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The Closest Living Relatives of 
Land Plants 

Kenneth G. Karol,'* Richard M. McCourt,* Matthew T. Cimino,' 
Charles F. Delwiche' 

The embryophytes (land plants) have long been thought t o  be related t o  the 
green algal group Charophyta, though the nature of this relationship and the 
origin o f  the land plants have remained unresolved. A four-gene phylogenetic 
analysis was conducted t o  investigate these relationships. This analysis sup- 
ports the hypothesis that the land plants are placed phylogenetically within the 
Charophyta, identifies the Charales (stoneworts) as the closest living relatives 
of plants, and shows the Coleochaetales as sister t o  this Charaleslland plant 
assemblage. The results also support the unicellular flagellate Mesostigma as 
the earliest branch of the charophyte lineage. These findings provide insight into 
the nature of the ancestor of plants, and have broad implications for under- 
standing the transition from aquatic green algae t o  terrestrial plants. 

The evolutionary origin of the embryophytes 
(or land plants) from their green algal ances- 
tor was a pivotal event in the history of life. 
This monophyletic group has altered the bio- 
sphere and now dominates the terrestrial en- 
vironment, but uncertainty as to the identity 
of their closest living relatives has persisted 
in the literature after more than a century of 
scrutiny (1-3). Morphological and molecular 
studies have identified two distinct lineages 
within the green plants sensu lato, termed 
Charophyta and Chlorophyta. The Charo-
phyta comprise the land plants and at least 
five lineages (orders) of fresh water green 
algae, and are sister to the Chlorophyta, 
which consist of essentially all other green 
algae. Previous molecular analyses have ver- 
ified monophyly of most of the charophyte 
orders (4-6), but branching patterns among 
these lineages have been only weakly sup- 
ported, with results that were sensitive to 
taxon selection and method of phylogenetic 
reconstruction. Similarly, analyses of mor-
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phological and genome structural data have 
clarified some relationships (7-1 O),but have 
been limited by the number of characters 
available, uncertain homology assessment, 
and a lack of character independence. 

Identifying the closest living relatives of 
land plants has been difficult. Roughly 470 
million years of evolution since the coloniza- 
tion of the land, coupled with rapid radiation 
and numerous extinction events (2, 3, l l ) ,  
has resulted in an inherently difficult phylo- 
genetic problem, with much information 
from the early, common history of evolution 
obscured by subsequent evolution in the now 
independent lineages (1 2). 

To investigate the evolutionary origin of 
land plants and identify the closest living 
relatives of this group, we analyzed DNA 
sequence data from four genes representing 
three plant genomes: atpB and rbcL (plastid), 
nad5 (mitochondrial), and the small subunit 
(SSU) rRNA gene (nuclear). The data set 
used for phylogenetic analyses excludes in- 
trons and unalignable regions for a total 
length of 5 147 base pairs [Appendix 1 (13)] 
(14). We sampled 34 representative charo- 
phytes, including eight land plants, and six 
outgroup taxa [Appendix 2 (13)]. The data 
were analyzed with Bayesian inference (BI), 
maximum likelihood (ML), maximum parsi- 
mony (MP), and minimum evolution with 
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two distance measures [LogDet (ME-ld) and 
maximum likelihood (GTR+ I +T; ME-ml) 
distances] [Appendix 3 (13)l. Both BI and 
ML are probabilistic methods that utilize ex- 
plicit models of sequence evolution to test 
phylogenetic hypotheses. Advantages of BI 
are that it is relatively fast and provides prob- 
abilistic measures of tree strength that are 
more directly comparable with traditional sta- 
tistical measures than those more commonly 
used in phylogenetic analyses (15, 16). To 
measure phylogenetic stability, posterior 
probabilities (PP) as inferred by BI were 
calculated and bootstrapping was performed 
for the ML, MP, and ME analyses. 

Using BI and ML on the combined four- 
gene data set (Fig. l) ,  we found the order 
Charales sister to the land plants with 
strong statistical support (PP = 1.0, ML = 

94) and a monophyletic Coleochaetales sis- 
ter to the Charalesiland plant clade (PP = 

1.0, ML = 59). The MP and ME analyses 
[Appendix 4 (13)] also support the result 
that Charales have a closer relationship to 
land plants than do Coleochaetales (MP = 

80, ME-ld = 97, ME-ml = 92). The overall 
structure of the best tree is consistent with 
previous work in that the classically recog- 
nized orders were also recovered (land 
plants, PP = 1.0, ML = 100, MP = 100, 
ME-ld = 100, ME-ml = 100; Charales, PP 
= 1.0, ML = 100, MP = 100, ME-ld = 
100, ME-ml = 100; Coleochaetales, PP = 
1.0, ML = 62, MP = <50, ME-ld = 75, 
ME-ml = <50; Zygnematales, PP = 1.0, 
ML = 99, MP = 93, ME-ld = 68, ME-ml 
= <50; and Klebsormidiales PP = 1 .O, ML 
= 100, MP = 100, ME-ld = 100, ME-ml = 

100). There was also support for placement 
of the enigmatic filamentous alga Entran-
sia ( 6 )with the Klebsormidiales (PP = 1 .O, 
ML = 77, MP = 77, ME-ld = <50, ME-ml 
= 64). The rare, monotypic genus Chlo-
rokybus was found sister to the remainder 
of the unambiguous charophytes, while all 
analyses strongly support the inclusion of 
Mesostigma within the Charophyta (PP = 
1.0, ML = 97, MP = 100, ME-ld = 100, 
ME-ml = 100). 

