have exhibited 

the concentric type of anomaly. Similar reasoning can be invoked to 
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explain the other reports of normal secondary growth, especially if 

the authors sampled samll diameter stems from herbarium specimens. 

Joshi (1937) observed a similar pattern in members of the 

Amaranthaceae, Chenopodiaceae, and Nyctaginaceae in which the roots 

show anomalous structure either prior to its appearance in the stem 

or despite its absence in the stem. Due to the lack of sampling of 

underground organs by workers in the past, one should expect further 

exceptions. The stems and, especially, roots of Microtea, Hilleria, 

Ledenbergia, Monococcus, Schindleria, and Trichostigma should be 

critically examined for anomalous cambial activity despite earlier 

reports to the contrary. 

Comparisons Within and Between Genera 

The generic diagnosis of the wood for Stegnosperma fits within 

the limits of variability of the Phytolaccaceae given by Metcalfe and 

Chalk (1950). Systematic reassessments since then (Eckardt, 1964; 

Nowicke, 1969; Bortenschlager, 1973) have removed seven genera, which 

Metcalfe and Chalk (1950) had included in their summary. Of these 

only Rhabdodendron species (except R. macrophyllum) possess successive 

cambia. Secondary growth is normal in Achatocarpus, Phaulothamnus 

(Achatocarpaceae), Codoncarpus, Didymotheca, Gyrostemon, and Tersonia 

(Gyrostemonaceae). The Achatocarpaceae have been retained in the 

Centrospermae (Chenopodiales) but the Gyrostemonaceae and Rhabdoden-

draceae are considered more closely allied with the Rutales (Behnke, 

1976; Thorne, 1976). 
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After accounting for the segregated genera, the cellular 

dimensions of the wood of Stegnosperma are still representative of 

the Phytolaccaceae. A notable exception is the presence of fiber-

tracheids in Stegnosperma; whereas reports on all other Phytolaccaceae 

show libriform fibers. Stegnosperma with fiber-tracheids and delayed 

appearance of successive cambia in the stem can be considered to have 

a relatively primitive suit of characters associated with the wood, 

despite the presence of more advanced floral traits such as capsular 

fruits and petaloid staminodia. The segregation of Stegnosperma 

from the Phytolaccaceae is not warranted by anatomical evidence. 

Comparisons of wood features between all species do not 

resolve taxonomic questions regarding the distinctness of species. 

Chapter 3, even with its limited sample of intrapopulation variability, 

supports conclusions based on external morphology that S^. halimifolium 

is more closely related to j>. watsonii than to j5. cubense (Rogers, 

1949; Nowicke, 1969). Anatomical characteristics do not reflect the 

ease of discrimination of J3. halimifolium and _S. watsonii with cluster

ing and principle component analysis (Neighbors and Gilmartin, 1978, 

personal communication). 

Diagnosis of the Anomalous Growth 

The observations of secondary thickening in the axes of 

Stegnosperma presented here demonstrate that the anomalous arrangement 

of vascular tissues in the stems and roots results from the activity 

of successive cambia each of which functions bidirectionally in 

producing xylem to the inside, and phloem and conjunctive tissue to 



the outside. These results are in concert with those previously 

described for species of Avicennia (Zamski, 1979), Beta (Artschwager, 

1926, 1927; Esau, 1935; Seelinger, 1919), Boerhaavia (Maheshwari, 1930) 

Bougainvillea (Esau and Cheadle, 1969), Chenopodium (Artschwager, 1920) 

Simmondsia (Bailey, 1980), and Phytolacca (Wheat, 1977. Variations 

among the above species reflect differences in the tangential extent 

of the cambia, the amount of secondary tissue produced by each cambium, 

and the degree of sclerification of the conjunctive tissue, not the 

fundamental nature of activity of the successive cambia. 

Stegnosperma is a clear example of corpus lignosum circum-

vallatum (Pfeiffer, 1926) or the concentric type of anomaly (Chalk 

and Chattaway, 1937). The concept of a unidirectional thickening 

meristem as promulgated by Balfour (1965) and Philipson and Ward 

(1965) is not applicable to Stegnosperma. Evidence against the above 

hypothesis is the centripetal differentiation in the phloem, radial 

seriation in the xylem and phloem, and the narrow zone of periclinal 

divisions. Each cambium in Stegnosperma is normal, producing vascular 

tissue bidirectionally in fascicular regions separated by rays. The 

intermittent relocation of the position of cambial activity, with 

new cambia arising among the derivatives of the old, is anomalous 

compared to the typical dicotyledonous pattern. 

