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Summary Shoot water relations and carbohydrate levels were compared for droughted nonmy- 
corrhizal and vesicular-arbuscular (VA) mycorrhizal Rosa hybrida L. cv 'Samantha' plants grown 
with high and low phosphorus fertilization. Leaf diffusive conductance (gt) of plants colonized by 
Glomus intraradices Schenk and Smith and Glomus deserticola Trappe, Bloss and Menge were 2 • 
and 1.5 x greater, respectively, than in nonmycorrhizal plants. Regardless of P fertilization, leaf 
osmotic and bulk water potentials were 0.5 to 1.1 MPa higher in mycorrhizal than in nonmycorr- 
hizal plants. Leaf starch, chlorophyll and water contents were higher in G. intraradices-colonized 
plants than .in the high-P nonmycorrhizal plants, while fructose, glucose and total soluble car- 
bohydrates were lower. Level'of P fertilization had no effect on water relations or soluble car- 
bohydrate content of nonmycorrhizal roses. The water status of droughted rose was improved more 
by G. intraradices than by G. deserticola. 

Introduction 

Recent examinations of  vesicular-arbuscular (VA) mycorrhizal sym- 
bioses have indicated that VA fungi may improve host resilience to 
drought stress 2'5'~8'28. In some instances recovery from drought may also 
be hastened 13'23'37. 

Whether or not the fungal influence is through direct hyphal water 
uptake and transport, through altered hormonal or other biochemical 
relations, or through increased mineral uptake in dry soils remains 
unclear 1~ It is possible that different mechanisms predominate between 
different symbionts. 

In some VA mycorrhizal associations, enhanced P nutrition apparent- 
ly accounts for the altered host water status  11'2~ In others, mycorr- 
hizal effects are not attributable simply to increased plant P levels, and 
some other mechanism must prevail 4'5'14'23'24. This paper summarizes the 
impact of  drought and P nutrition on shoot water relations of  VA 
mycorrhizal rose. Because cultivated rose is commonly mycorrhizal even 
under optimum P fertilization, it was selected for study of  mycorrhizal 
influences beyond enhanced mineral nutrition. 

* Washington State University College of  Agriculture and Home Economics Research Center 
Scientific Paper No. 7375. 
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Materials and methods 

Plant and fungal culture 
Five-month old Rosa hybrida L. cv 'Samantha' plants, which were colonized by either Glomus 

intraradices Schenk and Smith or Glomus deserticola Trappe, Bloss and Menge 4, or were nonmy- 
corrhizal, were used in this study. These plants had been examined earlier under well-watered 
conditions 4, and the current report records the effects of drought stress administered immediately 
after the previous experiments. When water relations measurements began, root development had 
occurred throughout the pots but plants were not yet pot-bound. Inoculation procedure, growth 
room conditions, plant culture and statistical analysis were as described earlier 4. Plants were 
provided with a full nutrient regime in soluble form, with low phosphorus (LP) and high phosphorus 
(HP) treatments receiving 23 and 92 mg P l - l ,  respectively, with each fertilization. 

Leaf water status 
Leaf water potential (~Ft) and leaf diffusive conductance (gt) were sampled as before 4. Pots were 

brought to field capacity, then allowed to dry, and each parameter was assessed at 20-25% relative 
soil water content (0; field capacity = 100% relative 0, oven-dry soil = 0% relative 0). Due to the 
low water diffusivity of the medium, particularly at low soil 0, and consequent W, ou variations within 
pots, relative soil 0 was selected as a measure of soil water status, for consistency and repeatability. 
Drying periods ranged from 4-11 d, except in the case of the stunted, low-P nonmycorrhizal plants, 
which took 18d to dry down. 

The average transpiration rate (Eovg) during the entire drying cycle was measured gravimetric- 
ally. Total water loss was the difference between pot-plus-plant weight at field capacity and at low 
soil 0. Nontranspirational water loss, estimated from the daily weight loss from three unplanted pots 
containing a soil mixture identical to that used for the roses, was subtracted from total water loss 
for a measure of EQvg. Leaf area was measured with a leaf area meter (Li-Cor, Lincoln, NE) 
following the droughting period. 

Leaf water content (LWC) = [(Fresh weight l e a f -  dry weight leaf)/fresh weight 
leaf] x 100% 22. 

