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The carnivorous habit in flowering plants represents a grade of structural organization. 
Different morphological features associated with the attraction, trapping, and digestion of 
prey characterize a diversity of specialized forms, including the familiar pitcher and flypaper 
traps. Phylogenetic analysis of nucleotide sequence data from the plastid rbcL gene 
indicates that both carnivory and stereotyped trap forms have arisen independently in 
different lineages of angiosperms. Furthermore, these results demonstrate that flypaper 
traps share close common ancestry with all other trap forms. Recognition of these patterns 
of diversification may provide ideal, naturally occurring systems for studies of develop- 
mental processes underlying macromorphological evolution in angiosperms. 

T h e  carnivorous syndrome in flowering 
plants represents a highly integrated inter- 
action of form and function. Carnivory 
involves morphological features associated 
with the attraction, retention, trapping, 
killing, and digestion of animals and ab- 
sorption of their nutrients (I). Variation in 
these parameters characterizes a diversity of 
specialized forms, including the familiar 
flypaper and pitcher traps as well as the 
snap-traps of Dionaea and the suctioning 
bladders of Utricularia. The literature of 
carnivorous plants is replete with ontoge- 
netic hypotheses of structural evolution, 
from the mechanism of epiascidiation (in- 
rolling of the adaxial leaf surface followed 
by marginal fusion) in pitcher traps (I)  to 
the derivation of Dionaea trigger hairs (1, 2) 
and shoot-leaf indistinctness in Utricularia 
(3). Accordingly, carnivorous plants pro- 
vide an opportunity to uncover macroevo- 
lutionary patterns and processes that may 
be generalized to other structural phenom- 
ena in angiosperms. Here, we describe car- 
nivore diversitv from its own historical 
(namely, phylogenetic) perspective. 

Carnivorous aneios~erms have been used 
u .  

as model systems for anatomical and physi- 
ological studies of resuonsive movement and - 
glandular secretion since the pioneering and 
exhaustive experiments of Charles Darwin 
(1, 2, 4, 5). Much like his other works after 
Origin of the Species, Darwin's primary mes- 
sage in lnsectiworous Plants (5) was the im- 
portance of these specialized organisms to 
the emerging field of evolutionary biology 
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(6). Accordingly, carnivores have often 
been subjects of adaptationist arguments. 
Darwin himself hypothesized that carnivory 
resulted from natural selection o~eratinc! on 
preexisting variation. Specifically, he impli- 
cated sticky, insect-catching glands with di- 
gestive properties, a feature that many car- 
nivorous ulants share (5). A more recent . , 
hypothesis concerns the evolution of pitch- 
er-bearing carnivores; epiascidiation of nec- 
tary-bearing leaves might have conferred an 
immediate advantage through novel capaci- 
ties of water storage and nutrient absor~tion 
(1). Both of these scenarios invoke natural 
selection and suggest orthogenetic (direc- 
tional) tendencies (7) in different phyloge- 
netic groups (if carnivorous plants do not 
have a unique origin). 

LCon Croizat devoted 232 pages of his 
monumental Principia Botanica to the dis- 
persal and morphogeny of carnivorous 
plants in an explicit attempt to provide 
orthogenetic links among all carnivores 
(8). He even provided a carnivorous ances- 
tor, defined as "a morphogenetic and phylo- 
genetic average qualified to fit everything- 
by tendency . . . along a broad trajectory of 
evolution . . ." (8). According to Croizat, 
evolution equals time plus space plus form. 
Nevertheless, evolutionary explanations 
that invoke underlying tendencies, poten- 
tials, or constraints (7) add an unnecessary 
layer of presumption to empirically ob- 
served patterns. We therefore argue that 
mechanistic speculations cannot be evalu- 
ated in the absence of an explicit phyloge- 
netic framework. Strong inferences about 
both phylogeny and character evolution 
can be made objectively using minimal ad 
hoc assumptions (9). 

