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AUXIN REGULATION OF AXIAL GROWTH IN BRYOPHYTE
SPOROPHYTES:. ITS POTENTIAL SIGNIFICANCE FOR THE
EVOLUTION OF EARLY LAND PLANTS!
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To identify developmental mechanisms that might have been involved in the evolution of axial sporophytes in early land plants, we
examined the effects of auxin-regulatory compounds in the sporophytes of the hornwort Phaeoceros personii, the liverwort Pellia
epiphylla, and the moss Polytrichum ohioense, members of the three divisions of extant bryophytes. The atered growth of isolated
young sporophytes exposed to applied auxin (indole-3-acetic acid) or an auxin antagonist (p-chlorophenoxyisobutyric acid) suggests
that endogenous auxin acts to regulate the rates of axia growth in al bryophyte divisions. Auxin in young hornwort sporophytes
moved at very low fluxes, was insensitive to an auxin-transport inhibitor (N-[1-naphthyl]phthalamic acid), and exhibited a polarity
ratio close to 1.0, implying that auxin moves by simple diffusion in these structures. Emerging liverwort sporophytes had somewhat
higher auxin fluxes, which were sensitive to transport inhibitors but lacked any measurable polarity. Thus, auxin movement in liverwort
sporophytes appears to result from a unique type of apolar facilitated diffusion. In young Polytrichum sporophytes, auxin movement
was predominantly basipetal and occurred at high fluxes exceeding those measured in maize coleoptiles. In older Polytrichum sporo-
phytes, acropetal auxin flux had increased beyond the level measured for basipetal flux. Insofar as acropetal and basipetal fluxes had
different inhibitor sensitivities, these results suggested that moss sporophytes carry out bidirectiona polar transport in different cellular
pathways, which resembles the transport in certain angiosperm structures. Therefore, the three lineages of extant bryophytes appear
to have evolved independent innovations for auxin regulation of axial growth, with similar mechanisms operating in moss sporophytes

and vascular plants.
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Recent paleobotanical work and molecular sequence anal-
yses have provided new insights into the evolution of early
land plants (for reviews, see Graham, 1993; Kenrick and
Crane, 1997; Niklas, 1997; Bateman et al., 1998; Graham et
al., 2000). In particular, it is firmly established that ancient
charophycean green algae gave rise to the early land plants
(Graham, 1993; Karol et a., 2001). The fossil record from the
Middle Ordovician shows the first microfossils, including ob-
ligate spore tetrads with sporopollenin-impregnated walls, im-
perforate cuticles, and narrow tubes, that can tentatively be
attributed to land plants (Gray, 1985; Edwards and Wellman,
2001; Graham and Gray, 2001). The presence of obligate spore
tetrads is consistent with the interpretation that the earliest land
plants exhibited a bryophyte-grade of structural organization,
at least with respect to spore morphology (Gray, 1985; Graham
and Gray, 2001). Furthermore, available molecular sequence
information supports the perspective that the three extant bryo-
phyte lineages (hornworts, liverworts, and mosses) diverged
earlier than the monophyletic lineage evolving into extant vas-
cular plants (Qiu et al., 1998; Nickrent et al., 2000; Renzaglia
et al., 2000; Karol et al., 2001). However, the macrofossil rec-
ord for putative bryophytes is too fragmentary at present to

L Manuscript received 3 December 2002; revision accepted 9 May 2003.

The authors thank Dr. Linda Graham (University of Wisconsin, Madison,
Wisconsin, USA) for helpful discussions; Drs. Bernard Goffinet and Dan Nor-
ris (University of California, Berkeley, California, USA), David Wagner (Uni-
versity of Oregon, Eugene, Oregon, USA), and William Doyle (University of
California, Santa Cruz, California, USA) for their help in collecting horn-
worts; Drs. Mary Puterbaugh, Francis Mulcahy, and Richard McDowell (Uni-
versity of Pittsburgh, Bradford, Pennsylvania, USA) for their help in collect-
ing liverworts, and Ms. Gina Galmin for photographic assistance.

4 Author for correspondence (telephone, 301-405-1628; fax, 301-314-9082;
e-mail: dbcraig@wam.umd.edu).

auxin; axial growth; bryophyte sporophytes; hornworts; liverworts, mosses; polar auxin transport.

confirm this perspective (Kenrick and Crane, 1997; Niklas,
1997; Bateman et a., 1998; Edwards, 2000; Goffinet, 2000;
Kenrick, 2000).

Living charophycean algae have haplobiontic life cycles,
with a dominant haploid gametophyte and a diploid phase
solely consisting of the zygote that undergoes meiosis to pro-
duce four haploid zoospores (Graham and Wilcox, 2000);
therefore, it is often proposed that the first land plants evolved
amulticellular diploid embryo through the intercal ation of mi-
totic divisions in the zygote prior to sporic meiosis (e.g., Gra-
ham, 1993; Hemsley, 1994; Graham and Wilcox, 2000). The
origin of the embryo, and its subsequent elaboration into a
complex axial sporophyte, was accomplished by several in-
novations critical to the widespread colonization of terrestrial
environments: (1) jacketed sporangia capable of producing nu-
merous meiospores and (2) erect axes that grow above the
gametophyte and are well suited for aerial dispersal of those
spores. In al extant nonseed plants except for a few genera of
specialized aguatic liverworts, the sporophyte is elevated
above the prostrate thallus, low-lying clump, or subterranean
axis of the gametophyte. Moreover, complex sporophytes with
erect axes containing vascular tissue have almost completely
dominated fossil terrestrial flora ever since the early Devonian
period ca. 400 million years ago (my BP) (Taylor and Taylor,
1993; Kenrick and Crane, 1997). Despite the obvious evolu-
tionary significance of erect sporophytes, the botanical litera-
ture is silent about plausible physiological mechanisms that
might have acted to generate the sporophytic axes of early land
plants (Cooke et al., in press).

