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Kaminskys, S. G. W., GarriLL, A., AND HEaTH, 1. B. 1992. The relation between turgor and
tip growth in Saprolegnia ferax: Turgor is necessary, but not sufficient to explain apical extension
rates. Experimental Mycology 16, 64-75. Linear growth rate of Saprolegnia was reduced in
direct proportion to increased osmotic pressure (IT) of the medium, when sorbitol or PEG-400 was
used as osmotica. However, increasing medium II reduced hyphal turgor only to a minimum
positive level, which was maintained while extension rates continued to decline. TPA, a K*-
channel agonist effective on Saprolegnia protoplasts, also caused dose-dependent linear growth
rate reductions but did not substantially affect turgor. When turgor was compared with linear
growth rate in the osmoticum experiments, there was a positive correlation only for hyphae grow-
ing faster than 12 pm/min; below this, there was a twofold range in extension rate despite essentially
constant turgor. As well, TPA-treatments produced a twofold reduction in hyphal extension rate
without substantially affecting turgor. Turgor should be consistent within a coenocyte, and is steady
under constant growth conditions. However, under such conditions, we found average variations of
fivefold in extension rate between hyphae, and twofold for hyphae over time. These results suggest that
turgor is not the prime determinant of tip extension rate, and they are consistent with cytoskeletal
regulation of that rate. Linear growth rates of Saprolegnia colonies were similar on basal medium
containing 1% (w/v) glucose, sorbitol, or PEG and only slightly faster than without added carbohy-

drate. Increasing medium IT with glucose also reduced hyphal extension rate.

© 1992 Academic Press, Inc.
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Tip growth models typically assume a lin-
ear relationship between turgor pressure
and hyphal extension rate (Koch, 1982;
Saunders and Trinci, 1979; Wessels, 1988).
Assuming that turgor is inversely related to
osmotic pressure (II)! of the medium, stud-
ies of the relationship between medium 11
and colony growth (measured by dry
weight or by colony diameter) generally
support these models, i.e., growth rates are
usually depressed with increased medium
Il. However, turgor may or may not be in-
fluenced by medium I1. The details of these
relationships are variable and are summa-
rized in Table 1. A further complication is

! Abbreviations used: DIC, differential interference
contrast; OM, organic medium; [1, osmotic pressure;
PEG, polyethylene glycol 400; TPA, tetrapentyl am-
monium chloride.
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that linear growth may (Griffin, 1978) or
may not (Trinci, 1969) be simply related to
increase in colony dry weight. To date, di-
rect comparisons of turgor with tip exten-
sion rate are few and variable, suggesting
either a positive or no correlation (Table 1).
There has been no work on the relation be-
tween turgor and linear growth rates in
oomycetes which, being coenocytic, con-
stitute a simpler model system. In this re-
port we show a complex relationship be-
tween turgor pressure and hyphal tip exten-
sion rate in the odmycete, Saprolegnia
ferax: reduced linear growth rates may or
may not be correlated with lower turgor.

MATERIALS AND METHODS
Cultures and Media .
Saprolegnia ferax (Gruith.) Thuret
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(ATCC 36051) was grown at room temper-
ature on an organic medium (Heath and
Greenwood, 1968} designated OM, contain-
ing 1% (w/v) glucose, 1% (w/v) sorbitol
(Sigma) or 1% (w/v) polyethylene glycol
400 (PEG: Baker Chemicals). For colony
extension rate measurements, media of
identical composition were solidified with
1.5% (w/v) Difco Bacto agar.

OM amended with glucose, sorbitol, or
PEG (the latter two also used as plasmolyz-
ing solutions) was prepared from stock so-
lutions. Tetrapentyl ammonium chloride
(TPA: Aldrich Chemicals) was prepared as
a 10 mM stock solution in sterile distilled
water and added to OM to the appropriate
concentrations.