Prospectus 

From the taxonomy of his day, Darwin 
imagined several independent origins of 

carnivory among flowering plants (5). In- 
deed, this conjecture has been widely ac- 
cepted by 20th-century systematists but not 
without substantial disagreement as to car- 
nivore interrelationships and their place- 
ment among other angiosperms (10-13). 

For a phylogenetic perspective on car- 
nivorous plants, we limited ourselves to 
data with substantial independence from 
trap form. Here, we discuss aspects of car- 
nivore structural evolution with respect to a 
cladistic analysis of nucleotide sequence 
variation. In agreement with Darwin, our 
results indicate that carnivorous plants and 
their associated syndrome of features have 
multiple origins among angiosperms. At 
variance with Darwin's ideas are (i) the 
phylogenetic dispersion (polyphyly) of 
structurally similar flypaper traps and (ii) 
their repetitive patterns of common ances- 
try with other trap forms. For example, the 
three pitcher-plant groups appear to be only 
distantly related, yet two are closely associ- 
ated with independent, flypaper-trap 
groups. Among the carnivores, structural 
homologies do not necessarily correlate 
with trap form, and similar trap forms may 
not be structurally homologous. The car- 
nivorous habit is thus a grade of organiza- 
tion that exhibits themes of both conver- 
gent and divergent evolution. 

Phylogenetic Relationships 

Hypotheses of carnivorous plant phylogeny 
involve hypotheses about structural relation- 
ships. To remain as free as possible from ad 
hoc assertions about structural homologies, 
we have used genotypic rather than morpho- 
logical characters for phylogenetic recon- 
struction. The plastid gene rbcL encodes the 
large subunit of ribulose- l,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) , a pri- 
mary enzyme in the Calvin-Benson cycle 
(14). Rates of nucleotide substitution in 
i b c ~  are amenable to parsimony analyses at 
many levels within seed plants (15). Nev- 
ertheless, phylogenetic hypotheses from 
rbcL sequence variation represent gene 
trees, which may or may not depict the true 
organismal tree with relative accuracy (1 6). 
For the present purpose, our assumption is 
that the proportion of reliable historical 
evidence in rbcL sequences is sufficient to 
address gross phylogenetic relationships 
among angiosperms and patterns of struc- 
tural evolution in carnivorous plants (1 7). 

SCIENCE VOL. 257 11 SEPTEMBER 1992 1491 



Hmmm B 
PInguIcuIa 
JustIda 

F 

%a 
Aphelandra 
Nelsonla 
DCitalls 

EZ%m F 
Jasmlnum 

%T&tm 
G Z m I a  
Vlbumum 
Adom 
HBdera 
Aprum 
Lobella 
Barnadeda 
llex 
RwlduIa 
DarIInglonla 
Senamnia 
Hellamphora 
Rhododendron 
EPam 
Actinidla 

Z g a r a  

40 
17 

3 

6 - 
5 + 3 - 

8 - 
7 

18 
38 

33 0 
0 - 37 

31 
W 

8 

8 

5 v 

5 - 
14 

6 
20 

20 
10 

7 
7 

15 
21 - 

10 

28 36 

30 
26 

Z Y S  
Nepenthes 
Plumago 

P 
Rheum 
Drosera blnata 1 
Drosera peltata 
Drosera dlchrosepala 
Drosera peUolatfs 
Drosera burmannl F 
Drosera capensls 
Drosera IsUfonnis 
Drosera regla 
Dbnaea 1 S 
DrT""" Dian us F 

10 

fi&anlelis 
Cephaloms 
PIafyfhem 

P 
Ceratoperalum 

5Yzhia 
c o m  
Begonia 
Geum 
Prunus 
Moms 

2;E 
Casuarina 

4 - 

7 - 

s e ~ ~ r k l a ~  
Poljgala 
Thespesla 
capparls 
Bursera 
Acer 
ClaMa 
ouisquans 
Pelargonlum 
Geranlum 
Sedom 
Crassuk 
Heuchera 
SaxIfraga 
DaphniphyUum 
Trochodendron 
platanus 
Caltha 
Sangulnaria 
Tasmannla 
Drlmys 