For several reasons, an examination of the axial sporophytes
of extant bryophytes should reveal useful information for con-
sidering the evolutionary origins of these structures in the ear-
ly land plants. First of all, because bryophytes represent the
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earliest divergent lineages of extant land plants, one bryophyte
lineage may have retained the ancestral process that these
plants used to generate axial sporophytes. Secondly, bryophyte
embryos first develop as spherical or oblong structures, almost
all of which will eventually undergo polarized growth to form
the tripartite axes characteristic of mature bryophyte sporo-
phytes (Smith, 1955; Bold et a., 1987; Crum, 2001). Bryo-
phyte embryogenesis can thus be said to consist of an initial
stage of spherical growth and a subsequent stage of axis elon-
gation, which parallels the most plausible scenario for the evo-
lution of early land plant sporophytes (Graham, 1993; Hems-
ley, 1994; Niklas, 1997). Finaly, each bryophyte division uti-
lizes unique morphological processes for generating its axes
(Doyle, 1970; Crum, 2001), which raises the possibility that
further investigation may disclose the common origin of the
sporophytic axes of one bryophyte lineage and the vascular
plants. Of particular interest is the opportunity to use devel-
opmental evidence in order to evaluate alternative hypotheses
concerning the phylogenetic relationships among bryophyte
lineages and other related lineages (Kenrick and Crane, 1997,
Bateman et al., 1998; Qiu et al., 1998; Goffinet, 2000; Nick-
rent et a., 2000; Renzaglia et al., 2000; Karol et a., 2001,
Delwiche et al., in press).

Because the embryos of al land plants, including angio-
sperms, have similar spherical and axial stages (Bold et al.,
1987; Gifford and Foster, 1989; Cooke et a., in press), it is
appropriate to utilize current knowledge about auxin regulation
of axis elongation during angiosperm embryogenesis as the
starting point for designing working hypotheses about the
same process in young bryophyte sporophytes. In angio-
sperms, the hormone auxin (indole-3-acetic acid) regulates
both phases of embryo development through several mecha
nisms such as aternative pathways for auxin biosynthesis, ho-
meostatic control over auxin levels, and auxin concentration
gradients (Cooke et a., in press; Ljung et a., 2002; Ribnicky
et al., 2002). For example, a pronounced surge in free auxin
levels appears to mediate the rapid cell proliferation during the
initial stage of carrot zygotic embryogenesis (Ribnicky et al.,
2002). Specific inhibitors of polar auxin transport are reported
to block or alter subsequent polarized growth in the devel oping
embryos of many angiosperms (Schiavone and Cooke, 1987;
Liu et a., 1993; Fischer et al., 1997; Hadfi et al., 1998). Re-
cent molecular investigations have substantiated the interpre-
tation from physiological experiments that auxin acts as the
key regulator of axis elongation during angiosperm embryo-
genesis (Souter and Lindsey, 2000; Hamann, 2001). For ex-
ample, in Arabidopsis, gnom mutant embryos develop into en-
larged spherical structures unable to initiate a polarized growth
axis. The molecular basis of the gnom phenotype appears to
be that the embryos fail to localize the auxin efflux carrier
PIN1 in the proper position for carrying out polar auxin trans-
port (Steinmann et al., 1999).

Unfortunately, few researchers have investigated auxin bio-
synthesis, movement, or action in bryophyte sporophytes (for
review, see Cooke et al., 2002). In liverworts, auxin-treated
setae elongate at more than twice the rates observed in control
setae (Schnepf et al., 1979; Thomas, 1980). In addition, an
auxin antagonist markedly reduced elongation rates of Pellia
setae, which suggests very strongly that seta elongation is prin-
cipally regulated by endogenous auxin under normal condi-
tions. Nevertheless, agar-block studies involving long-term
equilibration resulted in similar levels of auxin accumulation
in both donor and receiver blocks, regardless of seta orienta-
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tion (Thomas, 1980). These results hinted at the possibility
that axial auxin movement is not polarized in Pellia setae;
however, lateral auxin movement did appear to mediate pho-
totropic curvature of these setae (Ellis and Thomas, 1985). The
only observations available on the auxin responses of moss
sporophytes come from the work of French and Paolillo
(19754a), who observed that high levels of exogenous auxin
could slightly increase the elongation of intact Funaria spo-
rophytes growing attached to the gametophytes and could par-
tially compensate for the inhibitory effect of apical decapita-
tion under the same growth conditions. There is no current
evidence of polar auxin transport being involved in axia
growth of bryophyte sporophytes.

By contrast, in many structures of vascular plant sporo-
phytes, auxin movement often occurs by polar transport in
which auxin moves in a specific, generally basipetal, direction
over a short distance through transporting cells (Goldsmith,
1977; Lomax et d., 1995). In the chemiosmotic model, the
electrochemical H* gradient across the plasma membrane is
the ultimate driving force for polar transport (Raven, 1974;
Rubery and Sheldrake, 1974; Goldsmith, 1977). Apoplastic
indole-3-acetic acid (IAA) in the cell wall (pH 5) is thought
to cross the plasma membrane passively as protonated indole-
3-acetic-acid (IAAH) (pKa 4.7) or via the IAA-influx carrier
AUX1 acting as a proton symporter (Bennett et al., 1996) at
the apical ends of transporting cells (Swarup et al., 2001).
Indole-3-acetic acid in the cytosol (pH 7) is transported back
into the apoplast via |AA-efflux carriers encoded by the PIN
genes in Arabidopsis (Muller et al., 1998; Steinmann et al.,
1999). Therefore, the polarity of auxin transport is usualy at-
tributed to the asymmetric localization of auxin carriers at op-
posite ends of the transporting cells (Jacobs and Gilbert, 1983;
Estelle, 1998; Palme and Galweiler, 1999; Swarup et al.,
2000).

Both the influx and efflux carriers are sensitive to severa
inhibitors. The compounds N-(1-naphthyl)phthalamic acid
(NPA) and 2,3,5-triiodobenzoic acid (TIBA) have traditionally
been used to inhibit the efflux component of the polar auxin
transport mechanism (Thomson et al., 1973). The NPA acts as
a phytotropin to inhibit both lateral and axial auxin transport,
but the inhibitory effects of TIBA are restricted to axia trans-
port (Lomax et al., 1995). The influx carrier is sensitive to (1-
napthoxy)acetic acid (NOA) (Imhoff et al., 2000; Parry et al.,
2001). Although these inhibitors were originally thought to act
directly on the auxin carriers (Thomson et a., 1973; Lomax
et a., 1995), more recent work has suggested that the efflux-
carrier inhibitors may instead interfere with the membrane-
trafficking system responsible for inserting the carriersinto the
plasma membrane (Geldner et a., 2001). Nevertheless, these
inhibitors at low concentrations have their more pronounced
effects on those developmental processes that depend on auxin
transport.