Observation Systems

Colonies were examined with a dissect-
ing microscope and substage illumination.
Hyphal diameter was measured using a
100x N.A. 1.32 objective, and differential
interference contrast (DIC) optics. Plas-
molysis was evaluated using a 100x N.A.
1.25 objective with phase-contrast optics.
Hyphal extension rate measurements used
a 10x N.A. 0.32, objective and phase-
contrast optics. Trypan blue uptake was
evaluated using a 10x 0.25 NA objective
and DIC optics. Images were recorded with
35-mm film or on videotape.

Linear Growth Rates

Colony extension rates were measured
on solid media inoculated with 1 x | x
3-mm pieces cut from the margin of a col-
ony growing rapidly on OM. After 46 h,
radial growth from the edge of the inoculum
was measured to the nearest 0.5 mm at two
places on replicate plates, using 6 X magni-
fication.

Extension rates for individual hyphae
were determined from small colonies grow-
ing in liquid OM in 25-pl microscope cham-

bers (Heath, 1988), continuously perfused
with fresh medium. Rates were determined
by recording groups of hyphae at intervals,
with the illumination turned off between
records. All hyphae within the field of view
for the entire observation period were mea-
sured from the video monitor to the nearest
I mm (4.4 pm).

Diameter

Hyphal diameter was measured from vid-
eotapes to the nearest millimeter on the
monitor (0.44 pm). Measurements were
made at 50 and 75 wm from the tip and the
values were averaged. Diameters of plas-
molyzed hyphae were measured between
walls.

Osmometry

The osmolality of OM amended with sor-
bitol or PEG was measured using a Wescor
Model 5100C vapor pressure osmometer
(Wescor, Logan, UT). Osmolality values
were used to construct standard curves for
sorbitol and PEG (which are not ideal sol-
utes) solutions, after subtracting the os-
motic contribution of OM which was com-
mon to all media. Quadratic regression
curves were fitted using Cricket Graph
1.3.1 (Cricket Software, Malvern PA); the
residual variations were =<0.001. These
equations were used to convert molar os-
moticum concentrations into osmolalities,
and then II of these solutions was derived
according to the relationship Il = RTc,
where ¢ is osmolality in moles X kg !, and
RT is 2.446 kg x MPa x mol~! at 21°C
(Money, 1989).

Turgor Estimation—Incipient Plasmolysis

Colonies were grown undisturbed for at
least 16 h in liquid media; sectors were cut
and left to recover in the growth medium
for at least 15 min. Colonies in media of 11
> 0.75 MPa needed a longer recovery (at
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least 30 min) for consistent results. Sectors
were mounted in their growth medium in
microscope chambers (Heath, 1988) which
had a volume of approximately 25 wl, and
challenged by flow-through of at least 400
ul of media with higher II. Incremental
change in IT of plasmolyzing solutions was
at least 0.25 MPa; each solution was tested
on a fresh sector.

Hyphal turgor was estimated by deter-
mining the minimum medium concentration
which could induce moderate (type 2, see
below) plasmolysis after 2 min. Results
were scored qualitatively as (1) some
shrinkage, but plasmolysis in <50% of the
hyphae, (2) all hyphae shrunken and plas-
molysis in 50% of the hyphae, beginning by
2 min, (3) rapid and violent shrinkage ac-
companied by plasmolysis in >50% of the
hyphae.

The diameter of Saprolegnia hyphae
changed with IT of the growth medium, and
all hyphae shrank significantly in plasmo-
lyzing solutions with respect to their
growth diameters (see Results). Without
correction, this shrinkage would lead to
overestimating the absolute value of hyphal
osmotic pressure because a shrunken pro-
toplast is more concentrated than that in a
fully turgid hypha (assuming that no solute
is lost). However, since the product of in-
ternal hydrostatic pressure and cell volume
is approximately constant (Nobel, 1983) hy-
phal turgor pressures were adjusted by mul-
tiplying with the factor (r* after plasmolysis/
r* before plasmolysis), which is propor-
tional to the change in volume assuming
that the change in length is relatively small;
this correction has been employed else-
where (Money, 1990). Volume-correction
factors were calculated for each growth me-
dium formulation.