The three-dimensional structure of the axes of Stegnosperma 

as reported here is very similar to that observed by Zamski (1979) 

in Avicennia and by Fahn and Schchori (1967) for species of the 

Chenopodiaceae. Differences do exist with regard to the mode of 
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activity and ontogeny of the anomalous increments but the resulting 

mature structure exhibits the pattern observed in Stegnosperma. In 

each case a complex netlike structure develops in which phloem strands 

and vessels behave independently. 

Terminology 

In view of the observations presented, it is appropriate to 

defend the use of certain terms in this paper based on a complete 

understanding of the plant axis. In particular the terms perivascular 

or extraxylary fiber, vascular rays, and conjunctive tissue require 

amplification. The terminology of Popham and coworkers also deserves 

comment. 

Perivascular or extraxylary was chosen in preference to phloem 

or pericyclic when describing the sclerenchyma external to the vascular 

cambia. The pericycle remains a poorly understood concept in higher 

plants (Blyth, 1958) and studies of the vascularization of the seedling 

do not aid in interpretation of the limits of the pericycle in the stem 

because of a lack of anatomical distinction between the inner cortex 

and outer phloem. The sclerenchyma is not referred to as phloem 

fibers due to its development in the residual meristem apart from 

developing phloem strands. Esau (1977) defined a perivascular fiber 

as one located along the periphery of the vascular cylinder and not 

originating in the phloem. Listed as a synonym is the term pericycle 

fiber (Esau, 1977). Extraxylary is an adjective that refers only to 

the fact that the cell in question is not in the xylem. The use of 

extraxylary to describe the sclerenchyma in Stegnosperma is correct 
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but also vague and imprecise, permitting confusion between perivascular 

and phloem fibers. 

Vascular rays are without a doubt present in the secondary 

xylem of Stegnosperma, at least in the first, normal increment. Esau 

and Cheadle (1969) referred to the ray-like structures in Bougainvillea 

as radial longitudinal panels of conjunctive tissue. Bailey (1980) 

remarked on the ray-like conjunctive tissue in Simmondsia. This 

author rejects the seemingly spurious abandonment of the term ray 

merely on the basis of the presence of successive cambia. Each 

successive cambium functions in all respects like a typical dicotyledo

nous cambium, including the presence of ray initials. True vascular 

rays of the normal increment of secondary growth are indistinguishable 

from ray-like structures in anomalous increments. Rays may be continu

ous from the innermost xylem through to the outer anomalous layers or 

begin de novo in a given successive increment and stop at the next. 

It is this continuity between layers that suggests that a body of 

ray initials exists independently of the cambial increment. In any 

event the terms "ray" and "conjunctive tissue" are both correct as 

defined (Esau, 1977). It is suggested that the term ray be used to 

emphasize the homology between vascular rays sensu strictu and the 

ray-like structures in anomalous secondary growth increments. Such 

usage of "ray" has serious consequences for the work of Barghoorn 

(1941) in which a correlation between raylessness and anomalous 

secondary thickening was pointed out. Most taxa with anomalous 

secondary growth can be considered to have rays in the above sense. 
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The non-ray-like conjunctive tissue in plants with successive 

cambia occurs in tangential sheets separating the arcs or rings of 

vascular tissue. In this dessertation such tangential sheets of second

ary parenchyma are designated simply "conjunctive tissue" since radial 

sheets of parenchyma are termed rays. An argument could be made for 

the use of "secondary parenchyma." However, here the distinction 

between cortical and other secondary parenchyma must be made because 

of the presence of the perivascular sclerenchyma. Also, the use of 

conjunctive tissue in Stegnosperma stresses the homology between the 

secondary parenchyma and the more elaborate sclerified secondary 

ground tissue in closely related families. 