The overall objective of this paper is to characterize therole
that auxin plays in the axial elongation of the sporophytes of
common plants representing the three divisions of extant bryo-
phytes. Our aim is to use the information gathered to aid our
consideration of the evolutionary origins of these structuresin
the early land plants. Intact sporophytes of the hornwort Phae-
oceros pearsonii (Howe) Prosk., the liverwort Pellia epiphylla
(L.) Corda, and the moss Polytrichum ohicense Renauld &
Cardot were exposed to exogenous auxin as well asto an auxin
antagonist to evaluate whether auxin acts to regulate axial
elongation in these sporophytes. Conventional agar-block tech-
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niques for measuring polar transport of radiolabelled auxin
were modified to accommodate the small cross-sectional areas
of bryophyte sporophytes. Those techniques were then applied
to measure auxin transport in axial sections in the absence or
presence of inhibitors that affect various transport steps. These
experiments demonstrated that auxin plays distinctive rolesin
the regulation of axial growth of the sporophytes from differ-
ent bryophyte divisions. This knowledge has significant im-
plications for our considerations about the origins of axia spo-
rophytes in the early land plants.

MATERIALS AND METHODS

Plant material—Phaeoceros pearsonii gametophytes bearing young spo-
rophytes were collected on Thurber Road in Santa Cruz, California, USA, by
Drs. Daniel Norris and William Doyle. Pellia epiphylla gametophytes with
preemergent sporophytes were collected on the campus of the University of
Pittsburgh at Bradford in Bradford, Pennsylvania, USA, with the assistance
of Drs. Francis Mulcahy and Mary Puterbaugh. Polytrichum ohioense ga-
metophytes with dormant sporophytes were collected on the campus of the
University of Maryland in College Park, Maryland, USA. All three species
were grown on soil from the origina habitat at room temperature under ca.
100 pwmol - m=2 - s7* of fluorescent light until the young sporophytes reached
the desired length of 1 cm. Older moss sporophytes 2-3 cm in length were
also used in certain experiments. Coleoptiles of Zea mays cv. Jubilee (R H
Shumways, Graniteville, South Carolina, USA) were grown in the dark for 4
d after which they received 8-10 h of red light at 2.46 wmol - m~2 - s~* before
being returned to darkness until used. The coleoptiles were cut just above the
soil line and then scored to remove the primary leaf from the center of the
coleoptile so that only coleoptile tissues were used.

Growth response assays—Stock solutions (10-2 mol/L) of p-chlorophen-
oxyisobutyric acid (PCIB) (Aldrich Chemical Company, Milwaukee, Wiscon-
sin, USA) or indole-3-acetic acid (IAA) (Sigma, St. Louis, Missouri, USA)
were prepared in 95% ethanol and then were added to 0.7% cool molten
phytoagar (Sigma) to obtain final concentrations of 10-5 mol/L in 100 X 15-
mm polystyrene petri dishes. An equivalent amount of 95% ethanol was added
to the control plates. Intact sporophytes of Phaeoceros pearsonii, Pellia epi-
phylla, and Polytrichum ohioense were carefully dissected from surrounding
gametophytic tissue under a dissecting microscope. Polytrichum sporophytes
were completely removed from the gametophyte, while the sporophyte of
Pellia epiphylla and Phaeoceros pearsonii were dissected with minimal ga-
metophytic tissue remaining near the foot that could not be removed because
of the delicate nature of the structures. Then 25-30 sporophytes for each
treatment were placed horizontally on the agar surface of the petri plates, their
original lengths were measured with the ocular micrometer of a dissecting
microscope at 75X magnification. The dishes were placed in the constant
darkness except for brief intervals needed to measure their lengths under the
dissecting microscope every 24 h. The data from each treatment of each
species were presented as the mean net growth of the sporophytes at each 24-
h interval = the standard error among replicate sporophytes.

Auxin transport assays—T he experiments designed to measure auxin trans-
port in bryophyte sporophytes were carried out using conventional agar-block
methods (McCready and Jacobs, 1963; Mitchell and Livingston, 1968), mod-
ified to accommodate the small cross-sectiona areas of bryophyte sporo-
phytes. All donor blocks contained 10 mol/L 5-[*H]-IAA (specific activity
of 25 Ci/mmol, American Radiolabeled Chemicals, St. Louis, Missouri, USA),
and receiver blocks were composed either of water agar or 10-5 mol/L N-(1-
naphthyl)phthalamic acid (NPA) (Pfaltz and Bauer, Stamford, Connecticut,
USA). NPA stock (102 mol/L) in 95% ethanol was added to molten Bacto-
agar (Difco Laboratories, Detroit, Michigan, USA) and alowed to cool in a
3-mm-diameter glass tube to create receiver blocks with a fina concentration
of 10-° mol/L NPA. Sporophyte sections 5 mm in length were cut with a
miniature scalpel (Roboz Surgical Instruments, Rockville, Maryland, USA)
from the midregion of the setae of Polytrichum ohioense and Pellia epiphylla.

PoL1 ET AL.—AUXIN REGULATION OF BRYOPHYTE SPOROPHYTES

1407

Sections (5 mm) were similarly cut from the immature capsule located just
above the intercalary meristem of Phaeoceros pearsonii. These sections were
placed in a horizontal orientation between the 3-mm-diameter cylindrical do-
nor and receiver blocks of 1.8% Bactoagar mounted on microscope slides
under a glass chamber designed to maintain high humidity at room temper-
ature. A physical gap separated the lanolin-mounted slides to ensure that no
capillary movement of water occurred between the agar blocks. Single time
point experiments for characterizing the transport polarity and inhibitor effects
in each species utilized 5-15 sporophyte sections, which were placed in the
transport chamber for 3 h. Time course experiments for measuring the ac-
cumulated amount of basipetal transport in each species used five different
sections for each time point taken every hour for 5 h. In either case, the
receiver block from each section was placed in 5 mL of Biosafe || scintillation
fluid overnight and then counted for 5 min in an LKB Wallac 1219 Rack Beta
liquid scintillation counter (95% counting efficiency, LKB Instruments, Gai-
thersburg, Maryland, USA). Identical methods were used for measuring auxin
transport in 5-mm sections obtained 1.0 cm below the apical region of Zea
mays coleoptiles.