Turgor Estimation—Osmometry

Colonies were grown undisturbed in lig-
uid media for at least 16 h (longer in media
with 1 > 0.75 MPa) until they were about 1

c¢m in diameter, harvested by vacuum filtra-
tion on a 10-pwm Nitex mesh filter supported
by the sintered glass plate of a Biichner fun-
nel, and then drained of medium using 240
kPa suction (monitored by an in-line vac-
uum gauge) for 5 s after the bulk of the
medium had been removed. The mycelium
was lifted from the filter surface, trans-
ferred to a microfuge tube (which was then
sealed), and frozen with liquid nitrogen.
Both the mycelium and a growth medium
reference sample were stored at —20°C un-
til further processing and/or osmometry.

Membrane disruption after freeze—thaw
permeabilization was evaluated using light
microscopy and trypan blue exclusion
(Gahan, 1984). Colonies were stained in
0.1% aqueous trypan blue for 30 s, washed
in OM for § min, and examined for staining
of the cytoplasm. There was cytoplasmic
staining in <5% of the living hyphae,
whereas >95% stained after freeze-thaw
permeabilization. While this result sug-
gested that membranes had indeed been
disrupted, the II of fluid which seeped from
permeabilized mycelium was lower than
that which was pressed out, suggesting that
the hyphal walls were retaining osmotically
active components. Therefore, to ensure
valid and reproducible measurements,
thawed mycelia were disrupted at 0°C using
two 4 s, 35 W treatments with the micro-
probe of a Sonifier Cell Disruptor, Model
W185 (Heat Systems-Ultrasonics, Plain-
view, NY). This treatment produced 10- to
50-p.m-long hyphal fragments, plus cyto-
plasmic debris. Debris were pelleted by
centrifuging for 90 s in an Eppendorf Model
5412 centrifuge (Brinkmann Instruments,
Rexdale, Ontario) and then the sample was
kept at 0°C until the lysate I was measured
as described above.

Statistical Analysis

Statistical analyses were performed ac-
cording to the procedures of Zar (1984)
aided by the statistical software, StatView
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SE + Graphics version 1.02 (Abacus Con- was depressed as medium I1 increased, us-

cepts, Inc., Berkeley, CA). ing sorbitol or PEG as osmotica (Fig. 1).
Adding glucose to standard OM also sup-
RESULTS pressed extension rates (data not shown) to

As with other fungi (see Table 1), the lin-  levels intermediate between the osmotica
ear growth rate of Saprolegnia colonies when compared as millimolar levels. While

TABLE 1
Summary of Relationships Between Medium IT and Fungal Growth Characteristics

Medium 11 Medium I1 Medium 1 Turgor

vs linear vs colony vs turgor vs linear
Species growth weight growth Ref.
Odmycetes o
Saprolegnia 3 N 4 2 This report; Harrison and Jones
(1971)
Aphanomyces —_ — 1 — Hoch and Mitchell (1973)
Phytophthora 34 34 1 —_ Luard (1982); Luard and Griffin

(1981); Sommers et al. (1970);
Sterne et al. (1976); Wilson (1973);
Woods and Duniway (1986}
Ascomycetous Fungi

Aspergillus 2,34,5 3 6 6 Adebayo et al. {1971); Beever and
Laracy (1986); Luard and Griffin
(1981); Pitt and Hocking (1977);
Smith and Hill (1982); Stevens et

al. (1983)

Chrysosporium 5 — 5 — Luard and Griffin (1981); Pitt and
Hocking (1977)

Coprophilous fungi® 4 e — — Kuthubutheen and Webster (1986)

Eurotium 4,5 — 2 — Andrews and Pitt (1987); Luard and
Griffin (1981); Pitt and Hocking
(1977)

Fusarium 34,5 3 1,6 —_ Luard and Griffin (1981); Cook e al.
(1972); Kuthubutheen and Webster
(1986); Magan and Lynch (1986);
Wilson (1973); Woods and
Duniway {1986}