Popham and coworkers (Stevenson and Popham, 1973; Mikesell and 

Popham, 1976; Stevenson, 1978; Mikesell, 1979) have consistently 

applied the terms prodesmogen and desmogen strands, desmogic and 

interdesmogic cambia, primary thickening meristem, and diffuse lateral 

meristem to phenomena associated with the successive cambia in the 

Nyctaginaceae and Phytolaccaceae. Prodesmogen as interpreted by this 

author is a snyonym for residual meristem, a more widely recognized 

phrase. Desmogen strands denote meristematic tissue destined to 

become a vascular bundle and correspond in Stegnosperma to longitudinal 

strands of dedifferentiated conjunctive parenchyma and the procambial 

strands—two vastly different entities. Desmogic cambium is synonymous 

with fascicular cambium and also applies to procambium; interdesmogic 

cambium as equivalent to interfascicular cambium. A primary thickening 

meristem is technically a meristem derived from the apical meristem 

responsible for the primary increase in thickness of the shoot axis 



(Esau, 1977). Popham and coworkers used the term "primary thickening 

meristem" to refer to the meristematic cells giving rise to a desmogen 

strand. Meristematic areas in which desmogen strands initially 

differentiate in young internodes are referred to as the diffuse 

lateral meristem (Mikesell, 1979). It is difficult to justify such 

vocabulary for the structures in Stegnosperma. In view of the great 

similarity between normal and anomalous increments, both in terms of 

dimensions, cellular composition, function, and cambial activity, 

there is no need for a specialized jargon. Clearly, what appears as 

concentric rings of vascular bundles after a protracted period of 

normal secondary growth cannot be attributed in any way to a primary 

thickening meristem. The use of prodesmogen, desmogen strand, desmogic 

and interdesmogic cambia, and diffuse lateral meristem serve only to 

obscure the clear relationship between features of the normal and 

anomalous parts of the plant axis. 

Functional Speculations 

Anomalous secondary thickening has drawn the attention of 

many investigators and there has been considerable speculation on its 

function. Early workers (see Fahn and Schchori, 1967) related the 

appearance of anomalous growth to the translocation of assimilates. 

Others correlated the anomaly with the number of leaves (Alexandrox, 

1929). Shilkina (1953) suggested that the development of successive 

cambia is connected with the rapid and profuse development of leaves 

and side organs. In Doxantha, a genus with anomalous cambial activity 

lacking successive cambia, there is a relationship between the 



appearance of anomalous structure and the insertion of leaves on 

the axis (Dobbins, 1969, 1971). 

All these factors may be at work in Stegnosperma. Brief 

periods favorable to growth are intermittent and could be capitalized 

upon due to the extensive vascular network present in these species. 

High photosynthetic rates probably occur simultaneously with flowering 

and fruit production. The close relation between branching pattern 

and the development of the first anomalous increment suggests that 

gradients of nutrients and growth-regulating substances are important 

in the differentiation of the successive cambia. 

Other insights into the functional aspects of anomalous 

secondary growth can be gained by examining differences and similari

ties between successive increments at a given level and by comparing 

stems and roots, as well as different species. 

While fascicular cambia produce vascular tissue with few 

differences between successive arcs or rings (Fig. 29), the activity 

of the interfascicular regions differs considerably. Near the 

center of the axis the first-formed vascular tissues are complete 

cylinders with narrow rays; however, at the periphery interfascicular 

rays are much wider. Carlquist (1975b) suggested that an abundance 

of vascular rays may compensate for a paucity of axial, parenchyma. 

At the same time an elaboration of the radial system would facilitate 

translocation of materials between successive increments even after 

the phloem of the inner layers has become nonfunctional. 

Differences in anatomy between stems and roots can in part 

be explained on a functional basis. The wood of roots is under less 



hydrostatic tension and would be expected to have longer and wider 

vessel elements for increased conductance (Carlquist, 1975a). Root 

wood is also under less mechanical stress and one would similarly 

predict fewer, shorter fibers with thinner walls than in stem wood. 

Vessel elements in Stegnosperma behave as expected but fiber-tracheids 

do not. In both roots and stems the ratio of fiber-tracheid to vessel-

element length is near 2.4. This is indicative or proportional amounts 

of intrusive growth by fiber-tracheids instead of differentiation to 

meet the mechanical needs of the plant axis. One should look for a 

mechanism of fiber-tracheid development based on the interaction of 

cambial initials and growth-regulating substances. The basipetal 

movement of nutrients and auxin could produce the necessary gradient 

for increased vessel-element and fiber-tracheid length in roots 

(Roberts, 1976). 

