
integument with a distal micropyle. Vari- 

Reports 

Simulated Wind Pollination and Airflow 
Around Ovules of Some Early Seed Plants 

Abstract. Scale models of various early seed plant ovules and cupules were ana- 
lyzed both for their characteristic air disturbance patterns and for the frequency of 
impact with airborne models of pollen (pseudopollen). The fossils on which the mod- 
els were based had been arranged in an evolutionary sequence purporting to show 
the origin of the integument by the acropetal fusion and reduction in length of a 
subtending truss of lobes. Wind tunnel analyses of scale models showing the various 
stages in the consolidation of these preintegumentary lobes indicated that turbulent 
flow increases and becomes localized around the nucellar apex (salpinx) with the 
syngenesis and length reduction of those lobes. Similarly, the frequency of wind- 
borne pseudopollen impact increased. Thus, the transition from the megasporangi- 
um to the fully integumented ovule appears to favor increased wind-mediated polli- 
nation. 

Studies of early seed plant fossils in- 
dicate that the transition from the mega- 
sporangium (nucellus) to the in- 
tegumented ovule (immature seed) in- 
volved at least two evolutionary trends 
(I): (i) the modification of the nucellar 
apex into a pollen reception site (salpinx 
or lagenostome) and (ii) the formation of 
an integument, possibly by the progres- 
sive acropetal fusion and reduction in 
length of a sterile truss of lobes (pre- 
integumentary lobes) that subtended the 

nucellus. A similar pattern of acropetal 
fusion and reduction of modified 
branches is thought to have produced the 
ensheathing of seeds in secondary struc- 
tures termed cupules (1). The functional 
significance of cupulate ovules is un- 
clear; however, some investigators be- 
lieve that they were analogous to carpels 
(1). Both trends are apparently inter- 
related since the complexity and size of 
the salpinx decreased as the pre- 
integumentary lobes consolidated into an 

ous reasons for these trends may be pro- 
posed (2), including selective pressures 
for protection and pollination. The likeli- 
hood that the earliest seed plants were 
wind-pollinated is a basis for inferring a 
reproductive strategy for the modifica- 
tion of sterile lobes about the nucellus. 
provided that such modifications could 
be shown to increase the probability of 
pollination. Similarly, inferences based 
on the insect fossil record (3) suggest 
that predation may have selected for the 
protection of the megagametophyte by a 
mechanical barrier or a substitute food 
source. In this report evidence is pre- 
sented to partially support the supposi- 
tion that the evolutionary trends seen in 
some early seed plant ovules were im- 
portant in facilitating windborne pollen 
capture by the salpinx and later the mi- 
cropyle. Detailed analyses of airflow dis- 
turbance patterns around models of 
ovules and cupules scaled to known fos- 
sils provide information on airstream 
patterns and their influence on the proba- 
bility of wind pollination. It must be 
noted that fossil taxa studied are thought 
to represent the generalized stages of 
ovule evolution rather than to comprise 
an actual phyletic line. 

For the purposes of illustration, mod- 
els of Genomosperma kidstoni (Fig. 1 ,  A 
and B), G. latens (Fig. 1 ,  C and D), Eu- 
rystoma angulare (Fig. 1 ,  E and F, I and 
J), and Stamnostoma huttonense (Fig. 1 ,  

Table 1. Wind tunnel parameters and pseudopollen to model surface impact scores. 

Pseudopollen 
Length (cm) Impact Preintegumentary lobes (PL) impact on Distal 

'low number megasporangium 
Genus rate (400 

PL + 

Mod- maxi- Proxi- Distal Proxi- Fos- Distal NA 

el sil mum) ma1 mal (NA) (%) (%I (%I (%I (%I 
-- - -- - - 

Ovule 
Genomosperma kidstoni 

I%rallel 
Tangential 

Genomosperma latens 
Parallel 
Tangential 

Eurystoma angulare 
Parallel 
Tangential 

Stamnostoma huttonense 
Parallel 
Tangential 

Cupule 

Eurystoma angulare 
Parallel 
Tangential 

Stamnostoma huttonense 
Parallel 
Tangential 

20.6 (3.7) 33.9 ( 4.2) 
21.0 (1.1) 30.0( 3.5) 

12.1 (3.7) 37.2 ( 7.6) 
24.0 (7.7) 25.7 ( 5.6) 

42.0(11.7) 
44.3 (10.3) 

40.1 ( 9.4) 
43.0 ( 8.9) 

Ovule 

Cupule axes 

*Equal to N,!Nt x !00 percent, where N ,  is the number of pollen analogs per unit area N, and N, is the total number of pollen analogs on the model's surface. 
Standard dev~a t~on  (In parentheses) IS based on ten trials. tCupule (ovule). 
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G, H, and K) were constructed. Gen- 
omosperma spp. are thought to be non- 
cupulate ovules, whereas Eurystoma and 
Stamnostoma are cupulate ovules (Fig. 
1, F and H). Models were placed in a 
wind tunnel (4) and helium-filled neutral- 
ly buoyant bubbles of controlled size 
were used to visualize complex airflow 
patterns around them. Mechanical simi- 
larity between the model and the fossil 
was assured by using appropriate Rey- 
nold's numbers (5). Collision of wind- 
borne pollen models (pseudopollen) was 
assessed by determining the aerodynam- 
ic equivalent properties of water-filled 
p a r a n  spheres and scattering these 