Additional experiments were run to evaluate auxin transport in the setae of
older sporophytes (2-3 cm in length) of Polytrichum ohioense. Experiments
were carried out in the same manner as the assay described earlier with the
variation that 10~° mol/L NPA or 10-° mol/L NOA (Aldrich Chemical Com-
pany) was added to both the donor and the receiver blocks. The NOA was
dissolved in 95% ethanol at a stock concentration of 102 mol/L. The control
donor and receiver blocks had 1% (v/v) 95% ethanol added to simulate the
amount of added ethanol in the inhibitor solutions of the other trials. The
transport assay was run on 10 sporophytes for each treatment for 3 h. Identical
methods were used for measuring auxin transport in Zea mays coleoptiles
obtained as described earlier.

Data analysis for transport experiments—All counts per minute (cpm)
from the liquid scintillation counter were divided by the counting efficiency
to yield the corresponding disintegrations per minute (dpm), which were con-
verted into curies (2.2 X 10° dpm = 1 Ci) and then into moles by dividing
by the specific activity of [*H]-IAA (25 Ci/mmol) reported by the manufac-
turer. Time course data for basipetal transport were directly plotted as amount
(fmal) vs. time (h). The slope of each best-fitted line represented the intensity
(amount per unit time) of basipetal transport. Basipetal transport velocity (dis-
tance per unit time), which corresponded to the transport rate of the first
molecules to reach the receiver block, was calculated as the length of the
section divided by the x-intercept of the line. Transport flux (amount per unit
area per unit time) was calculated by dividing the transport intensity by the
cross-sectional area of each section, as determined from measuring the di-
mensions of the seta, capsule, and coleoptile section with an ocular micro-
meter in adissecting microscope. Cross-sectional areas for solid moss sections
were calculated by the formula wr2, where r is the radius, and for hollow
liverwort and hornwort sections by the formula w(r,2 — r?), wherer, is the
outer radius and r; is the inner radius. Cross-sectional areas for hollow ellip-
tical maize coleoptiles were calculated by the formula m(RR, — r?), where
R, is the minor outer radius of the ellipse, R, is the major outer radius of the
ellipse, and r is the radius of the hollow inner circle. Transport polarity was
calculated as the ratio of basipetal transport intensity to acropetal transport.
Percentage inhibition was calculated as the ratio of transport intensity in in-
hibited structures vs. the transport intensity in control structures times 100%.
The data are presented as the mean = the standard error among replicate
sections.

RESULTS

General sporophyte morphology—In general, aimost all
sporophytes of the three lineages of extant bryophytes mature
as tripartite linear structures, but the developmental processes
responsible for generating these sporophytes are strikingly dif-
ferent in the three lineages (Smith, 1955; Bold et a., 1987;
Renzaglia et a., 2000; Crum, 2001). The mature sporophyte
of the representative liverwort Pellia epiphylla develops an
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Fig. 1. A-C. The sporophytes of Pellia epiphylla. A. Gametophytes bearing sporophytes. B. Detached sporophyte. C. Drawing of longitudinal section of
sporophyte. Reprinted with permission from Watson (1971). D-F The sporophytes of Phaeoceros pearsonii. D. Gametophytes bearing sporophytes. E. Detached
sporophyte. F Drawing of longitudinal section of sporophyte. Reprinted with permission from Watson (1971). G-l. The sporophytes of Polytrichum ohioense.
G. Gametophytes bearing sporophytes. H. Detached sporophyte. |. Drawing of longitudina section of sporophyte. Reprinted with permission from Bold (1973).
Abbreviations: C, capsule; S, seta; F, foot; Im, intercalary meristem; |, involucre; s, sporophyte; g, gametophyte.

apical capsule, a basal foot, and an intermediate seta (Fig. 1A-
C). The liverwort embryo differentiates into three tiers des-
tined to develop into those three structures in the mature spo-
rophyte. Subsequently, the unexpanded sporophyte remains
protected by the enlarged calyptra and the adjacent involucre
while the capsule undergoes precocious differentiation to pro-
duce mature spores and narrow elators (Fig. 1B). The unex-
panded setais uniformly composed of unspecialized cellslack-
ing any differentiation (Thomas, 1980). When the environ-
mental conditions are conducive to spore dispersal, the seta
cells start rapidly absorbing water resulting in diffuse cell
elongation in the absence of compensatory cell division or
substantial wall biosynthesis (Thomas and Doyle, 1976). This
simple turgor-driven mechanism mediates seta elongation at a
rate approaching 1 mm/h (Watson, 1971). Therefore, it appears
that the sole purpose of the ephemera liverwort seta is to
suddenly elevate the mature capsule above the gametophyte to
effect the almost simultaneous dispersal of its spores.

The mature sporophyte of a typical hornwort like Phae-
oceros pearsonii consists of a linear sporangium and a basal
foot with an intervening intercalary meristem that divides to
generate new sporangia cells throughout sporophytic growth
(Fig. 1D-F). The hornwort embryo also exhibits a basal tier
destined to become the foot and an apical tier representing the
future tip of the capsule (Campbell, 1918; Smith, 1955; Crum,
2001). The intermediate tier develops into a narrow band of
dividing cells called an intercalary meristem that undergoes

unifacial divisions on its capsule side, with the result that the
new cells compose almost the entire capsule (Fig. 1F). The
persistent activity of the intercalary meristem generates an in-
determinate capsule, in which spore development is a sequen-
tial process with new sporogenous cells originating near the
meristem and mature spores being released from distal regions
over several months. Thus, the axis of the hornwort sporo-
phyteis largely composed of the linear capsuleitself (Fig. 1F),
in marked contrast to the elongated setae of the other bryo-
phytes.

The mature sporophyte of the mosses, such as Polytrichum
ohioense, can also be divided into a foot, seta, and capsule
(Fig. 1GH). The young Polytrichum sporophyte grows as a
bipolar structure with transient apical cells at opposite poles.
The activity of these apical cells and their derivatives results
in the javelin-shaped structure illustrated in Fig. 1H (Smith,
1955; Lal and Bhandari, 1968; Bold et al., 1987; Crum, 2001).
Subsequently, an intercalary meristem arises near the base of
the future capsule, and the unifacial activity of this meristem
is responsible for generating all the remaining seta cells
(French and Peolillo, 1975b). Because seta elongation in the
mosses depends in part on repeated cell divisions, it is a grad-
ual process, as opposed to the rapid growth of liverwort setae
by simple cell elongation. The Polytrichum seta has consid-
erable cellular differentiation with an outer epidermis, an un-
derlying cortex, and a central strand composed of water-con-
ducting cells called hydroids, sugar-conductive cells called
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Fig. 2.

