
was entirely general and could be applied 
to any gene for which transposon muta- 
tions were available. Since no require- 
ment for lux gene expression was neces- 
sary in the course of the cloning proce- 
dure, we have not selected those recom- 
binant plasmids which, because of 
mutation or manipulation, produced light 
in E. coli. Lux gene expression in E. coli 
as measured by light production was 
inefficient compared to that in Vibrio 
even though the lux genes in E, coli 
resided on a multicopy plasmid. If lux 
gene dosage were taken into account, the 
luminescence at 30°C in E ,  coli contain- 
ing pBB123 was at least three orders of 
magnitude lower than Vibrio. It is diffi- 
cult to assess the contribution of lux gene 
promoter (or promoters) to this low level 
of expression in E. coli since plasmid 
promoters can initiate transcription of 
cloned genes (14). Since luciferase activ- 
ity could be greatly enhanced by the 
provision of bacteriophage h promoters 
as in plasmid pBB123 and pBB128, lux 
gene expression in E. coli was probably 
limited by transcription from the lux 
gene promoter (or promoters). Accesso- 
ry regulatory factors probably were not 
cloned with the lux genes or, alternative- 
ly, do not operate in E. coli. Since V .  
harveyi luciferase could be synthesized 
in E. coli, it should be possible to elimi- 
nate the need to supply exogenous alde- 
hyde by cloning genes whose products 
fulfill the aldehyde requirement. Other 
genes required for expression of lumi- 
nescence, such as those involved in au- 
toinduction, could be isolated as well. 

Agouron Institute, 
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La Jolla, California 92037 
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Complex Venation Patterns in the Leaves of Selaginella: 

Megaphyll-Like Leaves in Lycophytes 

Abstract. Venation patterns of the leaves of two lycophytes, Selaginella adunca 
and Selaginella schaffneri, do notJit the deJinition of microphylls as having a single, 
unbranched vein. Although S. adunca has a simple pattern, S. schaffneri has a 
complexity matching that of many megaphylls, with numerous branching veins. The 
veins of S. schaffneri undergo an average of 13 branchings (range, 8 to 21), and 
reticulation between veins is frequent. The discovery of this radical departure from 
the familiar microphylls of lycophytes indicates that complex venation patterns in 
leaves do not necessarily arise from fusion of whole branches. The microphyll may 
not be as structurally stable as formerly believed. 

The two leaf categories traditionally 
recognized in vascular plants, micro- 
phylls and megaphylls, are separated on 
the basis of venation patterns. These 
categories have been of major impor- 
tance in plant morphology and phyloge- 
ny for distinguishing major evolutionary 
clades. A microphyll has a single un- 
branched vein running more or less me- 
dially through the blade; a megaphyll has 
a complex, branching venation pattern. 
Only by reduction can the megaphyllous 
pattern be simplified to resemble that of 
a microphyll. Such convergence can be 
readily recognized by comparisons with 
near-relatives or other leaves on the 
same plant. Most plant morphologists 
regard the single vein as a primitive 
condition that has remained static since 
the Devonian (1). Microphylls have been 
valuable for identifying living and fossil 
members of the large group of plants 
generally known as Lycophyta or Micro- 
phyllophyta. 

Fig. 1 .  Leaves of Selaginella schaffneri, 

The microphyll is believed to have 
originated separately from the mega- 
phyll. According to the enation theory, 
which is accepted by most morpholo- 
gists, the microphyll arose as a nonvas- 
cularized superficial outgrowth of the 
stem (1, 2). The single vein of the micro- 
phyll arose de novo, as an extension of 
the vascular cylinder of the stem. The 
megaphyll arose by amalgamation of nu- 
merous stems, each with a vascular 
strand. According to the telome theory, 
branches, or telomes, aggregated and 
became modified to form leaves (2). 
Thus the veins of a megaphyll are traces 
of ancient stems once separate but now 
assembled into a united photosynthetic 
lamina, flattened for maximum efficiency 
(3). 

Lycophyta have a long and complex 
history, for which there is extensive fos- 
sil documentation, including the remalns 
of several orders now extinct (1). The 
group is represented today by three or- 
ders: Lycopodiales, the club mosses 
(about 400 species); Selaginellales, the 
spikemosses (about 800 species); and 
Isoetales, the quillworts (about 50 spe- 
cies). We describe here two species of 
Selaginella which show branching vena- 
tion. One species possesses a ternate 
venation pattern wlth a midrib and two 
laterals. The other has a much more 
complex pattern with many branches, 
some of which form networks-a vena- 
tion as complex as that of many unques- 
tioned megaphylls. We studied frag- 
ments of dried herbarium specimens 

showing complex venation Patterns. (A to 1) cleared for 24 hours in 5 percent sodium 
Lateral leaves. (J) Leaf at stem branching. (K) 
Sporophyll ,specimens collected by J, G,  hydroxide solutions and bleached in di- 
schaffner in 1879 in sari ~~i~ potosi, ~~~i~~ lute solutions of sodium hypochlorite. 
(University of Michigan Herbarium)]. The simpler pattern is shown by Se- 
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laginella adunca A. Br. ex Hieron., 
known from the western Himalayas (4). 
The veins are ternate, with a long central 
midrib add two shorter branches oppo- 
site each other and arising at the base (5). 
Some leaves have only one branch. The 
leaves that arise at the stem dichotomies 
contain only one vein, as do the sporo- 
phylls. Although leaves with two or 
more veins have been described in Se- 
laginella willdenowii Baker (6) and S. 
martensii Spring (9, these are evidently 
abnormalities; the vein branchings occur 
below the blade in the cortex of the stem. 
Also, the expression of multiple veins is 
sporadic, unlike that in S. adunca, in 
which the majority of leaves have ternate 
venation. The rare microphylls that have 
lobes apparently retain the condition of a 
central, essentially unbranched, vein (7). 