After qJt was determined, leaves were immediately frozen in liquid N2, and the osmotic potential 
(q~o) determined with a vapor pressure osmometer (Wescor 5100C, West Coast Scientific, Seattle, 
WA) on sap expressed from quickly warmed leaves. Osmotic potentials were corrected for the 
dilution of cell sap with apoplastic water that occurs during freezing-thawing by determining the 
apoplastic water percentage of 20 leaves using pressure-volume relations, as described elsewhere 5. 
Solute content of xylem solution expressed with the pressure chamber from cut petiole ends was 
measured with the osmometer and found to be negligible (~F o > -0 .01 MPa). Apoplastic water 
percentages were also estimated using the relative dry weight (RDW) of leaves. RDW, calculated on 
the 20 rehydrated leaves used in the above P-V work, = [(dry weight)/(rehydrated leaf weight - 
dry weight)] x 100%.  32. 

Leaf carbohydrate status 
For carbohydrate determinations, a composite sample of three leaves was excised from each 

plant at the described low soil 0, weighed and immediately placed into liquid nitrogen. Leaves were 
lyophilized and a 100mg sample was extracted 2 x with 7ml of 80% ethanol, followed by 7ml of 
water. 

Soluble carbohydrate and starch contents were analysed as described previously 25'29. 
For histochemical analysis, leaf strips approximately I • 6 mm were removed (7-9 h into the 

photoperiod) from the three leaves to be used in carbohydrate determinations, immediately before 
their excision, from three replicates per treatment. Strips were obtained from terminal leaflets, 
2-3 mm from the midrib and parallel to it. The samples were fixed in 4% glutaraldehyde in a 
phosphate buffer, pH = 7.2, dehydrated through an ethanol series and embedded in acrylic (LR 
White) resin. A modified periodic acid-Schiff's procedure 7, which specifically stains polysaccharides, 
was performed on sections 1 #m in thickness for the observation of starch grains. 
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Leaf concentrations of total chlorophyll, chlorophyll a and b were measured spectrophoto- 
metrically 16 directly after the drying period (12 days after onset of drying, except in the case of the 
low-P nonmycorrhizal plants, which required 18 days for all replicates to reach the specified low soil 
0). Three leaf discs from each of eight replicates were used in the analysis. Plants were well-watered 
before determinations were made. 

Results 

Plant growth and nutrient status 
Levels of mycorrhizal colonization and tissue dry weights, areas, P 

contents and growth ratios are listed in Tables 1 and 2 of Aug~ et al.4. 
All plants were of similar size and P nutrition except for the low-P 
nonmycorrhizal plants, which were smaller and P-deficient. Plant P 
levels in all high-P roses ranged from 1.5 to 1.6mg g-~ dry weight, and 
from 1.1 to 1.3mg g-~ in low-P mycorrhizal roses. Nonmycorrhizal 
low-P plants had 0.7mg P g-~. 

Leaf water status 
At low soil water content, nonmycorrhizal roses had comparable gl, 

Eavg, q/~, q/o, and L WC, regardless of P fertilization (Table 1). q/t and gl 
were greater in the low-P mycorrhizal roses than in the high-P nonmy- 
corrhizal roses (Table 1). The high-P mycorrhizal plants, though col- 
onized to a lesser degree, were also able to maintain higher gt, q/t and q/o 
than the high-P uncolonized plants. The gt of Glomus intraradices- 
colonized plants was similar at both P regimes, and was twice that of 
nonmycorrhizal roses. VA mycorrhizas had a substantial effect on host 
water potential: the q/t of high-P nonmycorrhizal roses was 1.0 MPa 
lower than plants colonized by G. intraradices. The linear contrast 
between high and low P mycorrhizal treatments indicated no significant 
difference in any parameter measured, except for Eavg. 

The two fungal species differed in their effect on droughted rose. In 
roses colonized by G. intraradices, gt, q/t and q/o were all greater (55%, 
20% and 16%, respectively) than in the G. deserticola-colonized roses. 
Eavg and L WC were similar in the two fungal treatments. The average 
transpiration rate during the drying cycle was 67% greater in the highly 
colonized mycorrhizal plants than in the high-P uncolonized plants, and 
LWC differed between these two groups by 11% (Table 1). 

Apoplastic water percentage of rose leaves estimated using P-V rela- 
tions was 50%, SE = 2.9, and 49%, SE = 0.8, using RDW. A value of 
50% was used for q/o correction: measured q/o = .5(q/o of apo- 
plast) + .5(q/o of symplast). 
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Leaf chlorophyll and carbohydrate content 
Chlorophyll content following the drought period was correlated with 

drought strain*; the more highly strained, high-P and low-P nonmycorr- 
hizal roses possessed less total chlorophyll than any of the mycorrhizal 
roses (Table 2). The low-P mycorrhizal plants colonized by G. intraradi- 
ces exhibited levels 40% above high-P controls (Table 2), even though 
their leaf specific weight was the same or less than in the controls (Table 
14). The low-P nonmycorrhizal roses had less chlorophyll b than their 
high-P counterparts, and therefore a higher a/b ratio. Drought effects on 
chlorophyll level have been demonstrated before 17'36. 

