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Mycorrhiza and Repeated Drought Exposure Affect Drought
Resistance and Extraradical Hyphae Development of Pepper
Plants Independent of Plant Size and Nutrient Content
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Summary

Introduction

VA-mycorrhizae may increase drought resistance of
plants by means of several mechanisms, including increased
water uptake due to hyphal extraction of soil water (Hardie,
1985), increased stomatal sensitivity to leaf-air vapor pressitre
deficit {(Huang et al., 1985), regulated stomatal conductance
i response to hormonal signals (Allen et al., 1982), increased
mot hydraulic conductivity (Safir et al., 1972), or by lowered
leaf osmotic potential for greater turgor maintenance {Augé
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Pepper (Capsicum annuum L.) plants with and without VA-mycorrhiza (formed by the fungus Glormus
deserticola Trappe, Bloss & Menge), VAM, and NVAM, respectively, were drought acclimated (DA) by
four drought cycles or kept well watered (NDA). All plants were then subjected to an additional drought
cycle. Similar shoot mass and leaf area were achieved in all treatments by giving more P fertilizer to
NVAM than VAM plants. With few exceptions, leaf nutrient concentrations of 12 elemens, including P,
were either equal or higher in NVAM than VAM plants. During peak drought stress, plants with the
combination of VAM-DA treatments had the greatest drought resistance, as indicated by the highest leaf
water potential, turgor, relative water content and frequency of non-wilted plants. Some drought resist-
ance, as indicated by intermediate frequency of wilting, occurred when VAM or DA were applied singly.
Nutrition and plant size were not associated with this drought resistance, Extraradical hyphae develop-
ment and soil aggregation of VAM plants were enhanced by drought acclimation, suggesting that these
hyphae improved drought resistance by facilitating soil water uptake.

Key words: Capsicum annuum, drought acclimation, Glomus deserticola, phosphorus nutrition, vesicular-
arbuscular mycorrhizal fungi, soil aggregates, water relations.

Abbreviations: DA = drought acclimation treatment; E = transpiration flux, (leaf area basis); LAR =
leaf area ratio; LANS = Long Ashton nutrient solution; NVAM = non-mycorrhizal; NDA = non-
drought acclimared; P = phosphorus; PPF = photosynthetic photon flux; RWC = relative water con-
tent; R/S ratio = root/shoot ratio; ¥ soil = soil water potential; ¥ leaf = leaf water potential; ¥, = leaf
osmotic potential; ¥, = leaf turgor potential; VA-mycorrhiza = vesicular-arbuscular mycorrhiza; VAM
= inoculated with the VA-mycorrhizal fungus Glomus deserticola.

et al., 1986a). The role of VA mycorrhizae in drought resist-
ance is further complicated by an interaction of mycorrhizal
fungi with prolonged or repeated drought (Augé et al., 1986 ).

VA-mycorrhizae effects on plant water status have also
been associated with improved host nutrition, particularly P
{Graham and Syvertsen, 1984; Nelsen and Safir, 1982; Fitter,
1988). However, others have reported that drought resist-
ance of VA-mycorrhizal plants is independent of plant P con-
centration (Sweatt and Davies, 1984; Augé et al., 1986 a; Be-
thlenfalvay et al., 1988).
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A major problem with many previous water relations
studies has been that VA-mycorrhizal plants were larger
with a larger transpirational surface and higher tissue P than
non-inoculated plants. If plants are grown in containers of
equal size, a plant size differential should lead to differential
rates of soil water depletion. Also, plants with optimum P
cancentration should be more vigorous with higher
photosynthetic rates and stomatal conductances than those
with limiting P {Radin, 1984; Radin and Eidenbock, 1986},
and might respond differently to drought. Few VA-mycor-
rhizal water relations studies have documented leaf tissue
macro- and microelement levels, but VA-mycorrhizae could
influence levels of elements other than I (Bildusas er al.,
1986). To test for possible mechanisms of drought resistance
in mycorrhizal plants, both mycorrhizal and non-mycor-
rhizal control plants should be equal in size and tissue ele-
mental concentration, especially P concentration.