Gibberella 3 3 — — Wearing (1976)

Neocosmospora — 3 3 — Kelly and Budd (1990)

Paecilomyces 3 3 — — Inch and Trinci (1987)

Penicillium 4.5 — 1,5 —_ Hocking and Pitt (1979); Luard and
Griffin (1981); Magan and Lynch
(1986)

Soil ascomycetes? 3.4 — — — Magan & Lynch (1986)

Xerophiles® s — — — Andrews and Pitt (1987)

Basidiomycetous Fungi

Clavulina 3 —_ — — Wilson (1973)

Phallus 3 — 3 1 Eamus and Jennings {1986)

Phellinus [ e i — Luard and Griffin (1981)

Serpula 3 —_ 1 1,6 Eamus and Jennings (1986};
Thompson et al. (1985)

Soil basidiomycetes? 346 e - — Wilson and Griffin (1979)

Wood rotting fungi® 4 — e — Boddy (1983)

Xeromyces s — H — Luard and Griffin (1981); Pitt and
Hocking (1977)

Zygomycetes
Mucor 4,5 — i 6 Adebayo et af. (1971}
Pilobolus 4 — e [ Kuthubutheen and Webster (1986)

Note: Numbers in the table refer to the type of correlation between factors over the range studied: 1, positive, linear; 2,

positive, nonlinear; 3, negative, linear; 4. negative, nonlinear; 3, positive at lower 1 and negative at higher I1; 6, none.
“ Doratomyces, Isaria, Onychophora, Podospora, Saccobolus, Sporormiella, Stibella.
? Acremonium, Chaetomium, Gliocladium, Penicillium, Trichodema.
¢ Basipetospora, Geomyces, Polypaecillium.
4 Agaricus, Boletus, Bovista, Clavulina, Clitocybe, Geastrum, Lactarius, Polystictus, Rhizopogon.
¢ Bjerkandera, Coriolus, Exidia, Hyphoderma, Peniphora, Phanerochaete, Phlebia, Schizopara, Stemum, Vuilleminia.
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FiG. 1. The relation between medium IT and exten-
sion rate in Saprolegnia ferax. Osmotica were sorbitol
(circles) and PEG (squares). Growth media with II
greater than indicated by the solid arrow were not as-
sociated with substantial turgor variation (see Fig. 3).
Colonies growing on solid media with II greater than
the open arrow had abnormal morphology and would
not grow in comparable liquid media.

it is likely that changing medium I1 will af-
fect turgor, this is by no means certain: pos-
itive, negative or no correlation between
these factors has been reported for various
species (Table 1). Thus, we needed to di-
rectly measure the turgor of colonies grown
in media with different 1. Because turgor is
difficult to measure accurately (Jennings,
1990; Nobel, 1983), we chose to use both
incipient plasmolysis and hyphal lysate os-
mometry.

Incipient plasmolysis uses hypertonic
treatments, and because organisms can
adapt to changes in external Il (Jennings
and Burke, 1990), and the related genus
Aphanomyces has been reported to equili-
brate rapidly (Hoch and Mitchell, 1973), we
first needed to determine how Saprolegnia
adapted to sudden changes in [I. We chose
a medium with a moderate increase in 11,
OM plus 0.5 MPa due to added sorbitol,
which was near-isotonic but not plasmolyz-
ing (Heath, unpublished observations), and
then determined turgor by incipient plas-
molysis. If Saprolegnia were unable to
adapt to osmotic stress, turgor would be
reduced to zero by this treatment and re-
main there. In contrast, perfect adaptation
would be indicated by consistent turgor de-