0 - 34 

8 

38 
33 

13 
22 

12 

- 

10 - 

13 
l5 60 

6 10 
21 : 

47 
7 l5 137 

13 
18 

31 

46 0 
18 

SCIENCE VOL. 257 11 SEPTEMBER 1992 



An exploratory parsimony analysis of 
rbcL nucleotide sequences from 475 seed 
plants included information for several car- 
nivores (18). The results suggested that 
there were at least six origins of carnivory 
among different groups of angiosperms. Us- 
ing this heuristic study as a guide, we 

Fig. 1 (facing page). Phylogenetic hypothesis 
of carnivorous plant relationships based upon 
cladistic analysis of sequence variation in the 
plastid rbcL gene. An even taxonomic sam- 
pling including taxa from 72 families [sensu 
Thorne (13)] was guided by the results of a 
larger, exploratory parsimony analysis (18); all 
major eudicot groups are represented (38), 
with Tasmannia and Drimys (Winteraceae) in- 
cluded to provide outgroup orientation [see 
(36)l. The topology shown is one of 396 maxi- 
mum parsimony trees found (21); it was select- 
ed for display because of its substantial con- 
gruence with earlier results (18). Branch 
lengths in terms of inferred nucleotide changes 
under the accelerated transformation optimiza- 
tion (26) are indicated. The strict consensus 
(39) of all equally parsimonious trees is shown 
on the topology by bold vertical lines connect- 
ing branches compatible among all trees. The 
overall relationships are sufficiently preserved 
in consensus to address the questions at hand. 
Carnivorous dicotyledons are unambiguously 
polyphyletic. As many as seven independent 
origins of the syndrome can be hypothesized. 
Flypaper (F) and pitcher (P) traps appear inde- 
pendently five and three times, respectively. 
These trap forms co-occur in the same lineages 
twice [Roridula sister to Sarraceniaceae; Ne- 
penthes proximal to Droseraceae (40)l. Fly- 
paper traps are associated with divergent trap 
forms in two lineages: Utricularia (bladder: 6)  in 
Lentibulariaceae, and Dionaea (snap: S) in 
Droseraceae. Character evolution in flypaper 
traps was studied by optimization of specific 
character states. If the flypaper trapping mech- 
anism is considered structurally homologous 
(that is, the apomorphic or derived state) across 
all relevant taxa, then moderate homoplastic 
tendencies of both clustering and localization 
are apparent [filled and open circles; see (27)l; 
a prominent cluster is found in the Bignoniales, 
and localization is restricted to the upper half of 
the tree. However, the nonhomologous glandu- 
lar anatomy of flypaper traps suggests two char- 
acters to be optimized: elaboration of epidermal 
tissues [open circles; see (I)] versus altered 
differentiation of parenchyma, vascular strands, 
and epidermal tissues [filled circles; see (1,  28)] 
in the formation of stalked, secretory glands. The 
apomorphic state of the former is strongly clus- 
tered among bignonialean carnivores, but its 
presence in Roridula and numerous other non- 
carnivorous taxa represented here [see (1 I)] 
render this characteristic more likely plesiomor- 
phous (ancestral) than apomorphous for the 
eudicots. Vascularized glands as described 
above are present only in Droseraceae, Passi- 
floraceae, Triphyophyllum, and Turneraceae 
(28). The apomorphic state is once homoplastic 
on this tree (Triphyophyllum and Turneraceae 
were unavailable for study), showing neither 
clustering nor localization. 

selected 100 dicotyledonous taxa [including 
additional carnivores (1 9)] for more rigor- 
ous treatment lcarnivorous bromeliads 
(20), the only monocotyledonous carni- 
vores, were not considered further]. Parsi- 
mony analysis of this smaller data set (21) 
replicates most of the taxonomic patterns 
found in the larger study and suggests sim- 
ilar relationships among the carnivorous 
taxa (Fig. 1). 