Qur objective was to investigate mechanisms by which
VA-mycorrhiza and repeated exposure to drought affect
drought resistance of pepper (Capsicum annuum L.} plants.
By higher P fertilization of non-mycorrhizal than mycor-
rhizal plants, we attempted to equalize growth and avoid
higher P in mycorrhizal plants.

Materials and Methods

Plant inoculation and growing conditions

Inoculum of the mycorrhizal fungus Glomus deserticola (Trappe,
Bloss and Menge) was obrtained from NPI (Salt Lake City, UT) and
quantified in order to make appropriate dilutions to have 20,000
spores per liter of container medium. A water suspension of mycor-
rhizal inoculum was sieved through an 11 pm mesh fiiter to remove
VAM fungus propagules, and the filtrate was added to non-mycor-
rhizal controls to equalize the background microflora in all treat-
ments, Inoculum was banded 4em below the surface in one-liter
containers of steam pasteurized (60 °C for 30 min) river sand (tex-
ture of 91% sand and 13mgkg~' P). Three-week-old seedlings of
Capsicum annuum L. cv, Early Bountiful (seed germinated in flats)
were then transplanted into the conrainers and grown in a
glasshouse for 4 weeks (28/15°C average day/night temperature
with supplemental light for a 16-h photoperiod from high pressure
sodium vapor lights having a PPF of 600umolm™2s~1), Until
drought treatments began, plants were fertilized weekly with
200 mL per container Long Ashton Nutrient Solution (LANS; He-
witt, 1966) per container. For mycorrhizal plants, LANS was mod-
ified to contain 22 instead of the normal 44 mgPL " " in an effort ro
equalize size and tissue P’ concentration between mycorrhizal and
non-mycorrhizal plancs. Plants were irrigated with water every 2 or
3d to prevent wilting,

After the initial 4-week establishment period (plants were ap-
proximately 7 weeks old), half the plants were acclimated by four
drought cycles (DA), each lasting 4 days and ending with irrigation
to container capacity. LANS was applied during alternate irriga-
tions, Immediately before irrigation of DA plants, predawn ¥ leaf
reached = -0.9MPa [soil water potential (¥ soil) = —0.55MPa].
Non-drought acclimated (NDA) plants were irrigated every other
day, and predawn ¥ leaf of these plants was = —0.2MPa (¥ soil ~
—0.1MPa). Predawn ¥ leaf was determined for each cycle, whereas
predawn ¥ soil was determined during one cycle and a regression
was used to equate predawn ¥ soil with predawn ¥ leaf. To de-
termine ¥ soil, two soil psychrometers (Wescor PCT55) were per-
manently placed into the soil (upper and lower halves of pot) of two

containers per treatment, and the volrage was measured with a
microvoltmeter (Wescor HR33T) in the dewpoint mode. Measure-
ments of ¥ soil were made before dawn to allow equilibration of
water in the soil matrix and to avoid possible thermal gradients be-
tween soil and air. All four treatments consisting of drought ac-
climated non-mycorrhizal and mycorrhizal plants (NVAM-DA,
VAM-DA), and non-drought acclimated non-mycorrhizal and my-
corrhizal plants (NVAM-NDA, VAM-NDA), were then subjected
to a fifth (4-d} drought cycle.

Growth and physiological measurements

Before the drought acclimation cycles and at the end of the ex-
periment, plants were evaiuated for fruit and leaf number; leaf area;
shoot, fruit and root dry mass; root/shoot (R/S) ratio; and leaf area
ratic (LAR = total leaf area/total plant dry wt). At the end of the
experiment, roots were cut into l-cm segments and cleared and
stained using the procedures of Phillips and Hayman (1970). Percent
mycorrhizal colonization was determined by sampling 25 1-em root
segments from each of five plants (n = 125} and determining the per-
centage that contained mycorrhizal fungus arbuscules, vesicles, or
hyphae. Extraradical hyphae development was estimated using the
soil aggregation technique (Graham et al., 1982; Kough and Linder-
man, 1986). Soil in 10-mL aliquots was sampled from the four rrear-
ments, and spores were wetsieved, recovered, and counted. Leaf
tissue elemencal analysis was dore on an inductively coupled plasma
atomic emission spectrophotometer (3510ICP, W R. Grace & Co.,
Fogeisville, PA). Initial measurements were made immediately be-
fore DA treazment; final measurements were made at the end of the
experiment.