spite changes to medium II; incomplete ad-
aptation is characterized by an equilibrium
turgor value which is different from that be-
fore challenge (Jennings and Burke, 1990).
Turgor was reduced by the near-isotonic
medium, and hyphal diameter was reduced
as well (P < 0.05, ANOVA; data not
shown). After 5 min, turgor had partially
recovered (Fig. 2), and after 10 min turgor
was similar to that of colonies grown in the
higher I medium for many hours. How-
ever, the equilibrium turgor was lower than
for OM-grown hyphae, suggesting incom-
plete adaptation (see also Fig. 3). There-
fore, Saprolegnia can make rapid and sub-
stantial accommodation to near-isotonic in-
creases in external I, and so incipient
plasmolysis turgor estimations were evalu-
ated at 2 min, before substantial accommo-
dation was likely. Because some accommo-
dation may already have occurred by 2 min,
these estimations may be higher than the
true value. Similarly, the fact that these es-
timations used 50% plasmolysis as an indi-
cator of incipient plasmolysis (in isotonic
medium no plasmolysis should occur), this
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FiG. 2. Accommeodation by Saprolegnia ferax hy-
phae to nonplasmolyzing hypertonic stress, with tur-
gor estimated by incipient plasmolysis with sorbitol.
Control colonies (0 min) were mounted in liquid OM;
5- and 10-min treatments were similarly mounted, sub-
jected to hypertonic stress with near-isotonic solution
(OM plus 0.5 MPa sorbitol) at 0 min, followed by tur-
gor estimation. The 1000-min treatment corresponded
to the turgor in colonies grown in the test solution for
164 h. The dashed line refers to the theoretical change
in turgor with time, the solid line to experimental data.
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Fi16. 3. The effect of growth medium IT on hyphal
turgor in Saprolegnia ferax. Colonies were grown in
OM containing sorbitol (circles) or PEG (squares) as
osmotica. For the incipient plasmolysis estimates
(open symbols), turgor was evaluated with the same
osmoticum as the growth medium. Turgor values es-
timated by osmometry are indicated by closed circles.

will add to the tendency to overestimate the
actual turgor using this technique.

Using osmometry to measure turgor, the
osmolality of hyphal lysate is compared to
that of the growth medium; the difference
between these two values (the lysate being
higher) is equivalent to turgor. However,
this technique is affected by growth me-
dium retained in the walls and between hy-
phae: media may drain incompletely, thus
reducing the measured osmolality of the ly-
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sate. Beever and Laracy (1986) suggest that
extracellular fluid, even after aggressive ex-
traction, may still amount to as much as
26% of fresh weight. Mycelium is some-
times washed after harvest but, depending
on the washing solution, washing may
cause hypotonic stress leading to adapta-
tion and lower lysate osmolality. We com-
pared lysate osmolality of colonies which
were not washed after harvesting with
those which were washed with OM (0.28
MPa) immediately after the growth medium
was removed. Although washing and drain-
ing required less than 1 min, lysate osmo-
lality of washed colonies grown in the low-
est level of sorbitol was reduced from 0.97
to 0.56 MPa, well below that of the growth
medium, which was 0.81 MPa. Conse-
quently, we did not wash our mycelia after
harvest and therefore our osmometry mea-
surements will be below the true turgor
pressure. However, by using both incipient
plasmolysis (too high) and osmometry (too
low), we should have bracketed the real
turgor pressure. Our recorded values are
consistent with this suggestion (Figs. 3
and 4).

Increasing growth medium I1 with either
osmoticum was correlated with a reduction
in turgor pressure to a minimum but posi-
tive level (Fig. 3), regardless of technique-
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FiG. 4. The relation between turgor and extension rate in Saprolegnia. (a) Osmoticum-induced
extension rate inhibition: sorbitol, with turgor estimated by incipient plasmolysis (open circles) or
osmometry (closed circles), PEG, with turgor estimated by incipient plasmolysis (open squares). (b)
TPA-induced extension rate inhibition. Turgor estimated by incipient plasmolysis (open circles) or

osmometry {closed circles).
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dependent variations in the absolute level.
This minimum turgor was maintained, pre-
sumably by synthesis or uptake of osmoti-
cally active molecules, despite increases in
medium I from 0.75 to 1.6 MPa. All of
these colonies looked qualitatively normal.
We were unable to measure turgor for col-
onies in media above about 1.6 MPa, al-
though extension rate reduction continued
in media with II > 1.75 MPa (Fig. 1). In
high I1 media, colony and hyphal morphol-
ogy were no longer normal: colonies would
grow only on the agar surface, and hyphae
were very highly branched; we did not in-
vestigate these further.