"pseudopollen" upwind of the model 
which was placed in various orientations 
to airflow (parallel, tangential, and at an 
angle to the direction of flow). The fre- 
quency of impact was scored and com- 
pensated for by means of relative model 
size to ovule dimension ratios (Table 1). 
The characteristic flow patterns of the 
models are shown in Fig. 1, A to K. Indi- 
vidual photographs provide only instan- 
taneous events; therefore, composite 
drawings of videotape analyses are given 
for each model. Transitions between 
laminar and turbulent airflow over the 
models are defined by the critical Rey- 
nold's number and the geometry of the 

Fig. 1 .  Airflow patterns characteristic of representative ovule (A to D) and cupulate ovule (E to 
K) models in wind tunnel analyses. mow is visualized by means of helium-filled bubbles, which 
when illuminated and caused to move, appear as white streaks (flow in all photographs is from 
left to right). (A) Genomosperma kidstoni in tangential orientation showing turbulent flow on 
the leeward side of the preintegumentary lobes (PL). (B) Composite drawing of videotape analy- 
ses of air turbulence around the nucellus of Genomosperma kidstoni. Each PL appears to de- 
flect flow both upwind and downwind of the nucellus. (C) Genomosperma latens in parallel 
orientation showing laminar flow over the proximally fused PL. (D) Composite drawing of G. 
latens showing the deflection of air currents through spaces created by unfused PL toward the 
salpinx. (E and F) Cupulate ovule of Eurystoma angulare [the reconstruction is shown in (F)]. 
Cupule axes behave aerodynamically in much the same way as PL; turbulence occurs on the 
leeward side of each axis. (G and H) Cupulate ovule of Stamnostoma huttonense [reconstruc- 
tion shown in (H)] showing cascading leeward turbulence. (I and J) Ovule of Eurystoma angu- 
lare showing the influence of the four distal PL over airflow. Each PL deflects flow on both the 
upwind and leeward surfaces (J). (K) Ovule of Stamnostoma huttonense in tangential flow 
showing leeward vortices. 

model surfaces. Maximum impact of 
pseudopollen on the model is seen in re- 
gions of high airflow disturbance (Table 1 
and Fig. 1, A to K). In general, the pro- 
gressive acropetal fusion and length re- 
duction of the preintegumentary lobes 
(PL) around the nucellar apex results in 
the localization of laminar vortices and 
turbulent flow around the salpinx. Mod- 
els of G. kidstoni oriented either parallel 
or tangential to the direction of airflow 
show laminar flow around the base of the 
model (fused portions of the PL) and 
vortices or eddies along the unfused por- 
tions of the PL. In tangential orientation, 
maximum eddies occur just downstream 
of the salpinx (Fig. 1, A and B). With 
higher airflow rates (Re > 80). back- 
swelling around the megasporangium oc- 
curs. The maximum frequency of 
pseudopollen impact occurs in parallel 
orientation; pseudopollen accumulates 
on the adaxial surface of each PL and 
around the salpinx. Models of G. latens 
possessing further fusion-reduction of 
the PL have convergent laminar flow at 
the distal portion of each PL and turbu- 
lent eddies about three-fourths of the 
way along the ovule's length (Fig. 1, C 
and D). This point of turbulence coin- 
cides roughly with the position of the sal- 
pinx (Fig. ID). Airflow is frequently seen 
to pass along the spaces between the un- 
fused PL and into the dead airflow space 
of the nucellar apex. Maximum impact 
scores for pseudopollen occur toward 
the distal portions of each PL in parallel 
orientation to airtiow, and on the lee- 
ward side of each PL in tangential orien- 
tation. The steamlining of G. latens pro- 
vides for a greater localization of pollen 
aroung the salpinx than that observed for 
the less reduced ovule of G.  kidstoni 
(Table 1). Ovulate cupules of E. angu- 
fare (Fig. 1, E and F) show pronounced 
fusion of the PL, resulting in a four- 
ridged structure with an equal number of 
highly reduced distal lobes around the 
salpinx (Fig. 1, I and J). In tangential ori- 
entation a series of regular wakes or ed- 
dies develop just behind the salpinx re- 
gion. Each ridge acts as a cutting surface 
to airflow, while each distal lobe deflects 
flow acropetally both on the windward 
and leeward sides (Fig. 1, I and J). Ex- 
treme streamlining, except for the lobes 
around the salpinx, directs airflow to- 
ward the nucellar apex. Pollen impacts 
for E. angulare are high and occur most- 
ly around the distal lobes and within the 
salpinx (Table 1). Ovulate cupules of 
Stamnostoma hurronense (Fig. 1, G and 
H) show patterns similar to those of E. 
angulare, but are more streamlined and 
show a higher number of pseudopollen 
impacts (Fig. 1K and Table 1). 
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The effect of the progressive consoli- 
dation of sterile lobes around the salpinx 
on windborne pollination may be likened 
to a snow fence. Particulate matter car- 
ried by the airflow is discharged on the 
downwind surfaces as a result of a sharp 
drop in airflow rate. As the PL become 
reduced in length and fuse acropetally, 
they produce a "snow fence" around 
the salpinx. On the basis of the data 
accrued by wind tunnel analyses, the 
localization of the snow fence increases 
the probability of pollination, suggesting 
that high efficiency in trapping pollen 
was a strong selective pressure involved 
in the evolution of the early seed plants. 
The data from models of Stanznostoma 
and Eurystotna are consistent with the 
snow fence scenario. As cupde axes be- 
come reduced in length and fuse acro- 
petally, the number of pseudopollen im- 
pacting with cupule-ovule surfaces in- 
creases. 