Physiological parameters were measured during a low stress peri-
od (mid-morning, 9:00-11:00, day 2, cycle 5) and during peak
stress (mid-afternoon, 13:00-15:00, day 4, cycle 5). A pressure
chamber (Scholander et al., 1965) was used 1o measure leaf water po-
tential (¥ leaf) on newly matured leaves. Osmotic potential (%) was
determined by isopiestic psychrometry {Boyer and Knipling, 1965)
on leaf discs (4.1 cm?) that were cut from leaves just after they were
removed from the pressure chamber, These discs were sealed in
parafilm envelopes immediately after cutting, frozen at ~60°C fora
minimum of 2h, and thawed for 15min at 22 °C. Turgor (¥,) was
determined as the difference becween ¥ leaf and ¥,. Tn preliminary
studies, ¥ leaf determinations using the pressure chamber and iso.
piestic psychrometry were within 0.05 MPa over a range of ¥ leaf.
Transpiration (E) was measured with a porometer/photosynthesis
system (LECOR 6000). Relative water content (RWC) was de-
fm-dm h _ d
smodme Where sm = saturated rass, fm = fresh
mass, and dm = dry mass (Kramer, 1983). The fm was determined
by immediately weighing 4.1cm? discs cut from [eaves adjacent to
the leaves sampled for ¥ leaf immediately after the ¥ leaf measure-
ments were made, Discs were then allowed to rehydrate for 2h by
floaring them on water in a covered petri dish. The rehydrared discs
were weighed to determine sm, and then the discs were dried at
70°C for 24 h to determine dm. Plants were also visually evaluated
for wilting response to drought late in the afternoon of day 4, cycle
5 using the following criteria: 1) non-wilted: leaves and petioles
turgid, 2) moderately wilted: petioles horizontal, partial wilting of
leaves, and 3) severely wilted: perioles with a 90° droop, severely
wilted leaves curved under at margins and partial wilting of stem,

termined as 100 % x

Experimental design

The 2 (£ VAM)x 2 (4 DA) factorial experiment was in a com-
pletely randomized design with each plant as an experimental unit.
For initial plant size, LAR and R/S ratio, n = 5 (plants per treat-
ment). For final plant size at experiment termination, spore counts

o | e 1 .

V- W o TR 1Y

=

M O o~

jemiir 4

-

Si

Sy

Zigd



f-measured with a
frit mode. Measure-
pw equilibration of
rmal gradients be-
ing of drought ac-
ants (NVAM-DA,
rrhizal and my-
ere then subjecred

the end of the ex-
-number; leaf area;
 ratio; and leaf area
j At the end of the
Js and cleared and
Jian (1970). Percent
ppling 25 1-cm root
ermining the per-
Bscules, vesicles, or
fstimated using the
Kough and Linder-
Brom the four treat-
fand counted. Leaf
Jely coupled plasma
W.R. Grace & Co.,
be immediately be-
at the end of the

jg 2 low stress peri-
§ and during peak
kle 5). A pressure
psure ieaf water po-
p potential (¥) was
pd Knipling, 1965)
pst after they were
s were sealed in
gen at —60°C fora
p. Turgor (¥,) was
¥ .. In preliminary
chamber and iso-
B a range of ¥ leaf.
B er/photosynthesis
k (RWC) was de-

d mass, fm = fresh

was determined
leaves adjacent to
e ¥ leaf measure-
fhydrate for 2h by
e rehydraced discs
jiscs were dried at
f visually evaluated
pon of day 4, cycle
gaves and petioles
b partial wilting of
p° droop, severely
wilting of stem.

Nt was in a com-
fxperimental unit.
(plants per treat.
jtion, spore counts

DR N -

Mycorrhizae and Repeated Drought Exposure Affect Drought Resistance and Extraradical Hyphae Development of Pepper Plants 291

Table 1: Effect of VAM combined with differential P fertilization on
growth and development of Capsicum annuum L. prior 1o initiating
drought acclimarion treatments.