The uncolonized roses had 96% more fructose and 100% more glu- 
cose on a dry weight basis than the roses colonized by G. intraradices 
(Table 3). G. deserticola-colonized roses, intermediate in degree of 
drought strain, also had intermediate levels of the two hexoses. The 
linear contrasts indicated that levels of sucrose and the two polyols did 
not differ significantly between low-P or high-P mycorrhizal plants, or 
between mycorrhizal and nonmycorrhizal plants, though the trend was 
toward lesser amounts in the more highly strained, high-P nonmycorr- 
hizal plants. Total sugar content was 18% greater in the uncolonized 
plants and 17% greater in the G. deserticola-colonized plants than in 
plants colonized by G. intradices, which is consistent with the lower q~o 
observed in the former treatments. 

Starch content of low-P nonmycorrhizal rose leaves was 60% higher 
than in leaves from high-P nonmycorrhizal plants (Table 3). Leaves from 
G. intraradices-colonized roses possessed 38% more foliar starch than 
leaves from G. deserticola-colonized roses and 60% more starch than 
leaves from the high-P nonmycorrhizal roses (Table 3 and Fig. 1). 

Discussion 

As in well-watered rose 4, both Glomus species increased water move- 
ment into droughted rose, with G. intraradices having the greater in- 
fluence. The effects of the fungi were not associated with promotion of 
P uptake, as nonmycorrhizal and mycorrhizal plants had similar P 
content. G. intraradiees-colonized plants experienced less drought strain 
at a given low soil 0, and this was reflected in each of the parameters 
measured (Table 1). This is consistent with previous findings, where G. 
intraradices-colonized citrus seedlings sustained less drought strain than 
uncolonized controls 18. In this work mycorrhizal plants contained 
greater P levels even under nonstress conditions, so mycorrhizal effects 

* The authors have adopted the terminology of Levitt throughout this paper in distinguishing an 
environmental limitation ("stress") from the related plant response to the limitation ("strain") 22. 



296 AUGfE, SCHEKEL AND WAMPLE 

Table 2. Effect of phosphorus fertilization and VA mycorrhizae on leaf chlorophyll content of Rosa 

hybrida cv 'Samantha' under water deficit stress (HP = high phosphorus; LP = low phosphorus) 

Treatment Chlorophyll content b (rag dm -2) 

VAM Phosphorus a b Total a/b 

Nonmycorrhizal High 2.69 1.08 3.77 2.5 
Low 2.94 0.75 **c 3.69 3.9*** 

G. deserticola High 3.62** 1.36" 4.98** 2.7 
Low 3.45* 1.34" 4.79* 2.6 

G. intraradices High 2.89 1.19 4.08 2.4 
Low 3.87*** 1.40"* 5.27*** 2.8 

LSD "~ 0.69 0.11 0.85 0.8 

Linear contrast a 
Nonmycorrhizal HP vs NS NS + NS 

mycorrhizal HP 
Nonmycorrhizal HP vs + + + + + + + NS 

mycorrhizal LP 
Nonmycorrhizal vs + + + + + + + + NS 

G. deserticola 

Nonmycorrhizal vs + + + + + + + + 

G. intraradices 
G, deserticola vs NS NS NS NS 

G. intraradices 

a Nonsignificant (NS), or significant at the 5% (+),  1% (+ +), or 0.1% (+ + +) level 
b Values represent the means of 24 observations each 
c Significantly different from the high-P nonmycorrhizal control at the 5% (*), I% (**), or 0.1% 
(***) level 

derived strictly from enhanced P nutrition could not be ruled out. VA 
mycorrhizal plants have also been shown to recover more quickly from 
drought 23'37. In the present study, g~, ~t and ~o were highest in G. 
intraradices-colonized plants at either P fertilization rate, and in conjun- 
ction with corresponding leaf carbohydrate and chlorophyll contents, 
revealed that the G. intraradices-colonized roses experienced less strain 
than did the uncolonized, high-P controls (Table 2 and 3; Fig. 1). These 
effects were achieved in spite of the fact that soil moisture levels were 
actually significantly lowest in the low-P G. intraradices-colonized plants 
(Table 1). 