In vitro growth of isolated sporophytes of Phaeoceros pearsonii, Pellia epiphylla, and Polytrichum ohioense measured every 24 h for 72 h in

response to control medium (M), indole-3-acetic acid (A), or p-chlorophenoxyisobutyric acid (1). Data are presented as means + 1 SE among 25-30 replicate

sporophytes.

leptoids, and supportive stereids (Hébant, 1977). Although
spore maturation is a simultaneous process within the late-
maturing capsule, the spores are gradualy disseminated in
most mosses due to the activity of the peristome.

Auxin effects on axial elongation—Young sporophytes
from Phaeoceros pearsonii, Pellia epiphyll, and Polytrichum
ohioensis were isolated from their respective gametophytes
and exposed to an auxin (IAA) or an auxin antagonist (PCIB)
at a concentration of 10-5 mol/L to determine if auxin acts to
regulate axis elongation in bryophyte sporophytes. The elon-
gation responses of 25 sporophytes exposed to each treatment
were measured every 24 for 72 h (Fig. 2).

Immature sporophytes of Phaeoceros pearsonii ranged in
length from 4 to 14 mm at the start of the experiment. Control
sporophytes exhibited a mean increase of 0.39 mm in the first
day and 0.06 mm over the next 2 d for a total mean increase
of 0.45 mm. The growth response of these hornwort sporo-
phytes was almost identical to that of the IAA treatment, with
amean increase of 0.34 mm in the first 24 h and a total mean
increase of 0.47 mm for the entire experiment. However, horn-
wort sporophytes subjected to the PCIB treatment grew only
0.18 mm over 3 d, which represented a 60% reduction in total
growth relative to the control sporophytes.

The initial lengths of immature setae of Pellia epiphylla
ranged from 8 to 24 mm at the beginning of the experiment.
Liverwort sporophytes in the controls elongated an average of
16.29 mm over 72 h, while the IAA-treated sporophytes grew
25.90 mm over the same interval, which means that IAA pro-
moted the elongation of liverwort setae by 58%. The liverwort
sporophytes grown in the PCIB treatment had a mean total
increase of 17.53 mm, which was not significantly different
from the control response.

The young sporophytes of Polytrichum ohioense, which had
initial lengths of 12 to 21 mm, grew rather consistently within
each treatment during the entire experiment. Moss sporophytes
displayed a total mean increase of 0.82 mm in the control
treatment vs. 1.30 mm and 0.72 mm in the IAA and PCIB
treatments, respectively. Thus, IAA caused an increase in total
elongation approaching 60% in these sporophytes.

In conclusion, overall growth rates of young Pellia and Po-
Iytrichum sporophytes significantly increased in response to
exogenous |AA, but they did not respond to the anti-auxin
treatment. By contrast, young Phaeocer os sporophytes reacted
with the opposite sensitivity to these experimental treatments.

The experiment thus suggested that endogenous |AA acts to
regulate axis elongation in al three bryophytes.

Time course of basipetal auxin movement—Axial sections
from the sporophytes of Phaeoceros pearsonii, Pellia epi-
phylla, and Polytrichum ohioense and from the coleoptiles sec-
tions of Zea mays were placed into a conventional agar-block
apparatus with *H-IAA in the donor blocks to determine the
time course of basipetal movement. The amount of *H-IAA
was measured in the receiver blocks every hour for 5 h to
construct the curves depicted in Fig. 3 and characterized in
Table 1.
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Fig. 3. Basipeta auxin movement in isolated sporophytes of Phaeoceros
pearsonii (open circles), Pellia epiphylla (closed circles), and Polytrichum
ohioense (closed triangles) and in isolated coleoptiles of Zea mays (open tri-
angles) in an agar-block apparatus over 5 h. Data are presented as means = 1
SE among five to 15 replicate structures for every collection of each species
a each hour.
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TaBLE 1. Key parameters characterizing basipetal auxin transport in three bryophyte sporophytes and in maize coleoptile. The equations correspond

to the best-fit lines calculated on the basis of the amount of radioactivity in the receiver blocks at each hour starting at 1 h, as depicted in

Fig. 3.

Mean
Velocity cross-sectional Flux
Organism Structure Best-fit line (mm/h) area (mmg) (fmol - mm=2-s?%)

Phaeoceros pear sonii Immature capsule y=10x + 1.6 n/da 0.17 1.6 X 103
Pellia epiphylla Young seta y = 44x — 3.2 6.9 0.21 59 X 103
Polytrichum ohioense Young seta y = 23.2x — 13.0 8.9 0.14 4.6 X 1072
Zea mays Coleoptile y = 219.3x — 101.8 11.0 1.99 3.1 X 102

anot determined.

Time course data from immature sporophytes of Phaeoceros
pearsonii were represented by the liney = 1.0x + 1.6 (see
Table 1, Fig. 3) whose slope corresponded to 1.0 fmol auxin
moved per hour. The velocity (distance per unit time) of auxin
transport could not be resolved for Phaeoceros sporophytes
because the limited amount of auxin transported resulted in a
best-fit line that did not cross the x-axis. Hornwort sporophytes
had a mean cross-sectional area of 0.17 mm?, which meant
that their basipetal flux of auxin movement was equal to 1.6
X 1072 fmol - mm~2 - s%. Instead of using the conventional
term of auxin amounts to compare auxin movement among
the different structures, auxin fluxes were utilized here to nor-
malize the profound size differences among these structures.
Auxin movement in young setae of Pellia epiphylla was
characterized by the liney = 4.4x — 3.2. Extrapolating this
line to the x-axis resulted in the calculated auxin movement
velocity of 6.9 mm/h. These setae had an average cross-sec-
tional area of 0.21 mm?, with a calculated flux of 5.9 X 10-2
fmol - mm~2 - s 1. Thus, the auxin flux in Pellia setae was
over 3.5-fold higher than the flux in Phaeoceros sporophytes.
Time course data for the young setae of Polytrichum
ohioense were best represented by theliney = 23.2x — 13.0,
which led to a predicted velocity for auxin movement of 8.9
mm/h. Moss setae displayed a mean cross-sectional area of
0.14 mm2, which was somewhat less than that of the other
two bryophyte sporophytes. However, their basipetal flux of
4.6 X 1072 fmol - mm=2 - s°* was almost 30 times higher
than the flux in Phaeoceros sporophytes and almost eight
times higher than the flux in Pellia sporophytes.