Mycorrhiza Leafno. Lesfarea Shoot dry Root dry Rooct/shoot Leaf area

(cm?} mass (g} mass (g} ratio ratio {m* kg~ )
No 252 3572 2.2a 1.0a Q.5a 11.2a
Yes 23a 313a 1.8a 1.1a 0.6a 10.9a

Means followed by same letters are not significantly different by Fisher’s protected LSD
st (p=0.05); n = 5.

and extraradical hyphae determination, n = 15 (15 plants); for visual
evaluation of water stress, n = 40, For determination of E, n = 10
{rwo leaves from each of five plants), and for % RWC, ¥ leaf and
¥, =6 (two leaves from each of three plants); dara were collected
in random order from plants of the four treacments to preclude a
tme bias. For elemental analyses, all leaves of three plants were
pooled for a single measurement. Initial measurements were made
on three pooled samples per treatment (n = 3), while final measure-
ments were made on five (n = 5).

Results

Prior to the initiation of drought acclimation cycles, both
NVAM plants fertilized with P, 44mgL-" (full strength
LANS) and VAM plants fertilized with P, 22mgTL.-!, had

Table 2: Effect of VAM combined with differential P fertilization on
leaf tissue macroelement and microelement concentration (dry
weight basis) of Capsicum annswum L. prior 1o initiating drought ac-
climation treatments.

Myvcorrhiza Macre Micro
N P K Ca Mg Mn Fe Cu B Zn Mo Al
(5hg™" (mg kg™ )
No 2%a 33a J2a 12a 52 4la 62b 4z 40a 19a 2a 16a
Yes 32a 2.2b 34a 13a S5a 43a 7la 4a 37a 19a 2a 24a

Means followed by the same letters are not significantly different by Fisher's
protected LSD test (P <) 0.05)% n = 3.

comparable size (leaf number, leaf area, shoot and root dry
weight, R/S ratio and LAR) (Table 1). Leaf tissue concentra-
tions of macro and micro elements before drought acclima-
tion were similar among treatments, except for P which was
50 % higher in NVAM and Fe, which was slightly higher in
VAM plants (Table 2).

Regardless of treatment, after the final drought, fruit num-
ber, leaf area, shoot and fruit dry weight and LAR were not
significantly different (Table 3). However, VAM or DA
alone or together lowered root weight and R/S ratio, with
VAM-DA having the lowest R/S ratio.

Except for Cu, after the final drought, NVAM plants had
either equal or higher leaf tissue elemental concentration

Table 3: Effect of VAM combined with differential P fertilization and drought acclimation treatment on growth and development of Capsi-

i annuym L, at experiment termination.

Mycorrhiza Drought Fruit No. Leaf No. Leaf area  Shoot Fruit Shoot + Root Root/  Leaf area
Acclimated (cm?) dry wt  drywt  Fruit dry wt  Shoot  ratio
() (® dry we  (g) ratio {(m?kg™')
(8)
No No 3.8a 46.5a 538a 4.4a 1.4a 5.8a 3.1a 53a 6.1a
No Yes 3.7a 44.1ab 490a 4.3a 1.4a 5.6a 2.6b .46b 6.0a
Yes No 3.1a 46.3a 518a 4.5a 1.2a 5.7a 26b 46b 6.3a
Yes Yes 37a 41.1b 508a 4.5a 1.5a 59z 2.4b 4lc 6.1a
Significance
VAM NS§ NS NS NS NS NS dik ok NS
DA NS o NS NS NS NS *r * NS
Interaction NS NS NS NS NS NS NS NS NS

Means followed by common letter are not significantly different by Fisher’s Protected LSD Test (P =0.05% n = 15.

. Significance = NS, **; Nonsignificant or significant at 1% levels.

Table 4: Effect of VAM combined with differential P fertilization and drought acclimation treatment on leaf macroelement and microele-
ment concentration {dry weight basis} of Capsicurn annuum L. at experiment termination.