In parallel with the carnivorous syn- 
drome, stereotyped trapping mechanisms 
show a disjunct (polyphyletic) distribution. 
Flypaper traps have five separate origins 
among dicotyledons, whereas pitcher traps 
have three (Fig. 1). Unexpectedly, these 
trap types co-occur in two lineages: the 
Sarraceniaceae (American pitcher plants) 
are sister to Roridula [the South African fly 
bush; a trapper but unconfirmed carnivore 
(22)], and Nepenthes (Old World pitcher 
plants) and Droseraceae (sundews plus Dio- 
naea. the Venus flvtra~) are members of the 
same clade. Cepha6ths (the Australian 
pitcher plant) is phylogenetically distant 
from other known carnivores. The remain- 
ing flypaper traps are separated into three 
distinct lineages of Bignoniales sensu 
Thorne (1 3): Proboscidea [the unicorn plant, 
representing Martyniaceae (23)], Lentibu- 
lariaceae, and Byblis (the rainbow plant). 
The Lentibulariaceae include flypaper-trap- 
ping Pinguiculu (buttenvorts) as well as Utri- 
culuria (bladdenvorts) with uniaue. aauatic . ,  . 
suction traps. Although Byblis is resolved as 
sister to the Lentibulariaceae in analyses 
focusing on bignonialean relationships (24), 
the sparser sampling of appropriate taxa in 
our analysis does not show this relationship 
at maximum parsimony. 

We addressed the internal (that is, data- 
dependent) robustness of these phylogenet- 
ic statements using forced-topology experi- 
ments (25). The surprising results [such as 
the placement of Byblis within Bignoniales 
rather than Saxifragales sensu Takhtajan 
(12); Fig. 11 hold up strongly under the 
parsimony criterion. The particular fly- 
paper-pitcher-trap relationships outlined 
above are similarly well supported (25). 

Another line of inference that may be 
drawn from our phylogenetic results is with 
regard to the evolution of morphological 
and anatomical characters ~ert inent to car- 
nivory. Patterns of character evolution 
were studied a posteriori by optimization of 
character states onto the rbcL-based clad- 
ogram (Fig. 1) (26). It is from this approach 
that tendencies may be addressed within a 
phylogenetic framework (27). For example, 
Darwin (5) envisioned that the flypaper 
mechanisms of Droseraceae, Roridukx, and 
Byblis were homologous (that is, derived 
from a common ancestor). Under this as- 
sumption, homoplastic (parallel) tenden- 
cies in glandular evolution may be invoked, 

as flypaper-trap lineages are moderately 
clustered and localized on the cladogram 
(27). However, if the glandular apparati of 
flypaper traps are considered to be separate 
(that is, nonhomologous) characters on the 
basis of their different anatomies, the ho- 
moplastic tendency disappears (see Fig. 1). 

Patterns in Structural Evolution 

The phylogenetic relationships of carnivo- 
rous plants (Fig. 1) suggest that there is a 
hierarchy of convergent evolution from the 
level of the syndrome itself to the distribu- 
tion of trap forms, their phyletic co-occur- 
rence, and details of their functional mor- 
phology. This hierarchy is well illustrated 
by comparison of the bignonialean carni- 
vores with those of the Droseraceae. For 
example, Byblis and Drosophyllum both 
have flypaper traps. Byblis is a topological 
neighbor of Utricularia, which has bladder- 
like suction traps. Drosophyllum is closely 
related to Nepenthes, a pitcher plant (Fig. 
I). Byblis and Drosobhvllum share such char- , " & - 
acteristics as woodiness, filiform leaves with 
reverse circination (that is, with croziers 
curling over abaxial surfaces), and dimor- 
phic stalked and sessile glands (1). In both 
taxa, the stalked glands secrete mucilage 
that entangles and encoats prey, and the 
sessile glands secrete hydrolytic digestive 
fluids. However, the mucilage-secreting 
elands of Bvblis have unicellular stalks Dro- 
u 