As an alternate strategy to changing me-
dium 1 in order to reduce turgor, we inhib-
ited the activity of K* channels using the
specific inhibitor TPA (Garrill et al., 1992).
K™ is an important osmoregulatory ion in
fungi and plants (Clipson and Jennings,
1990; Salisbury and Ross, 1985; Winter and
Kirst, 1991) and so inhibiting K™ uptake
might reduce turgor. However, TPA pro-
duced essentially no change in turgor (Fig.
4b), regardless of which turgor-estimation
technique was used. Nevertheless, there
was a near-linear, TPA-concentration-
dependent reduction in linear growth rate up
to 250 wM TPA, at which dose colonies were
still growing at almost half the control rate.

Turgor and linear growth rates are both
affected by medium II, but the relationship
is complex; this is most apparent when tur-
gor is plotted as a function of rate (Fig. 4a).
With osmotica, increased turgor correlated
with increased linear extension rate only
above 12 pm/min. Below this level, there
was a twofold range in linear growth rates
(6-12 wm/min) despite essentially constant
turgor. Similarly, TPA-induced twofold
changes in extension rate, independent of
turgor pressure (Fig. 4b).

A complementary approach to studying
the relationship between turgor and exten-
sion rate by attempting to manipulate tur-
gor, is to describe the natural variability in
linear growth rates between hyphae in a
colony, and for individual hyphae over

time. All hyphae growing close together in
coenocytes are likely to be part of a single
pressure compartment, and thus should
have similar turgor and therefore similar
extension rate if the two factors were di-
rectly correlated.

We measured linear growth of hyphae in
microscope chambers. Typical data for one
chamber showed that all hyphae grew sub-
stantially between observations; however,
absolute amount varied between tips. In or-
der to examine the differences in more de-
tail, we expressed these same data as
growth rates (Fig. 5). Rates for individual
hyphae varied widely and erratically over
succeeding 5- to 11-min periods. However,
this was not due to a general decline in hy-
phal health, since the average growth rate
for the group did not change significantly
with time (0-5 min, 8.4 = 1.1; 5-15 min, 8.6
+ 72.5; 15-26 min, 7.2 = 1.8; and 26-36 min,
8.3 = 1.9 pm/min, respectively) (P > 0.05,
ANOVA). Overall, we measured linear
growth rates for 156 hyphae in 11 cham-
bers: for 4 chambers we made two to four
successive rate determinations, which we
treated as separate for calculation of be-
tween-tip variation. The growth rate varia-
tion (fastest/slowest) between all growing
tips in a chamber at any one time was 4.8 =

N
L

Linear growth rate (pm/min) + SD

¢ T T T
0 10 20 3¢ 40

Time of observation (min}

F1G. 5. Linear growth rates of nine neighboring hy-
phae of Saprolegnia in a microscope slide chamber,
from a colony mounted 5 min before the first observa-
tion (time 0). Rates are the length extended (jum) since
the previous observation, divided by the time since the
previous observation (min).
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3.8 (n = 18, range 1.5-14.0). For hyphae
where successive rates were determined
the variation for any one tip was 1.9 + 1.4
(n = 42, range 1.0-8.9).

During the course of our observations on
turgor, we saw changes in hyphal diameter
(Fig. 6), which is another manifestation of
alterations to tip plasticity. There were sig-
nificant medium [I-dependent increases in
diameter for growing hyphae (P < 0.05,
ANOVA), but no relationship between tur-
gor and diameter. Growing hyphae were al-
ways significantly wider than the same pop-
ulation of tips after plasmolysis (P < 0.05,
ANOVA), and the diameter of plasmolyzed
hyphae also increased in a medium-II-
dependent manner. In contrast to our re-
sults with osmotica, but consistent with our
results for turgor, TPA did not affect diam-
eter: plasmolyzed hyphae were always sig-
nificantly narrower than growing ones and
both values were similar to the correspond-
ing values for OM without osmoticum.