The data in Chapter 3 do not permit interpretation of differ

ences between species based on the evolution of ecological adaptations 

of the xylem. In order to apply the reasoning of Carlquist (1975a) 

a thorough understanding of the water relations of a plant must be 

achieved. One might be tempted to consider S_. cubense of Central 

America as the species occupying the most mesic habitat when compared 

with the remaining species in Sonora and Baja California. Although 

S^. cubense possesses the widest and longest vessel elements of the 

genus, the water status of these plants is completely unknown, making 

any discussion highly speculative. Even in arid regions of Baja 

California Stegnosperma is found on sites that appear to have a 

continuous supply of ground water. Presumably the development of a 
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deep tap root system immediately after germination is important in 

establishing the plants on sites where the water supply is deeply 

placed for part or much of the year. 

Systematic Implications 

The observation of anomalous secondary thickening by successive 

cambia in Stegnosperma has important repercussions on the phyllogeny 

of the Phytolaccaceae. Also, since the Phytolaccaceae possess many 

characteristics thought to be ancestral for the Centrospermae 

(Chenopodiales; Thorne, 1976), this knowledge affects one's interpreta

tion of the evolution of anomalous structure throughout the order. 

Finally, patterns of evolution associated with Stegnosperma and 

related taxa can shed light on processes in more distantly related 

groups with members possessing successive cambia. 

Anomalous secondary thickening in Stegnosperma strengthens 

its relation with the Phytolaccaceae in general and with the 

Phytolaccoideae in particular. Previously, Stegnosperma was the only 

genus exhibiting normal secondary growth among members of the Phyto

laccaceae with 3-colpate pollen, several to many carpels, five sepals, 

large numbers of stamens (sometimes as low as five in Stegnosperma), 

and some similarities in habit. Of course there has been divergence 

of characteristics during the evolution of these taxa: the development 

of capsular -fruits and petaloid staminodia in Stegnosperma, the 

occurrence of weak zygomorphy in Anisomera, and the presence of a 

dioecious condition in Phytolacca dioica, dodecandra, P^. pruinosa, 

F_. tetramera, and P^ weberbaueri. Anatomical comparisons dealing with 



the development of the plant axis between P^. dioica, weberbaueri 

(Wheat, 1977), j?. americana (Stevenson, 1978), and Stegnosperma, 

although interesting, should not be taken too strongly. Instead, 

comparisons should be directed to section Pircunia—•]?. heptandra 

and I?, acinosa—with completely free carpels and perfect flowers or 

possibly to Anisomera and Ercilla. 

Although, as far as is known, only four genera in the Rivineae 

and one, possibly two, in the Microteoideae show normal secondary 

growth and the remaining 11 Phytolaccacious genera posses anomalous 

cambial activity, one cannot consider the more frequent character to 

represent the ancestral condition on that basis alone. The appearance 

of the anomaly and "primitive" floral characteristics in the 

Phytolaccoideae likewise is not of itself sufficient criteria for 

pronouncing successive cambia the ancestral state with normal cambia 

secondarily derived. In order for successive cambia to be considered 

the ancestral character state in the Phytolaccaceae, one would have 

to demonstrate the monophyletic nature of the feature. 

The best evidence for monophyletic characteristics is an 

unlikely grouping of advanced features in related taxa (Stebbins, 

1974; Thorne, 1976). Such an unusual collection of characteristics is 

unlikely to come about independently by convergent evolution. Anoma

lous secondary growth in the Phytolaccaceae is not correlated with an 

unusual set of advanced but functionally unrelated characteristics. 

Instead, this anatomical anomaly is associated with a wide variety 

of characteristics (Nowicke, 1969; see also Appendix A). 



83 

Furthermore, when one examines closely related families in 

the Centrospermae (Chenopodiales), successive cambia are found in 

members of the Aizoaceae, Amaranthaceae, Caryophyllaceae, Cheno-

podiaceae, and Nyctaginaceae. Also, many members of the Centrospermae 

that lack successive cambia have other unusual anatomical patterns, 

such as, medullary bundles, cortical bundles, bicollateral bundles, 

and included phloem. Despite this propensity for novel anatomy in 

the Centrospermae, genera with normal secondary growth are present 

in the Aizoaceae, Amaranthaceae, Caryophyllaceae, and Chenopociaceae. 