truding from epidermal reservoir cells, 
whereas those of Drosophyllum are multicel- 
lular and vascularized by five to ten trache- 
ids and associated phloem. The sessile di- 
gestive glands of Byblis are relatively simple 
with four to eight head cells, whereas those 
of Drosophyllum are multicellular and lay- 
ered. These distinct patterns of gland anat- 
omy are recapitulated, albeit with modifi- 
cation, in (i) Pinguicula, Utricularia, and 
Martyniaceae (Bignoniales) and (ii) 
Drosera and Dionaea (Droseraceae) (1). Al- 
though members of each group have homol- 
ogous glandular anatomy, the trapping 
mechanism is grossly divergent in taxa such 
as Utricularia and Dionaea. Converselv. the 

, z  

flypaper anatomy of Byblis and Drosophyllum 
is nonhomoloeous des~ite the remarkable - 
extent of structural and functional similar- 
ity. Therefore, form is not a reliable indi- 
cator of phylogenetic relationships among 
carnivorous plants at highly inclusive levels 
(such as trapping mechanism), whereas it 
appears to be at less inclusive ones (such as 
elandular anatomv) . 
u , , 

The Droseraceae-Nepenthes cluster is ex- 
emplary of structural evolution in a mono- 
phyletic lineage. A key taxon for integrat- 
ing the group is the rare African carnivore 
Triphyophyllum (28). Although unavailable 
for our molecular-phylogenetic study, Tri- 
phyophyllum can be placed with this clade 
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a posteriori: its vexing combination of 
Droseraceae-s~ecific and Nebenthes-s~ecific 
character staies (28) becokes sim'plified 
when these two groups are brought into 
phylogenetic proximity (Fig. 1). Triphyo- 
phyllum is heterophyllous, producing three 
distinct leaf types that correlate with phases 
of maturation. Juvenile leaves with a con- 
densed spiral phyllotaxy are borne on short 
shoots approximately 50 cm in height. 
They are of two types: (i) laminate and 
eglandular, or (ii) filiform with stalked and 
sessile glands. Transitional forms sometimes 
occur in which the basal lamina abruptly 
shifts to the filiform, glandular state. A 
phase shift of another kind occurs when 
juvenile shoots rapidly elongate to form a 
liana, which may be 50 m long at maturity. 
The lianas bear only leaves of the third 
type. These are eglandular but have termi- 
nal midrib extensions bearing paired, cro- 
zier-like hooks reminiscent of tendrils on 
Nepenthes (28). Nepenthes displays a similar 
phase shift from condensed short shoots to 
elongate growth; each phase bears morpho- 
logically distinct pitchers (1, 29). Some 
Drosera species (for example, D. peltata) 
also show this pattern, beginning as juve- 
nile rosettes and elongating upon maturity. 
Leaf form also shifts from spathulate to 
~e l t a t e  in these taxa. Other Droseraceae 
mature in the rosette form (30, 3 1). 

Desuite its urovisional svstematic affini- 
ties, Triphyophyllum provides a morphoge- 
netic link between all carnivores of the 
Droseraceae-Nepenthes group. Concerning 
phylogenetic relationships, the trapping 
mechanism of Triphyophyllum appears to be 
structurally homologous to that of Droso- 
phyllum (28). The filiform leaves of Triphyo- 
phyllum are reversely circinate and its 
stalked and sessile glands are anatomically 
comparable to those of Drosophyllum, albeit 
more elaborate. Like Drosophyllum and 
Drosera, both gland types are fully vascular- 
ized in Triphyophyllum. Vascular organiza- 
tion in the glandular appendages of Triphyo- 
phyllum is typically leaf-like, although dif- 
ferentiation of other cells has been altered 
from leaf-blade production. With strong 
evidence of both morphogenetic and phy- 
logenetic patterns in hand, integrating hy- 
potheses about structural evolutionary pro- 
cesses can be evaluated. 