Mycorrhiza Drought Macro Micro
Acclimated N P K Ca Mg Mn Fe Cu B Zn Mo Al
(gkg™ ") (mg kg™ ")
No No 20b 5.4a 34a 18a b.4a 592 52b 3a 53a 20a ba 27a
No Yes 23a 3.8b 34a 16b 5.7b 54b 55a 2b 52a 13¢ ic 19b
Yes No 20b 2.3¢ 33a 14b 4.8¢c 45¢ 46¢ 3a 48b 19ab 5b 19b
Yes Yes 21b 1.7d 33a 15b 53bc 42¢ 47c 3a 48b 16bc 2d 19b
Significance
VAM * * NS = * * * NS £ NS * *
DA * * NS NS NS * NS * NS * * *
Interaction NS * NS * * NS NS * NS NS NS *

Means followed by common letter are not significantly different by Fisher's Protected LSD Test (P=0C.05);n = 5.

Significance = NS, *; Nonsignificant or significant at 5% level.
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Table 5: Effect of VAM combined with differential P fertilization
and drought acclimation treatment on water relations of Capsicum
annuum L. during low environmental stress (morning, day?2,
cycle 5).

Mycorrhiza Drought E Vleaf ¥p RWC
acclimated (Ho0, mmol m =25~} (MPa} (MPa) (%)
No No 2.5a -0.20a 0.73a 96,1a
No Yes 1.7b ~0.18a 0.74a 97.2a
Yes No 2.6a -0.19a 0.75a 96.6a
Yes Yes 2.3a ~0.16a 0.78a 96.7a
Significance
VAM * NS NS NS
DA ot NS NS NS
Interaction * NS NS NS

Means followed by common letter are not significantly different by Fisher's
Prorected LSD Test (P<0.05); = 10 for E; 0 = 6 for ¥ leaf and RWC.
Significance = NS, *, **; Nonsignificant or significant at 3% or 1% levels, re-
spectively.

than VAM plants with comparable DA treatments (Table 4).
By itself, DA greatly reduced leaf P concentration of plants
receiving comparable VAM treatment. The higher rate of
fertilization of NVAM plants increased their P concentra-
tion twofold compared with VAM plants with comparable
DA treatments. Iron was slightly higher in NVAM than

VAM plants, a reversal of Fe concentration prior to the
drought acclimation cycles (Tables 2 and 4).

During the morning of day 2, cycle 5 when environmental
stress was low, ¥ leaf, ¥, and RWC were equal among treat-
ments, but E was lowest in NVAM-DA plants (Table 5). On
the afternoon of day 4, cycle 5 when environmental stress
was greatest, E, ¥ leaf, ¥, RWC and % nonwilted plants
were higher in VAM-DA than in nearly all other treatment/
parameter combinations {Table 6). Plants with DA or VAM
had less wilting than NVAM-NDA plants, and E values of
both DA treatments were equally high (Table 6).

Drought acclimation had no effect on VAM root coloniza-
tion levels or final G. deserticola spore concentration in the
soil (Table 7). VAM-DA plants, however, had the greatest
amount of extraradical hyphae attached to the root system as
indicated by the soil aggregation assay (Table7).

Discussion

The maintenance of several water relations parameters ar
relatively favorable levels in the VAM-DA plants under
drought indicates that repeated drought in combination with
VAM conferred drought resistance. To a lesser extent, VAM

Table 6: Effect of VAM combined with differential P fertilization and drought acclimarion treatment on water relations of Capsicum an-
nuum L. at the time of peak environmental stress (afternoon, 13:00 - 15:00, day 4, cycle 5).

Mycorrhiza Drought % Plants % Plants % Plants E ¥ leaf ¥r RWC
acclimated not wilted moderartely severely (H20, mmol m~2s~1) (MPa) (MPa) (%)
wilted wilted
No No 12¢ 5a 83a 0.7b —-1.04b .16b 75.8b
No Yes 43b i7a 40c 1.6a - .99b .23b 76.4b
Yes No 28be 10a 62b 0.8b - .98b 13b 83.2b
Yes Yes 78a 7a 15d 1.8a - J32a 70a 96.1a
Significance
VAM * NS * NS * * *
DA £ NS * L4 * * NS
Interaction NS NS NS NS * * NS

Means followed by common letter are not significantly different by Fisher's Protected LSD Test {P=0.05); n = 40 for wilting; n = 10 for E;

n = 6 for ¥ and RWC.
Significance: NS = Nonsignificant, * = significant at 5% level.