The phylogenetic placement of Me-
sostigma, a unicellular, scaly green flagellate 
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has been controversial. Traditionally classi- 
fied with like forms as a prasinophyte, it also 
has been allied with the Charophyta. The 
phylogenetic position of Mesostigma is criti- 
cal to understanding the evolution of form 
and structure in the lineage that gave rise to 
land plants. Like the results presented here, 
analyses of actin sequences place Me- 
sostigma at the base of the Charophyta (1 7), 
and analyses of SSU rRNA gene sequence 
data place it among them (albeit in close 
association with Chaetosphaeridium, a 
grouping not supported by other data) (5, 18). 
By contrast, maximum likelihood analyses of 
amino-acid data from both the plastid and 
mitochondria1 genomes of Mesostigma find 
strong support for placement of this genus as 
sister to all green algae rather than as a basal 
charophyte lineage (19, 20). The latter anal- 
yses differ from those presented here in the 
number of taxa sampled (8 versus 40). When 
divergence times are large and internal 
branches short, limited taxon sampling can 
lead to inaccurate phylogenies (12). If taxon 
sampling explains this conflict, then one 
would predict convergence on the phylogeny 
presented here as additional organellar ge- 
nomes become available. 

Both Charales and Coleochaetales have 
long been considered to be close relatives of 
the land plants (1, 21-23). Key morphologi- 
cal characters uniting these three lineages 
include branched filamentous growth, ooga- 
mous sexual reproduction, and phragmoplas- 

Mdiales r 
ybales 

gmatales 4- 

tic cell division, along with a suite of ultra- 
structural and biochemical features (2). In 
light of similar morphological traits (i.e., pa- 
renchyma-like tissue, placental transfer cell 
wall ingrowths, and zygote retention), the 
genus Coleochaete and, in some instances, a 
single species, C. orbicularis, has been dis- 
cussed as a possible sister taxon to land plants 
(8, 24). Our results indicate that the Co- 
leochaetales are monophyletic and less close- 
ly related to the land plants than the Charales. 
Both Bayesian inference and bootstrap anal- 
yses permit evaluation of alternative hypoth- 
eses; we were unable to identify any alterna- 
tive hypothesis with nontrivial support (25). 

The Charales also share numerous charac- 
teristics with land plants, some of which are 
not found in the Coleochaetales. These in- 
clude gross sperm morphology and ultra- 
structure (26), numerous discoidal chloro- 
plasts per cell, protonemal filaments, com- 
plete absence of zoospores (sperm are the 
only flagellate cells), and encasement of the 
egg by sterile jacket cells (cortication) prior 
to fertilization (10, 21). Our data suggest that 
many of the similarities between Charales 
and land plants reflect homology rather than 
convergent evolution. Cortication of the zy- 
gote reminiscent of that in Charales is found 
in some species of Coleochaete, but occurs 
only after fertilization of the egg, and zygote 
cortication is not thought to occur in Chae- 
tosphaeridium (10). In addition, primary 
plasmodesmata have been confirmed in the 
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Fig. 1. Phylogenetic relationships for Charophyta determined by Bayesian inference from the 
combined four-gene data set. The maximum likelihood tree (-In = 64499.87863) was of identical 
topology. Posterior probabilities are noted above branches and maximum likelihood bootstrap 
values are below branches. The topology is drawn with Cyanophora rooting the tree. Branch lengths 
are mean values and are proportional to the number of substitutions per site (bar, 0.05 substitu- 
tionslsite). Taxonomy is modified from (23). 

Charales, a character shared with land plants 
(27). Although plasmodesmata have been de- 
scribed in Coleochaete, it is unknown wheth- 
er their development is primary or secondary 
in nature. 