Process Hypotheses 

The switch from laminate to glandular 
states within single leaves of Triphyophyllum 
suggests that a transmissible stimulus may 
be responsible for altering the pattern of 
differentiation. Indeed, many aspects of 
plant morphogenesis are known to be con- 
trolled by transmissible phytohormones: 
apical dominance, vascular differentiation, 
heterophyllous determination of leaf form, 

phase-shifting from adult to juvenile plant 
morphology, and elongate growth before 
flowering (bolting) in rosette plants (32). 
In a possible response to release from apical 
dominance, axillary short shoots of Triphyo- 
phyllum will again produce juvenile, glan- 
dular leaves if the elongate stem of a mature 
liana is removed (28). Triphyophyllum is not 
readily available for study, but its putative 
relatives in the Droseraceae may provide 
model systems for developmental and phys- 
iological experiments that could address 
specific roles for phytohormones in macro- 
morphological evolution. 

Processes such as changes in the timing 
or placement of developmental events (33) 
may be implicated in the evolutionary his- 
tory of the genus Drosera. If leaves without 
specialized trapping glands and stem elon- 
gation represent ancestral conditions in 
adult plants of the Droseraceae-Nepenthes 
group (compare Triphyophyllum with Nepen- 
thes and related taxa such as Plumbago, 
Rheum and Chenopodianae sensu Thorne; 
Fig. I) ,  then leaves with stalked or sessile 
glands and maturation as a basal rosette 
may result from paedomorphic develop- 
ment (juvenilization) (34). In addition to 
typical laminate appendages, some Austra- 
lian sundews (for example, D. dichrosepala) 
produce specialized leaves with terminal, 
abscising propagules. These gemmae consist 
of nutritive tissue and embrvonic leaf and 
root structures (3 1 ) ;  their appearance in 
place of the trapping lamina is clearly ho- 
meotic and more likely represents a shift in 
cell differentiation rather than develop- 
ment of a de novo structure (35). 

Synthesis 

Carnivorous plants present a mixture of 
homology and analogy in structural evolu- 
tion. The phylogenetic perspective devel- 
oped here has permitted the recognition of 
patterns of (i) structural convergence from 
separate ancestry, and (ii) structural diver- 
gence from common ancestry. Thus, form 
and function appear to be tightly coupled in 
the broad sense of the carnivorous syn- 
drome itself (for example, in Byblis and 
Drosophyllum), but only loosely coupled in 
terms of trap-form diversity in monophyl- 
etic lineages (for example, the Lentibulari- 
aceae). From a phylogenetic perspective, 
carnivory is polyphyletic (Fig. 1). Homol- 
ogy versus analogy in structural gestalts 
such as pitcher plant, which arose from the 
interaction between form and function, has 
become discernable. This distinction is of 
immediate importance in defining patterns 
in the evolutionary history of this unusual 
syndrome; structural homologies of pitcher 
traps ( I ) ,  for example, may now be sought 
in phylogenetically related taxa. Carnivo- 
rous plants provide a conspicuous example 

of the need for phylogenetic information in 
all studies of aneios~erm form and function. - .  

Indeed, the complex, hierarchical na- 
ture of convergent evolution observed be- 
tween distantly related carnivorous plants 
(such as Byblis and Drosophyllum) mirrors 
other highly integrated structure-function 
relationships that are similarly polyphyletic 
in angiosperms [for example, the water lily 
habit (36) as well as C4 photosynthesis 
(37)]. The independent evolution of such 
inclusive suites of characteristics in camivo- 
rous plants might reflect underlying morpho- 
genetic phenomena [such as heterochrony 
and homeosis (33)], which are themselves 
patterns of less-inclusive processes [such as 
phytohormone regulation (32)]. In turn, 
such considerations mav be eeneralized to - 
other aspects of angiosperm structural evolu- 
tion. Bevond the assum~tions discussed here 
lies the unknown importance of forces such 
as natural selection and orthogenesis. De- 
spite blindness to these issues, the under- 
standing gained from phylogenetic hypothe- 
ses of structural evolutionary patterns in 
carnivorous plants suggests an area of re- 
search that could ~rofoundlv affect our un- 
derstanding of angiosperm macroevolution. 
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