Even though the maize coleoptile is a hollow structure, it
offers amuch greater cross-sectional area for auxin movement

(2.99 mm?) than do the bryophyte sporophytes. The liney =
219.3x — 101.8 best represented the time course data for
maize coleoptiles, which had a transport velocity of 11 mm/
h. Their slope of 219.3 fmol auxin transported per hour is
approximately 10-fold higher than the slope of the movement
in moss sporophytes. However, the auxin flux in maize cole-
optiles was 3.1 X 1072 fmol - mm~=2 - s %, which is 67% of
the flux recorded in Polytrichum sporophytes. Thus, the moss
sporophyte appears to have evolved a mechanism for moving
auxin that is comparable to those acting in flowering plant
structures.

Polarity and inhibitor sensitivity of auxin movement—~Po-
lar auxin transport in flowering plants is typically sensitive to
certain inhibitors (see Introduction). Thus, to compare this pro-
cess in bryophyte sporophytes vs. maize coleoptiles, auxin
movement was characterized in both acropetal and basipetal
directions in the presence or absence of these inhibitors.

Control sections from immature capsules of hornwort spo-
rophytes transported 5.9 = 0.7 fmol (326 = 39 dpm) H-IAA
in the basipetal direction and 6.1 = 0.3 fmol (337 = 14 dpm)
in the acropetal direction during 3-h experiments, which re-
sulted in a basipetal to acropetal (B/A) polarity ratio of 1.0
(Table 2). The absence of evident auxin polar transport, along
with the very low levels of auxin movement measured in Fig.
2, suggests that auxin movement may result from simple dif-
fusion in hornwort sporophytes. The addition of the inhibitor
NPA to the receiver block had virtually no effect, which is
consistent with an apparent lack of an auxin transport appa-
ratus (Table 2). Thus, this experiment suggested that auxin

TaBLE 2. Transport polarity and NPA sensitivity of auxin transport in three bryophyte sporophytes and a maize coleoptile placed in the agar-block
apparatus for 3 h. Data are presented as the mean = the standard error among 5-15 replicated structures. Abbreviations: dpm, disintegrations
per minute; B/A, basipetal to acropetal; NPA, N-(1-naphthyl)phthalamic acid.

Basipetal transport Acropetal transport

Polarity
Organism Structure Treatment dpm fmol dpm fmol B/A
Phaeoceros pearsonii Immature capsule Control 326 = 39 59 + 0.7 337 14 6.1 *03 1.0
105 mol/L NPA 365 + 29 6.6 = 0.5 320+ 29 58+ 05 —
Percent inhibition 0 6 —
Pellia epiphylla Young seta Control 461 = 97 84+ 18 416 = 49 7.6 = 09 11
10-5 mol/L NPA 205 + 16 3703 277 =45 50+ 0.8 —
Percent inhibition 56 33 —
Polytrichum ohioense Young seta Control 3793 = 444 69.0 = 8.1 409 = 36 74 07 9.3
10-5 mol/L NPA 3165 + 556 575 = 10.1 352 +16 64+ 03 —
Percent inhibition 17 14 —
Zea mays Coleoptile Control 233972 + 5088 4254 + 92.5 347 =52 63*09 674
10-° mol/L NPA 2433 + 388 42 + 71 33952 6.2+*10 —
Percent inhibition 99 2 —
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efflux carriers are absent from hornwort sporophytes and/or B%
they are almost completely insensitive to transport inhibitors. % o 581 o~ ~u
Seta sections from Pellia epiphylla sporophytes were simi- 5% 52l 1a3 l9g
larly measured to have a B/A ratio of 1.1 (Table 2), suggesting g % =
that auxin movement also lacks polarity in these sporophytes. S 3
However, 10-5> mol/L NPA in the receiver blocks reduced ba- §5 ~
sipetal movement from 8.4 + 1.8 fmol to 3.7 = 0.3 fmol auxin e @' g 95 22
(56% inhibition) and acropetal movement from 7.6 + 0.9 fmol O (& B+ H A H A
to 5.0 = 0.8 fmol (33% inhibition). This sensitivity to NPA S< ||lz| T|Nw® moo
suggests that auxin efflux carriers are present in liverwort spo- 29 |12 SN 588
rophytes. The somewhat higher NPA-mediated inhibition of ‘gﬁ <
basipetal transport implies that efflux carriers may be some- %Q oo Ouo
what more likely to reside near the basal ends of seta cells. e 238 J49
The B/A ratio of 9.3 of the control setae of Polytrichum 5 & E [ 41+ 4 4+ 4
ohioense sporophytes confirmed basipetal auxin transport (Ta- g E "I3N2 289
ble 2). However, the addition of NPA in the receiver blocks 55 Ba5 AXS
effected only dlight, but equivalent inhibitions of basipetal )
transport (17%) and acropetal transport (14%). These results ==
could be attributed to preferential but not exclusive distribu- = @’ -5
tion of auxin efflux carriers to basal locations, even though ?E:", 8z PEREN
the carriers and/or their intracellular transport system were ap- 2 Be| ¥ 0
parently insensitive to NPA. Because of the structural com- 8 8:_’
plexity of the Polytrichum seta, a second possibility was that Bz
basipetal and acropetal transport might occur in the peripheral Sy
cortex and central vascular strand, respectively, within the Po- 62 © 16N o o S
lytrichum seta. RE .| _|©v¥0 Ro
By contrast, maize coleoptiles exhibited a B/A ratio of 674, L 8] A4+
which means that auxin transport is amost exclusively basip- o2 |8 %3 N @ g o
etal in these structures. NPA caused a 99% inhibition of ba- %-% T ow 8 §
sipetal transport, but it did not affect the negligible amount of g = 7 o
acropetal transport. £e ||¢
The possibility that Polytrichum setae might have two op- 2 2 o
posing pathways for auxin transport was evaluated by exam- 7 £ too ol
ining the transport capabilities of older moss sporophytes, 85 O3 858
which would presumably contain more mature vascular tissue. €y E 44+ 44+
Transport assays were performed in the agar-block apparatus 3 5 9h g 98N
as before in the presence or absence of the inhibitors of the 58 B5& SR
auxin influx carrier (NOA) and the auxin efflux carrier (NPA). £ g & @
In these experiments, 10-5 mol/L NPA or 10-5 mol/L NOA 5 2
were incorporated into both the donor and receiver blocks to g
ensure effective inhibition. é g £S5 &8
In the control experiments, older moss sporophytes trans- £8 .| zz zz
ported 54.6 = 8.6 fmol of auxin in the basipetal direction over § 5 gl ag ag
3 h (Table 3), which is roughly similar to the basipetal trans- 5 % l528 588
. = = Pud
port in younger moss sporophytes (Table 2). However, acrop- > Eowo Eeo o
etal auxin transport in older sporophytes was 61.7 + 14.7 fmol o) 399 8859
(Table 3), which is almost nine times higher than the acropetal g =t
transport in young sporophytes (Table 2). Auxin transport in 8 o
older sporophytes was strongly affected by NPA: basipetal 8¢
transport was reduced to 31.9 *+ 4.5 fmol (41.4% inhibition) 55 S
while acropetal transport was decreased to 24.8 = 4.5 fmol €65 g © §
auxin (59.9% inhibition). NOA application resulted in only 4% i) g 3|3 bS]
inhibition of basipetal transport but 64.7% inhibition of acrop- i 8 © ©
etal transport. The enhanced levels of acropeta transport and -‘é%
its pronounced sensitivity to NOA suggest that the bidirec- 5B
tional auxin transport occurs in Polytrichum sporophytes via Sg 2
two different pathways. On the other hand, the control cole- §+| §
optile sections of Zea mays transported 12266.6 + 717.8 fmol 5§ g
auxin in the basipetal direction. NPA greatly decreased this FE & £
transport to 54.3 = 6.9 fmol auxin (99.6% inhibition). Acrop- - 2 g 2 Q
etal transport in coleoptile sections was less affected by NPA w g %2 g
because 47.3 + 2.5 fmol auxin was reduced to 39.8°= 4.0 E > g
fmol (15.7% inhibition). With the addition of NOA to the re- = o N
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ceiver blocks, both basipetal and acropetal auxin transport de-
creased substantially in maize coleoptiles by 52.6% and
34.5%, respectively.