Although not affecting the interpretation
of our experiments, since the osmotica
caused both linear growth rate and turgor
reductions, we were surprised to discover
that Saprolegnia colonies grew at similar
linear extension rates, with only a slight in-
crease with added carbohydrate: a) basal
OM (no added carbohydrate), 13.0 = 0.4

Diameter (um) x SE

Y

0.0 0.5 1.0 1.
Medium [1 (MPa)

2.0

o

F16. 6. Relation between medium IT and hyphal di-
ameter before (closed symbols) and after (open sym-
bols) plasmolysis. IT was adjusted with sorbitol (cir-
cles) or PEG (squares) as osmotica.

pm/min; b) glucose, 13.9 £ 0.2 pm/min; ¢)
PEG, 14.1 * 0.1 um/min; d) sorbitol, 14.7
0.1 wm/min (a # b, ¢, d: b = ¢ = d.
ANOVA P < 0.05, plus Tukey test).

DISCUSSION

Increased growth medium I was directly
correlated with linear growth rate reduc-
tion, in general agreement with the results
summarized in Table 1. The suggestion of
Woods and Duniway (1986) and Sterne er
al. (1976), that decreased growth rates at
higher medium IT is due to higher metabolic
costs of maintaining positive turgor, seems
a likely explanation of this effect. Jennings
and Burke (1990) propose that “‘energy-
spilling”” reactions account for a portion of
metabolism at high medium I1.

Our best estimate of turgor for Saproleg-
nia hyphae growing in OM is 0.3 MPa,
which we determined using both osmome-
try and incipient plasmolysis using sorbitol.
The high turgor value determined in OM-
grown colonies by incipient plasmolysis
with PEG may be peculiar to that solute;
variations of this type have been reported
by Money (1990).

If turgor pressure and extension rate
were interdependent, then treatments
which affected one characteristic should
have a corresponding effect on the other.
For extension rates above about 12 pum/
min, this expectation appears to be met.
However, even in this range, an approxi-
mate 2-fold increase in turgor gives only
about a 1.2-fold increase in linear growth
rate. Below 12 um/min, a 2-fold range in
rate occurs at essentially constant turgor.
These generalizations hold irrespective of
the technique-dependent variations in the
absolute level of turgor. Consistent with the
lack of turgor-colony extension rate corre-
lation under most experimental conditions,
there is high natural variation in extension
rate between hyphae in a colony or for in-
dividual tips over short time periods. Tur-
gor is likely to be constant within a cell (No-
bel, 1983) or coenocyte since membranes
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are unable to withstand pressure differen-
tials greater than 60 mbar (0.006 MPa)
(Duniway, 1979). Turgor is also likely to be
consistent for short periods of time under
constant growth conditions. These sugges-
tions are supported by direct pressure
probe measurements in Achlya (Money,
1990) which show turgor variations of less
than 50% between hyphae and only 6% for
individual hyphae over 39 min, both under
standard growth conditions. However, the
variations in turgor reported by Money
{1990) are much smaller than those we saw
for hyphal extension rate, which averaged
5- and 2-fold, respectively.

Our results differ from reports on terres-
trial saprobes showing a linear relationship
or no relationship between turgor and ex-
tension rate, and also from reports on soil-
borne plant pathogenic oomycetes, which
show a positive correlation between me-
dium IT and turgor (Table 1). These differ-
ences may be related to habitat, since Sap-
rolegnia is an aquatic saprobe. However,
and most curiously, our results contrast
with those of Money (1991) who suggests
that Achlya is unable to regulate turgor. As
yet we have no explanation for this discrep-
ancy.