L]

Table 7: Effect of drought acclimation treatment on VAM root colonization, soil aggregarion and development of extraradical hyphae on

Capsicum annunrm L. at experiment termination.

Mycorrhiza Drought % Root No. of spores Root Soil Extraradical
Acclimated pieces recovered dry wt aggregate hyphae index
with from soil (g {g) soil aggregate w
VAM (per 100 mL) ( root dry wt ‘)
No No Cb 0b 3.1a 4.8ab 1.6b
No Yes ob ob 2.6bc 37b 1.5b
Yes No 9.6a 926a 2.6bc 4.9ab 2.0b
Yes Yes 15.2a 833a 2.4c 6.1a 2.6a
Significance
VAM ® * = * *%
DA NS NS = NS NS
Interaction NS NS NS * NS

Means followed by common letter are not significantly different by Fisher’s Protected LSD Test (P = 0.05); n = 15,
Significance = NS, *, **; Nonsignificant or significant at 5% and 1% levels, respectively.
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or DA applied singly also promoted resistance, and these re-
sults agree with Augé et al. (1986 ) for G. deserticols.

A major problem in interpreting most mycorrhizae-water
relations studies is that mycorrhizal plants typically have
greater mass than non-mycorrhizal plants (Firter, 1988,
Nelsen, 1987). With larger mass, mycorrhizal plants should
have greater transpiring surfaces, and if their roots are
corfined in a container, such plants should desiccate more
quickly and have lower ¥ leaf during drought compared to
smaller controls (Hardie and Leyton, 1981; Levy et al., 1983;
Sweatt and Davies, 1984). Our plants had equivalent leaf
area, LAR, and shoot mass over all treatments before and
after drought due to manipulation of P fertilization, Perhaps,
drought resistance did not develop until too late in the ex-
periment to significantly alter growth. Likewise, the dura-

tion of drought during DA apparently was too brief to affect

awcumulated growth. Alternatively, drought resistance could
have compensated for drought treatment. Thus the greater
drought reststance of VAM-DA plants was not confounded
by differences in transpirational area, LLAR, or shoot mass.
The greater root mass and R/S ratio of the NVAM-NDA
plans probably was not due to higher P concentration in the

. NVAM-NDA plants, because plants in the other treatments

had uniformly smalier roor masses despite a twofold range in
tissue P concentration among the other three treatments.
The R/S ratio or root/leaf weight ratio may be increased
(Bethlenfalvay et al., 1988; Graham et al., 1987), decreased
(Hardie and Leyton, 1981), or unaffected (Augéetal., 1986 b)
oy mycorrhizae. A high R/S ratio is a frequent response to
water stress (Kramer, 1983). In our study, R/S ratio de-
creased with either VAM or repeated droughr, especially if
they were combined, but greatest drought resistance oc-
curred with a combination of VAM and DA indicating that a
high R/S ratio is not necessarily associated with drought re-
sistance.

The improved water relations of VAM-DA pepper plants
annot be attributed to P nutrition, a finding in agreement
with Sweatt and Davies (1984), Augé et al. (1986a), and Be-
thlenfalvay et al. (1988). Tndeed, leaf tissue P of VAM plants
was lower than that of NVAM plants. Also, the tissue con-
centrations of other essential elements were generally equal
or higher in NVAM than VAM plants before and after
drought acclimation treatments, indicating thar VAM-DA
treatments elicited improved water relations that were not
mediated through these elements. The P levels of all treat-
ments were in the range recommended for commercial pro-
duction of pepper (Lorenz and Maynard, 1988). Contrary to
our findings, Nelsen and Safir (1982), Graham and Syvertsen
(1984), and Fitter (1988) attributed improved water relations
of mycorrhizal plants to increased tissue nutrition, particu-
larly P. Although mycorrhizae can promote P uptake, and P

1 upuake is reduced under drought (Begg and Turner, 1976,

Vietz, 1972), it is not clear how increased P could imprave
water relations or drought resistance.