DISCUSSION

Auxin regulation of axis elongation—The sporophytes of
three different bryophytes in this paper exhibit distinctive pro-
cesses of axial elongation, which correlate with the profound
differences in their auxin responses. The linear sporophytes of
the hornwort Phaeoceros pearsonii do not develop specialized
setae for axis elongation, but instead they have a persistent
intercalary meristem that generates an elongated capsule. Al-
though the auxin-antagonist experiment suggests that endog-
enous auxin regulates the activity of this meristem, this auxin
appears to move by simple diffusion in the apoplast of the
elongating capsule without any detectable polarity or carrier
activity. The sporophytes of the liverwort Pellia epiphylla and
of the moss Polytrichum ohioense have both evolved inter-
vening setae that are specialized for axis elongation. Liverwort
setae are uniformly composed of parenchymatous cells, which
elongate by means of diffuse growth (Thomas, 1980). Our
results confirm that this elongation processis sensitive to auxin
levels, as was reported in earlier work (Schnepf et al., 1979;
Thomas, 1980). Even though auxin does not exhibit polar
movement within Pellia setage, the experiments with transport
inhibitors reveals that its movement does involve the activity
of transmembrane auxin carriers in seta cells. Thus, this type
of auxin movement can be classified as apolar facilitated dif-
fusion.

By contrast, young moss setae devel op a subapical meristem
beneath the apica region destined to become the capsule
(Wenderoth, 1931; French and Paolillo, 1975b). In addition,
the older setae of many mosses, including Polytrichum
ohioense, develop a central strand of vascular tissue (Hébant,
1977). Therefore, the cell types and meristematic activity in
Polytrichum setae are somewhat similar to those features in
vascular plant axes. This paper has presented considerable ev-
idence that auxin acts to regulate the elongation of Polytri-
chum setae. In young setae, exogenous auxin mediates a 50%
increase in axis elongation, and it undergoes polar transport in
the basipetal direction at a flux (amount per cross-sectional
area per unit time) greater than the flux measured in maize
coleoptiles. In older setae, auxin is transported at high ratesin
both directions. In light of the differing inhibitor sensitivities
of acropetal and basipetal transport, they may occur in separate
cellular pathways within moss setae. Because acropetal trans-
port becomes more pronounced near the time of vascular tissue
differentiation in the setag, it seems reasonable to speculate
that acropetal transport occurs in the vascular tissue to supply
the auxin that is presumably required for delayed process of
capsule differentiation. Lastly, polar auxin transport in moss
setae bears some remarkable similarities to this processin vas-
cular plant axes. Bidirectiona polarized transport is also ob-
served in certain vascular plant organs; for instance, auxin
transport in angiosperm roots is basipetal in the peripheral cor-
tex, but it is acropetal in the central stele (Rashotte et al., 2000;
Swarup et a., 2001). This bidirectional auxin movement ap-
pears to play an essential role in pattern formation and cellular
differentiation in roots (Sabatini et al., 1999; Friml et a., 2002;
Grebe et al., 2002).

In summary, among the three bryophyte lineages, hornwort
sporophytes appear to exhibit the simplest structural features
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and hormonal regulation for generating an elongated axis. Al-
most all liverwort sporophytes develop elongated setae for el-
evating their capsules, but liverwort setae have growth mech-
anisms and auxin movements that are quite different from
those operating in moss setae. Moss setae and vascular plant
organs have similar structural features and hormonal regula-
tion, which may be indicative of common developmental
mechanisms operating in both types of plant axes.