Identification of the Charales as the sister 
taxon to land plants with the Coleochaetales 
as sister to the Charales/land plant clade sug- 
gests that the common ancestor of land plants 
was a branched, filamentous organism with a 
haplontic life cycle and oogamous reproduc- 
tion. The early stages of development in the 
Charales involve formation of protonemal fil- 
aments reminiscent of those found in some 
mosses and other land plants, which suggests 
that a similar heteromorphic development 
might have occurred in the common ancestor. 
Other characteristics of this ancestor, includ- 
ing both developmental and biochemical fea- 
tures, may explain not only how their descen- 
dants came to survive on land. but also how 
they ultimately came to dominate terrestrial 
ecosystems. Moreover, the charophytes have 
important applications in a wide range of 
disciplines (Charales in cell biology, Co- 
leochaetales in ultrastructure, and Zygnema- 
tales in physiology) (10). Consequently, a 
robust phylogeny relating these taxa to land 
plants can place this work in an evolutionary 
context and lead to the identification and 
development of appropriate model systems 
for future studies. 

Although it is tempting to envision the 
origin of land plants as having been from 
amorphous pond scum, these data indicate 
that the common ancestor of land plants 
and their closest algal relatives was a rela- 
tively complex organism. The extant 
Charales are the remnants of a once di- 
verse, but now largely extinct, group which 
includes some of the oldest known plant 
fossils [roughly 420 million years ago (Ma) 
from the late Ordovician] (11, 28). While 
the fossil record for the other charophyte 
orders is fragmentary at best (29), the mo- 
lecular phylogenetic data presented here 
(Fig. 1) suggest that these lineages diversi- 
fied more than 470 Ma. While not species- 
rich, these algae hold a key position in the 
tree of life and, consequently, represent an 
important part of eukaryotic diversity. 
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Water Permeation Across 

Biological Membranes: 


Mechanism and Dynamics of 

Aquaporin-I and GlpF 

Bert L. de Groot and Helmut Grubmuller* 

"Real time" molecular dynamics simulations of water permeation through 
human aquaporin-1 (AQP1) and the bacterial glycerol facilitator ClpF are 
presented. We obtained time-resolved, atomic-resolution models of the per- 
meation mechanism across these highly selective membrane channels. Both 
proteins act as two-stage filters: Conserved fingerprint [asparagine-proline- 
alanine (NPA)] motifs form a selectivity-determining region; a second (aro- 
maticlarginine) region is proposed to function as a proton filter. Hydrophobic 
regions near the NPA motifs are rate-limiting water barriers. In AQP1, a fine- 
tuned water dipole rotation during passage is essential for water selectivity. In 
ClpF, a glycerol-mediated "induced fit" gating motion, is proposed to generate 
selectivity for glycerol over water. 

Aquaglyceroporins constitute a large family of energies allow one to study entire water-perme- 
integral membrane proteins that facilitate high- ation events through both proteins by molecular 
ly efficient and specific passive permeation of dynamics (MD) simulations in "real time," 
water and other small uncharged solutes across without the need to accelerate the process by 
biological membranes (1, 2). Osmotic water additional driving forces. 
regulation is essential for all life forms, and The structural models of human AQP 1 (12- 
aquaglyceroporins are found throughout nature, 14) and the atomic structure of GlpF from 
with nearly 300 proteins identified and se- Escherichia coli (15) have confirmed and ex- 
quenced so far. In humans, more than 10 dif- tended the early sequence-based "hourglass" 
ferent aquaporins with specialized functionality model (16): The walls of the pore are formed 
are expressed in tissues as diverse as kidney, by six transmembrane helices, 1 through 6, 
red blood cells, and brain. Malfunctions of connected by five loops, A through E; the pore 
these proteins cause a wide range of diseases, center is formed by the two highly conserved 
including nephrogenic dlabetes insipidus, con- fingerprint asparagine-proline-alanine (NPA) 
genital cataract, and impaired hearing (1, 3, 4). motifs contained in the B and E loops, which 

The human water channel aquaporin-1 fold back into the protein. The C-terminal 
(AQP 1) (Fig. 1) (5)permeates water molecules halves of these two loops form two short helices 
across the membrane at a rate of 3 x lo9 s-I that together form a seventh, kinked transmem- 
per channel (W),with an activation energy brane helix. Despite a wealth of experimental 
nearly as low as the one associated with the data, major issues need to be resolved at the 
self-diffusion rate in bulk water (8). The homol- atomic level: How is this extremely high rate 
ogous bacterial glycerol facilitator GlpF is se- achieved while maintaining strict selectivity? 
lective for glycerol and other linear alcohols (9, How are ions, and particularly protons, exclud- 
10) and shows lower water permeability (10, ed, even though they are known to be conduct- 
11) despite a wider pore. The low activation ed well by hydrogen-bonded water chains (1 7, 

IS)? What is the exact pathway of water mol- 
ecules fhrough the aretheTheoretical Molecular Biophysics Croup, Max Planck 

Institute for Biophysical Chemistry, Am Fassberg 11, differences between AQP1 and G~PF 
37077 Cottingen. Germany. reflected in the permeation mechanism? An 
*To whom correspondence should be addressed. E- especially intriguing question is how G~PF fa-
mail: hgrubmu@gwdg.de cilitates permeation of (larger) glycerol mole- 
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