Mycorrhizal colonization was reported to increase E and
leaf P concentration (Hardie and Leyton, 1981), and in a
non-mycorrhizal study, increasing leaf P increased E {Terry
and Urich, 1973). However, data of Fitrer (1988) indicate an
increase in stomatal conductance (g) with increasing leaf P
bur only for non-mycorrhizal plants; g of mycorrhizal
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plants, which had relatively high P concentration, did not
change as leaf P increased. F and g should vary together. In
our study, where leaf P varied widely, E did vary consist-
ently with VAM or leaf P, and Graham et al. (1987) working
with citrus, reported that mycorrhizae did not affect E. Also,
data of Augé et al. (1986 b) indicate that g did not vary con-
sistently with mycorrhizae or leaf P, bur this study was com-
plicated by P fertilization effects on colonization, and high
colonization levels led to high g. Apparently, the relation be-
tween E or g, mycorrhizae, and leaf P is complex and
controversial even tor well watered plants.

Once a plant has been desiccated, stomatal conductance
tends to remain low even after rehydration (Steuer et al.,
1988), a probable cause for the reduced E of the NVAM-DA.
plants early in drought (day 2, cycle 5). Moderate E during
pertods of high soil moisture should conserve water and
allow maintenance of moderately high E late in the drought
cycle as we observed in NVAM-DA plants. The ability of the
VAM-DA plants to maintain moderately high E late in a
drought cycle, despite high E carly in drought, suggests
VAM improved the ability of these plants to extract water at
low ¥ soil,

The visual wilting data during peak environmental stress
show that within a treatment, our plants exhibited consid-
erable variation in plant stress. This variation led 1o some in-
consistency in the data that was most apparent with NVAM-
DA plants that had relatively high E and the second highest
% non-wilted plants, but similar ¥ leaf, ¥, and RWC to
NDA plants, Variation could lead to this inconsistency be-
cause visual wilting and E were the means of 40 and 5 plants,
respectively, per treatment, whereas ¥ leaf, ¥, and RWC
were the means of only three plants per treatment. We have
the greatest confidence in means based on the most plants.
With the exception of NVAM-DA, the visual wilting darta of
the other three treatments corresponded to other warer rela-
tions parameters and E values.

Drought resistance of the VAM-DA plants may have oc-
curred because DA treatment promoted more extraradical
hyphae that concributed to water uptake, a mechanism sup-
ported by the work of Allen {1982) and Hardie (1985). In a
non-mycorrhizal study, McCoy et al. (1984) concluded that
increasing root density created smaller root-to-so;l water po-
tential gradients and less negative root water potentials for a
given daily transpiration loss. If mycorrhizal hyphae explore
the soil volume in a manner analogous to increasing root
density, then mycorrhizal roots could have higher water po-
tentials than would occur in non-mycorrhizal roots, and this
should promote higher ¥ Jeaf,

In addition to their role in exploring soil, hyphae could
bridge gaps between soil and roots as well a5 bind soil par-
ticles to each other and 1o roots. Our data, as well as those of
others (Sutton and Sheppard, 1976; Graham et al., 1982;
Hardie, 1985; Firter, 1985: Bronsten, 1988), indicate that hy-
phae bind soil or cause it to aggregate. This could be impor-
tant as soil water decreased, causing soil shrinkage and creat-
ing gaps at the soil-root interface and between soil particles.

In conclusion, neither tissue nutrient concentrations nor
plant transpirational surface accounted for the ability of DA
and VAM to enhance water status of peppers under drought
stress. Drought acclimation treatments enhanced drought re-
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sistance and stimulated extraradical hyphae development and
greater binding of soil particles to each other and to the roots
of VAM plants. VAM-DA plants resisted stress and main-
tained relatively high ¥ leaf, ¥,, RWC, and E. A possible
mechanism for improved drought resistance in VAM-DA
plants was the greater development of extraradical hyphae
that binds soil to roots, more thoroughly explores soil
volume, and potentially helps maintain hydraulic contact be-
tween soil and root.
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