The Achatocarpaceae, once a part of the Phytolaccaceae and still 

considered very closely related, show normal stem structure in both 

constituent genera. 

Stepping outside the Centrospermae, one should next look 

toward taxa that share many features and probably have common ancestry 

with the Phytolaccaceae. The Theales are such an order. Among the 

Theales, the Dilleniaceae contain many tropical species with arbores

cent, shrubby, or viney habit; alternate, simple leaves with stomates 

lacking accessory cells; bisexual, hypogynous, actinomorphic flowers 

with numerous stamens; many free carpels; and arillate seeds. 

Doliocarpus of the Dilleniaceae exhibits successive cambia although 

it is not as similar in floral structure to the Phytolaccaceae as some 

species of Hibbertia and Acrotrema (Stebbins, 1972). 

From the above discussion one can conclude that normal second

ary thickening is the ancestral condition in the Phytolaccaceae and 

Centrospermae. Among the more advanced families of the order it may 

be difficult to determine whether normal cambial activity is a 
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primitive feature or secondarily derived from ancesters with anomalous 

growth, e.g., Nitrophila and Polpoda. The developmental pattern of 

Stegnosperma—a prolonged period of normal secondary growth prior to 

the appearance of the first anomalous increment—represents a transi

tion form between normal and anomalous secondary thickening. 

Even though the ancestors of the Centrospermae most likely 

had normal anatomy in their axes, one can hypothesize that they 

possessed a genetic make-up that was susceptible to mutation to a 

form leading to an anomalous phenotype. It is this common genetic 

heritage that predisposes the Centrospermae to anomalous stem structure. 

Perhaps such a hypothetical gene complex preadapted to anomalous sec

ondary thickening is involved with the response of cells, especially 

conjunctive parenchyma, to growth regulating systems. Apparently 

mutations to anomalous structure are favored by natural selection in 

many diverse situations, judging from the wide range of habit and 

habitat occupied by species with the anomaly in the Centrospermae. 

Seven of approximately 20 families of angiosperms possessing 

anomalous secondary growth are seen to be more-or-less closely related. 

The remaining 65% of the families appear to be cases of convergence to 

successive cambia. Possible exceptions to this blanket statement 

might be the Menispermaceae, Connaraceae, and Rhabdodendraceae, or 

the Celeastraceae, Polygalaceae, and Plumbaginaceae. 

Within families that have converged upon the concentric type 

of anomaly, most extant species exhibit more rapid patterns of develop

ment than Stegnosperma, e.g., Avicenniaceae (Zamski, 1979) and Buxaceae 

(Bailey, 1980). Because it is unlikely that such a dramatic change in 



the development of the plant body could occur in a single evolutionary 

step, one can assume that extinct species showed the transition from 

normal to anomalous secondary growth or that the anomalous condition 

remains undiscovered in the roots of related species with more primi

tive anatomy. 



APPENDIX A 

A TENTATIVE PHYLOGENY OF THE PHYTOLACCACEAE 

Nowicke (1969) examined the pollen of the Phytolaccaceae (see 

also Bortenschlager, 1973), summarized the morphological descriptions 

of Eckardt (1964) and Walter (1909), and revised the systematics of 

the family along lines of the generic concepts of Heimerl (1934). 

From the above sources the systematic distribution of character states 

can be tabulated (Table A-l). The features chosen for display in 

Table A-l were selected because they clearly varied from ancestral 

to derived states among members of the Phytolaccaceae (carpel number, 

pollen, stamen number, and special features; Nowicke, 1969), showed 

patterns that may indicate species groups (fruit, sepal number, habit, 

and inflorescence), and apply directly to the dissertation topic 

(anatomy). 

From the information contained in Table A-l plus a knowledge 

of the morphology of genera of Phytolaccaceae, a phylogenetic tree 

can be generated (Fig. A-l). The major branching at the base of the 

"tree" corresponds to the separation of polycarpic and monocarpic 

taxa. Further branching separates the six subfamilies. 