Our results are comparable to elongation
growth of internodal cells of the algae,
Chara (Zhu and Boyer, 1991) and Nitella
(Green et al., 1985), which is relatively in-
dependent of turgor: artificially applied
short-term changes in turgor are correlated
with elongation rate changes, but within
broad limits the cell compensates in about
15 min to re-establish the initial extension
rate; there also appears to be a threshold
turgor required for extension. The turgor-
salinity response of Chara canescens, a
brackish water species (Winter and Kirst,
1991), is strikingly similar to our data. As
well as studies on algae, additional turgor
applied to wheat and barley shoots pro-
duces only transient increases in extension
rates, and NaCl-induced reductions in ex-
tension rate cannot be overcome by apply-

ing hydrostatic pressure (Termaat ef al.,
1985). Since these systems are not tip-
growing the mechanics of extension are not
strictly analogous.

Factors which may influence extension
rates in Saprolegnia include cytoskeletal
support for the tip where the wall is weak
(Jackson and Heath, 1990) and cell wall ex-
tensibility (plasticity and rate of crosslink-
ing). Jackson and Heath (1990) have shown
that the length of the putative supporting
actin cap is positively correlated with linear
growth rate, when naturally varying rates
were calculated from hyphal extension af-
ter Calcofluor staining. However, if their
data are compared for rates above and be-
low 12 pm/min, marking the transition be-
tween turgor-extension rate dependence-
independence, the relationships differ. Be-
low 12 pm/min the extension rate is
strongly correlated with the length of the
actin cap (r = 0.742), but above 12 pm/min
it is not (r = —0.013). This suggests the
intriguing possibility that cytoskeletal fac-
tors may regulate extension rates below 12
wm/min, in lower turgor situations, while
turgor dominates at high linear growth
rates.

While the rate of tip extension is the most
obvious parameter likely to be affected by
turgor, hyphal diameter could also be in-
creased by high turgor. However, consis-
tent with the general lack of turgor-
extension rate correlation, there was a sim-
ilar lack of correlation between turgor and
hyphal diameter. The diameter of hyphae
growing on high IT media was significantly
greater than on OM without osmotica
(where turgor was lower) and, additionally,
significant changes in diameter occurred on
media with I1 > 0.75 MPa, where turgor
was constant. Our results agree with pres-
sure probe-diameter data for Achlya
(Money, 1990), showing that these factors
are not related. This suggests that hyphal
diameter is not the passive result of turgor
acting on the deformable wall of the hyphal
tip, consistent with the idea that the actin
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cytoskeleton supports the extending apex
(Jackson and Heath, 1990) and that the di-
ameter of Saprolegnia hyphae is regulated
by the cytoskeleton (Kaminskyj e al.,
1992).

TPA inhibits K™ channels in Saprolegnia
protoplasts (Garrill ef al., 1992); however,
it does not affect turgor in hyphae despite
dose-dependent linear growth inhibition.
Therefore, although ions such as K™ are
important in fungal and plant osmoregula-
tion, as discussed earlier, their role in
o6mycete water relations is uncertain.
Luard (1982) showed that the K™ content
of Phytophthora actually decreased as me-
dium IT was increased using sucrose, al-
though intracellular K™ did increase if KCl
was used as the osmoticum. However, pro-
line levels in Phytophthora were well cor-
related with increases or decreases in
growth medium I1, whether adjusted by su-
crose or KCI. One possibility, if indeed K™
were important in Saprolegnia osmoregula-
tion, is that fluxes of other ions may com-
pensate in the event of K *-channel inhibi-
tion (Flowers and Léiuchli, 1983: Lew,
1991). As well, Winter and Kirst (1991)
show that Na*, K*, and Cl~ are all impor-
tant for osmoregulation in Chara. Alterna-
tively, K™ may be metabolically important
for reasons independent of turgor regula-
tion (Flowers and Léuchli, 1983), consis-
tent with TPA-induced inhibition.

Our finding that linear growth rates of
Saprolegnia colonies were similar with
only a slight increase due to added carbo-
hydrate, regardless of type, is most unex-
pected and shows that this organism can
use proteinaceous carbon sources in addi-
tion to carbohydrates.
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