Evolutionary implications—As is clear from emerging per-
spectives from the field of evolutionary developmental biology
(Raff, 1996; Knoll and Carroll, 1999; Peterson and Davidson,
2000; Cronk, 2001), the regulatory mechanisms operating in
embryos and young organisms are generally conserved within
particular lineages over great evolutionary time scales. The
evidence is consistent with the notion that auxin has played a
critical role in the regulation of plant developmental processes
ever since the origin of the land plant lineage. First of al,
auxin serves as the principal hormone for regulating embryo
development, at least in vascular plants (Cooke et al., in press).
Bryophyte gametophytes tend to have auxin biosynthetic path-
ways, auxin movement characteristics, and auxin-mediated re-
sponses that are rather similar to those features in vascular
plant sporophytes (Cooke et al., 2002). This leads to the plau-
sible interpretation that the vascular plants are not likely to
have evolved de novo mechanisms governing auxin regulation
of developmental processes, but rather they modified preex-
isting mechanisms already operating in the early land plants.
Lastly, given that the bryophytes seem to represent the earliest
divergent lineages of land plants (Kenrick and Crane, 1997;
Qiu et a., 1998; Nickrent et al., 2000; Renzaglia et al., 2000;
Karol et a., 2001; Delwiche et al., in press), the present report
concerning auxin effects on the axial growth of bryophyte spo-
rophytes may provide significant insights into the early evo-
lution of land plant sporophytes.

The unique structural events and hormonal regulation in
young hornwort and liverwort sporophytes make it impossi-
ble to link the process of axial elongation in either group to
the comparable process in vascular plants. By contrast, the
remarkable structural and physiological similaritiesin the ax-
ial elongation of moss setae and vascular plant axes supports
the plausible interpretation that mosses may be the sister
group to vascular plants. In particular, it appears reasonable
to speculate that this elongation mechanism, which is based
on persistent apical or subapical meristems, early axis dif-
ferentiation, and bidirectional polarized auxin transport,
evolved in their common ancestor before the divergence into
separate lineages.

From these considerations, the following scenario for the
evolution of the sporophytic axes of early land plants may be
plausible. Microfossil evidence from the Middle Ordovician
Period has indicated that the earliest land plants were likely to
have a bryophyte-grade of structural organization, at least with
respect to spore morphology (Gray, 1985; Edwards and Well-
man, 2001; Graham and Gray, 2001). These first plants gave
rise to different lineages, including those that would ultimately
evolve into the hornwort, liverwort, and moss-vascular plant
lineages. No paleobotanical evidence existsto resolve the issue
of whether these lineages diverged before or after they evolved
the ability to generate axial sporophytes. Nevertheless, insofar
as extant bryophytes possess very different mechanisms for
elevating their sporangia, it seems reasonable to propose that
the diversification of bryophyte lineages did precede the in-
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dependent origins of axial sporophytes. Of the earliest lineages
of land plants, only the putative moss—vascular plant lineage
appears to have evolved an elongation mechanism preadapted
for generating the large multiaxial sporophytes that have been
the most prominent members of the terrestrial flora ever since
400 my BPR

Our enthusiasm for this scenario is dampened by the re-
alization that the question of bryophyte evolution can be
viewed as yet another **abominable mystery” plaguing plant
evolutionary biology (Kenrick and Crane, 1997; Niklas,
1997; Bateman et al., 1998; Goffinet, 2000). Molecular phy-
logenetic studies have unequivocally established the three
bryophyte lineages as being the earliest divergent lineages of
extant plants, although the specific order of their divergence
remains unresolved to date (Qiu et al., 1998; Goffinet, 2000;
Nickrent et al., 2000; Karol et al., 2001; Delwiche et a., in
press). The earliest mesofossils with possible bryophyte af-
finities have been identified as miniature branching axes in
Lower Devonian rocks (Edwards et al., 1995; Edwards, 2000;
Edwards and Axe, 2000). The meager macrofossil record for
putative bryophytes, viz. thalloid organisms bearing monos-
porangiate axes, consists of a few compression fossils, such
as Sporogonites (Lower Devonian), perhaps representing an
early hornwort or thalloid moss, and Pallaviciniites (Upper
Devonian), closely resembling certain modern liverworts
(Taylor and Taylor, 1993; Goffinet, 2000). By contrast, the
macrofossil record of the early land plants appears to em-
phasize the rapid diversification of numerous multiaxial pro-
tracheophytes and vascular plants starting in Upper Silurian
and Lower Devonian strata (Taylor and Taylor, 1993; Kenrick
and Crane, 1997; Bateman et al., 1998). The evidence avail-
able from well-preserved fossils in the Rhynie Chert (Lower
Devonian) indicates that these plants are likely to have un-
dergone isomorphic alternation of generations, as opposed to
the heteromorphic life cycles of extant bryophytes (Kenrick
and Crane, 1997). Therefore, the central dilemma in bryo-
phyte evolution is how to resolve the apparent conflict be-
tween the early divergence of bryophyte lineages, as pre-
dicted by molecular analyses, vs. the late appearance of rec-
ognizable bryophytes in the fossil record. Kenrick and Crane
(1997) proposed that stem-group bryophytes have gone un-
recognized because they may lack the most distinctive char-
acteristics of extant crown groups. It is therefore conceivable
that the monosporangiate axes of extant bryophytes do not
represent the ancestral condition, but instead these axes were
evolutionarily derived from reduced polysporangiate struc-
tures. This perspective must necessarily confound any facile
interpretation that the auxin regulation of axial elongationin
extant bryophyte sporophytes reflects the developmental
mechanism involved in the evolution of the sporophytic axes
of the earliest bryophytes.

A second, related problem arises in our interpretation that
the underlying mechanism of axial elongation arose in the
common ancestor of the mosses and vascular plants, which
implies that the development of the sporophytic axis is a ho-
mologous process in these two groups. According to the most
recent phylogenetic analysis of the mosses (Newton et al.,
2000), the earliest divergent moss order is the problematic
Sphagnales, which elevate their short sporophytes via extend-
ed gametophores. This mechanism of capsule elevation in
Sphagnales may represent the basal state in the mosses, or it
may be a derived adaptation in response to their aquatic habit
(L. E. Graham, University of Wisconsin, Wisconsin USA, per-
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sonal communication). In the former case then, the appearance
of polar auxin transport in the sporophytic axes of later-diver-
gent Polytrichales would be attributable to independent re-
cruitment as opposed to a single origin in the common ances-
tor of these two groups.

In conclusion, the observations made in this paper indicate
that the three divisions of extant bryophytes utilize different
developmental mechanisms for regulating axial elongation of
their sporophytes. The auxin regulation of axial elongation in
moss sporophytes is quite reminiscent of the same process in
certain vascular plant organs, which supports intriguing inter-
pretation that it originated in a common ancestor of the moss
and vascular plant lineages. Of course, the prediction that these
two lineages are indeed sister to each other remains to be
validated by further phylogenetic analyses.
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