The left-hand branch of Figure A-l lead to Phytolacca with 

genera demonstrating successively more derived character states set 

off father to the left. The number and type of derived states, such 

as decreasing carpel number, fruits other than drupelets, tetramerous 
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Table A-l. 
Phytolaccaceae 

Systematic distribution of selected features in the 

Character 

Genus 

ta 
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& cd d) 
<1) 4-1 u OT w m 
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i 4J 
cd 
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Barbeuia 2 31 C2 5 20-25 V3 Cy* SC 

Agdestis 4 3 A 4 15-20 V P SI6 SC 

Stegnosperma 3-5 3 C 5 5,8,10 S R PS SC 

Anisomera 5-8 3 D 5 10-20 S,H S Z SC 

Ereilia 4-8 3 D 5 8-12 S S SC 

Phytolacca 5-16 3 D 5 8-25 T,S,H SR D SC 

Seguieria 1 3 S 5 T, S. V P SC 

Gallesia 1 3 S 4 T P SC 

Trichostigma 1 3-15 D 4 8-25 S,V R SC 

Rivina 1 15 D 4 4 H R SC 

Petiveria 1 12-15 A 4 4,6,8 H S SC 

Hilleria 1 12 U 4 4/8-13 H R Z N 

Ledenbergia 1 12 U 4 4-15 T,S R D N 

Schindlera 1 P U 4 12-15 S R N 

Monococcus 1 P U 4 12-20 S S D N 

Microtea 1 P A 5 5-9 H S N 

Lophiocarpus 1 3 A 5 4 H S ? 

*3—3-colpate or 3-colporoidate; 12—12-colpate; 15—15-colpate; 
P—pantoporate. 

2A—achene; C—capsule; D—drupe or drupelets; S—samara; 
U—utricle. 

3H—herb; S—shrub; T—tree; V—vine or liana. 

**Cy—cyme, sometimes fascicles; P—panicle; R—raceme; S—spike 
or spikelike raceme; Sr—spike, raceme, or raceme with thrysiform base. 

SN—normal cambial activity reported; SC, successive cambia pres
ent; ?—nature of cambial activity unknovm. 
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Table A-l. — Continued 

6D—some dioecious species present; PS—petaloid staminodia present; 
SI—semi-inferior ovary present; Z—zygomorphic flowers present in 
some species. 
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Fig. A-l. Diagrammatic representation of phylogenetic relationships among the Phytolaccaceae. 
Based on the information summarized in Table A-l 



perianth, reduced stamen number, viney or herbaceous habit, inflores

cences other than spikes or racemes, and other special features 

determine the position and degree of departure from the Phytolacca 

line. The three genera most frequently termed anomalous and considered 

for segregation from the family, Agdestis, Barbeuia, and Stegnosperma 

(Bortenschlager, 1973; Hofmann, 1977; Nowicke, 1969), are located 

farthest left. 

The right-hand branch gives rise to the Rivinoideae and 

Microteoideae. Within the Rivinoideae, the tribe Seguierieae is 

clearly defined by 3-colpate pollen, samaras, and panicled inflores

cence. The Seguierieae are held relative close to Phytolacca by the 

presence of 3-colpate pollen, relatively high stamen number, and, in 

Seguieria, five sepals. Trichostigma occupies a pivotal position at 

the base of the Rivineae due to its wide range in stamen number and 

3 to 15-colpate pollen. Rivina and Petiveria with many similar 

advanced characteristics, such as 15-colpate pollen, low stamen 

numbers, and herbaceous habit, are located phylogenetically nearby 

because of the presence of successive cambia in their axes. The 

remaining members of the Rivineae possess normal secondary growth, 

utricles, advanced pollen morphology and some zygomorphic and dioecious 

flowers. The presence of pantoporate pollen in Schindleria, Monococcus, 

and Microtea is the basis for placing the Microteoideae near the 

Rivineae. Nonetheless, pentamerous sepals and, in Lophiocarpus, 

3-colpate pollen point toward a connection with the Phytolacca line. 

Lophiocarpus with its tendency toward succulence and scarious sepals 



represents a link between the Phytolaccaceae and the Chenopodiaceae 

and Amaranthaceae. 

The tentative nature of the phylogeny in Figure A-l should be 

emphasized. Additional studies in cytogenetics, alkaloid phyto-

chemistry, and comparative anatomy are in order to clarify the system-

atics of the family. Until such information is collected and synthe

sized, it will be difficult to evaluate the position of Agdestis, 

Barbeuia, Lophiocarpus, Microtea, and Stegnosperma. 