We report that the leaves of Selaginel- 
la schaffneri Hieron. have a venation 
pattern as complex as that of certain 
ferns and gymnosperms. All leaves sam- 
pled from three localities have this pat- 
tern. To our knowledge, no species has 
been described in this or any other lyco- 
phyte genus that even approaches such a 
complex venation pattern. Schaffner's 
spikemoss occurs in the Central Mexican 
Plateau in the states of San Luis Potosi, 
Jalisco, and MCxico (8). The plants form 
sprawling or hanging masses of narrow 
wiry branches on cliff faces, ledges, and 
bluffs. The lateral branches are densely 
covered with overlapping leaves 0.9 to 
1.8 mm long and 0.7 to 1.5 mm broad- 
remarkably small for leaves with such 
complex venation. The blades have a 
laminar flap extending below the area of 
attachment. They point forward and lie 
flat along the stem, their outer margins 
broadly rounded and their inner margins 
nearly straight. 

The vascular system of the stem is 
distelic, and the plane of the steles is 
horizontal and parallel to the dorsiven- 
tral arrangement of the leaves. A single 
departing vascular strand branches near 
the leaf base into a venation pattern that 
is pedate and palmate. Instead of being 
strictly palmate from a point, the 
branches run out from the center and 
sides of a transverse vein axis extending 
to either side of the leaf base (Figs. 1 and 
2). Most of the veins are developed on 
the outer side of the leaf. The inner, 
more thinly textured side of the blade 
sometimes lacks veins (Fig. 1B). 

The pattern of the branchings of indi- 
vidual major veins is subpinnate (Fig. 
ID), dichotomous (Fig. lG), or trichoto- 
mous (Fig. 11). Reticulations are found in 
roughly one-third of the leaves. There 
may be two or three areoles per blade, 

and these may involve major veins (Fig. 
1, C and H) or minor veins (Fig. 1, F and 
I). The total number of branchings in a 
random sample of excised leaves ranged 
from 8 to 21 and averaged 13 (not includ- 
ing the dilated vein tips that may some- 
times be slightly divided). Both the 
leaves at the stem branchings (Fig. IJ) 
and the sporangium-bearing leaves (Fig. 
1K) also exhibit multiple veins. The 
veins are composed of mainly annular 
tracheids, one to five in number except 
at the vein bases and in the dilated vein 
tips, where the number of tracheids is 
greater. Figure 2 shows a representative 
leaf. 

The leaves described here have funda- 
mental significance for the understand- 
ing of foliar morphology in relation to the 
phylogeny of higher plants. By definition 
the leaves of Selaginella adunca and S .  
schaffneri are megaphylls, the former 
simple, the latter complex. This discov- 
ery of truly complex venation in a lyco- 
pod has a number of implications. Out- 
group comparison with other lycopods, 
extinct and extant (1, 2), supports the 
conclusion that the foliar organs of 
spikemosses are primitively microphyl- 
lous, possessing only a single un- 
branched vein. We therefore conclude 
that the venation patterns of the spike- 
mosses described here are derived di- 
rectly from the single vein of the micro- 
phyll. The veins of S .  adunca show an 

Fig. 2. Leaf  o f  Selaginella schaffneri, showing 
a n  approximately  ave rage  amoun t  o f  vein 
branching. N o t e  dichotomous,  t r ichotomous,  
a n d  lateral branchings  [specimen collected by 
C. G. Pringle n e a r  Gu ida la j a ra ,  Mex ico  ( ~ d .  
15630, Michigan S ta t e  Univers i ty  Herbar i -  
umll.  

incipient stage and those of S. schaffneri 
an advanced stage of convergence to- 
ward the branched patterns of typical 
megaphylls. The vein systems of S. 
adunca and S .  schaffneri probably did 
not arise from concrescence of branch- 
ing stem systems but rather by elabora- 
tion of vascular strands within single 
microphyll blades; complex venation can 
thus apparently arise without telomic 
fusion. This does not mean, however, 
that the traditional interpretation of the 
origin of megaphyllous leaves is incor- 
rect; it simply meatls that other evolu- 
tionary pathways are possible. It also 
signifies that the vascular pattern may be 
labile in evolution and that surprisingly 
radical changes can take place even in a 
tiny microphyll. The concept of stasis in 
the foliar architecture of lycophytes is 
challenged by the radical departures re- 
ported here. 
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