Isolated ovules of Eurystotna (Fig. 11) 
are more efficient in trapping pollen than 
are cupulate ovules (Table 1). Statistical- 
ly, a greater number of direct impacts 
occur, and a higher percentage of these 
reach the salpinx. Cupules of Stamnos- 
tonza have much the same effect and re- 
duce the number of pseudopollen to 
ovule surface impacts, but they do not 
statistically reduce the percentage of 
pseudopollen which reaches the salpinx 
(Table 1). 

'The "snow fence" scenario is, how- 
ever, an oversimplification. Analyses of 
hirsute ovules (Salpingostotna and Phy- 
sostoma) indicate that the potential ben- 
efits of streamlining are mitigated by the 
presence of hair-bearing surfaces. Simi- 
larly, cupule axes appear to interfere 
with the full hypothetical potential for 
pollination. These data may indicate that 
additional selective pressures other than 
pollination efficiency have dictated ovule 
and cupule streamlining. The aerody- 
namic trend of ovule streamlining may 
have been influenced by other selective 
prt:ssures such as predation. Adduction 
and fusion of lobes around the nucellus, 
the production of surface hairs, and the 
consolidation of many ovules into a cu- 
pule, may have served both to protect 
the seed or seeds or aid in their dispersal 
(or both). The above analyses indicate, 
however, that at least one significant 
consequence of ovule streamlining, 
whether through direct or indirect selec- 
tive pressure, was to increase the proba- 
bility of directing windborne pollen to- 
ward the salpinx and later toward the mi- 
cropyle. 

KARL J .  N I K L A S  
Division of Biological Sciences, Cornell 
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A Scanning Micropipette Molecule Microscope 

Abstract. A movable quartz micropipette, whose tip is sealed with a polymer plug, 
is used as a liquid-vacuum interface to a mass spectrometer. A light microscope 
allows observation of ,  and positioning of ,  the nzicropipette tip on the surface of a 
sample mounted in a perfusion chamber. This f o n m  the basis of an instrument which 
enables one to study, in vitro, the locnlization o f  transepithelial transport of water 
and other molecules. Some preliminary results from the use of  this instr~tnzent are 
presented. 

The in vitro localization of the path- 
ways of water transport is a problem of 
general interest in epithelial physiology. 
We have developed an instrument which 
provides a direct, real-time measure of 
water transport, with a spatial resolution 
of 2 to 5 pm, across a living epithelium. 

A simplified diagram is shown in Fig. 
la. The instrument consists of a per- 
fusion chamber that will allow simultane- 
3us observation of a sample and the tip, 
1 to 10 pm in diameter, of a quartz mi- 
cropipette. The tip of the micropipette is 
sealed with a small plug of a permeable 

material such as dimethyl siloxane-poly- 
carbonate copolymer or cellulose acetate 
(Fig. lb) ( I ) .  The shank of the micro- 
pipette is connected by means of a flex- 
ible vacuum coupling to the inlet of the 
ionizer of a quadrupole mass spectrome- 
ter and is hence under vacuum. The mi- 
cropipette is inserted in solution and 
$canned over (or placed at various points 
on) the surface of the sample, much as 
in the microelectrode experiments of 
Fromter and Diamond (2). Molecules 
that permeate the plug in sufficient 
amount can be detected by the quad- 

X Y Z  Flexible 

r-l 
positioner vacuum 

\ ,coupling 

Light microscope 

Upper half-chamb 

Ringer solution 
or water 

spectrometer 
Deuterated Ringer 
or helium-saturated -;,-/I \, p-' ~icrop ipet te  

water 

Lower half-chamber /cr\ Sample w 
Light microscope condenser' 

Fig. 1. (a) Schematic of the scanning micropipette 
molecule microscope. (b) Micropipette tip 2.5 pm in 
outer diameter sealed with a ulun of cellulose acetate 
1 pm thick. The tip is shown'adJ'acent to and slightly 
above the hole (3 pm in diameter) scanned in Fig. 2b. 

l o r n  

8 
00368075/81/01160277$00.50~ Copyright O 1981 M A S  