The suggestions of Bortenschlager (1973) to set up the 

Phytolaccaceae (including Agdestis and Stegnosperma), 

Petiveriaceae (Rivinoideae sensu Nowicke plus Microtea), Barbeuiaceae, 

and Lophiocarpaceae need to be critically examined by other than 

palynotaxonomic methods. However, because I am not monographing 

the family and do not desire to add to the taxonomic and nomenclatural 

confusion by making unfounded change, it is best at this time to 

maintain the subfamilies, tribes, and genera as outlined by Walter 

(1909) and Nowicke (1969). 



APPENDIX B 

STATISTICAL ASSUMPTIONS 

The regression lines and coefficients of determination in 

Table 5 have been calculated by standard statistical methods (Steel 

and Torrey, 1960). Implicit in the use of a linear regression model 

are certain assumptions. 

First, one assumes that the linear model is adequate to 

describe the data. For vessel-element length and fiber-tracheid 

length (Fig. 11) this is certainly the case. However, in the data 

for pore diameter and maximum pore diameter there appears to be an 

increasing trend in size during the first five or six increments 

followed by a decrease to a constant value. The reduction in mean 

squares due to fitting a second-degree polynomial is not significantly 

larger than that attributable to linear regression (Table B-l, B-2). 

Therefore, one must conclude that the apparent trend is due to spurious 

biological variation. 

Second, the assumption is made that the dependent variable, 

increment of xylem, is measured without error. Though it is a simple 

matter to count the number of cambial rings or arcs, situations have 

arisen wherein the nature of radial and tangential anastomoses compli

cate matters. When a radial connection completely joins two cambial 

arcs, subsequent increments can be counted differently despite the 

distinctness of each arc or ring (Fig. B-l). This difficulty 
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Table B-l. Analysis of variance for pore diameter 

Source DF SS MS F 

Total 7 59,480 

Mean 1 56,700 

Adjusted total 6 2,780 

Linear 1 54 54 0.086a 

Quadratic 1 227 227 0.363a 

Error 4 2,449 624.75 

a. Not significant. 

Table B-2. Analysis of variance for maximum pore diameter 

Source DF SS MS F 

Total 7 137,199.7 

Mean 1 127,386.1 

Adjusted total 6 9,813.6 

Linear 1 44.9 44.9 0.019a 

Quadratic 1 412.1 412.1 0.176a 

Error 4 9,356.6 2,339.2 

a. Not significant. 
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Fig. B-l. Alternate counts produced by a radial connection 

Numerals indicate the increment number, and lines show the 
vascular cambia in transection. 
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is especially prevalent in eccentric stems. In order to assure 

consistency, the number of each successive increment was determined 

by counting along the major axis of the cross section. 

Third, for each increment of xylem, there is a population of 

cellular dimensions that are normally and independently distributed 

2 
about a mean of u, = g- + g.x and with a variance of av. . For the 

Y | a u X 11 x 

cellular dimensions of Stegnosperma the data was first coded to remove 

the effects of species and stem/root size. Even so, there is no 

guarantee that the dimensions are independently distributed. Subtle 

intercellular interactions may exist that are not noticed in a small 

3 
sample, e.g., 10 mm for a maceration of a single xylem increment. 

Fourth, one assumes that all .populations have the same vari

ance. Comparisons of the values of standard deviations for a given 

dimension among the listings in the anatomical descriptions show this 

to be largely the case. Notable exceptions are standard deviations for 

- 2  pores mm in large stems of S. halimifolium and for fiber-tracheid 

length in small stems of Halimifolium and jS. watsonii. 

It should be noted that only the first and second assumptions 

along with the independence of the Y's are required for the calculation 

of meaningful regression equations. Non-homogeneous variance merely 

effects one's ability to obtain valid inferences from the usual sam

pling distributions. As such, the linear equations are given but no 

comparisons between them are made. 

A final note about measurement error in the cellular dimensions 

is in order. Occular micrometer readings were made to the nearest 

0.02 unit (about 2.4 ym with a 10X objective, 0.6 ym with a 40X or 43X 
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objective). Regression calculations do not require exact determination 

of the Y's (cellular dimensions) because any error is included in the 

residual sum of squares (sum of squares of error. 
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