It is interesting to note that under dry soil conditions the influence of 
the fungus became more pronounced than under moist conditions 4, at 
least in the case of the high-P G. intraradices-colonized roses. These 
plants were able to maintain leaf water potentials and leaf conductances 
as high as the plants colonized by this species at low P (Table 1), even 
though their roots were colonized to a lesser degree 4. The same trend was 
apparent in the G. deserticola-colonized plants, and was reflected for 
both fungal species in L W C  (Table 1). 
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Fig. 1. Light micrographs of leaf cross-sections from droughted Rosa hybrida cv. 'Samantha' plants, 
stained for polysaccharide using the periodic acid-Sciff's procedure. Note the difference in chloro- 
plastic starch content (arrows denote starch grains). (a). Low-P Glomus intraradices treat- 
ment. x 320. (b). High-P nonmycorrhizal treatment, x 320. Scale: 50pm. H, hypodermis, occa- 
sionally observed in high-P nonmycorrhizal rose leaves; P, palisade mesophyll; S, spongy mesophyll; 
V, vascular bundle. 
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It has often been demonstrated that VA mycorrhizal fungal species 
can differ in their influence on a particular host 2'3~ Introduced, 'exotic' 
species often have greater effects than do the indigenous species 19'28, 
although this was not the case in the present study. Under well-watered 
situations G. deserticola and G. intraradices exerted a comparable in- 
fluence on rose WI and g4, yet the native species, G. intraradices (isolated 
from a commercial cut-rose greenhouse), improved water movement 
more than G. deserticola during drought. Interestingly, this occurred in 
spite of the fact that plants colonized by G. deserticola had greater 
relative root surface areas and tended to possess more root surface area 
per gram dry weight root than plants associated with G. intraradices 4. 

It is noteworthy that root and plant P content increased with increased 
P fertilization in mycorrhizal roses 4, yet produced no effect on most 
water status parameters (Tables 1 and 2). High-P G. intraradices- 
colonized roses had leaf and root P contents comparable to the high-P 
nonmycorrhizal group, and yet they experienced substantially less strain 
than the nonmycorrhizal roses. Transpiration was diminished more 
during the drought cycle in the lesser-colonized, high-P mycorrhizal 
plants, and was thus correlated with degree of fungal colonization. It is 
apparent, then, that in this mycorrhizal association the effect of the 
fungus is unrelated to enhanced P uptake. This is in contrast to 
droughted onion colonized by G. etunicatum, in which mycorrhizal 
influence was attributed to elevated plant P levels 2s. Rosa hybrida and R. 
manetti produce coarse, rather scanty root systems and so may be more 
reliant upon their VA symbionts than more profusely rooting plants 6. 

The lack of a role of P nutrition in altering rose water status during 
drought was corroborated by the fact that water-stressed nonmycorr- 
hizal plants manifested no differences in ud t, ~ o, gl, Eavg, sugar or 
chlorophyll content between the two P treatments. Similar to other 
species 3, the P-deficient roses had root/shoot ratios double that of the 
adequately fertilized plants, which may have allowed comparable water 
uptake and transport. Moreover, both root dry weight/leaf area and 
relative root surface area/leaf area ratios were more than twice as great 
for the P-deficient plants than in high-P controls 4. 

Drought strain often causes a decrease in foliar starch content and 
sometimes an increase in s u g a r  9'21. This study revealed similar trends in 
rose plants. Uncolonized roses given adequate P experienced a high 
degree of strain (low Wt and gt) and possessed the lowest starch content 
(Table 2). The low gz values at low soil 0 indicated substantial stomatal 
closure, and it appeared that CO2 fixation was reduced (Fig. 1). Since 
leaves possess only a small capacity to store carbon in labile forms 12, this 
may have necessitated the breakdown (and/or diminished the formation) 
ofchloroplastic starch to sustain the plants' metabolic requirements. The 
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low-P G. intraradices-colonized plants displayed ample starch storage 
throughout the palisade mesophyll, whereas in the high-P nonmycorr- 
hizal plants visible starch grains were present in much smaller quantities, 
and only in the lower palisade layer, near vascular bundles (Fig. 1). Leaf 
conductance of  the P-deficient, uncolonized roses was also only half that 
of  G. intraradices-colonized roses, yet foliar starch levels remained rela- 
tively high. This effect is in accord with prior data on carbon partition- 
ing, in which low cellular Pi levels have often been shown to lead to 
starch accumulation, as phosphate influences the distribution of  fixed 
carbon between starch and s u c r o s e  1'15'31. 

All these parameters describe a greater state of  strain at low soil 0 in 
the nonmycorrhizal roses. As ~t declines and stomates close, CO2 dif- 
fusion into leaves is inhibited 8. If low stomatal conductances are sus- 
tained, carbon-starvation effects on leaf metabolism could, within hours, 
influence the metabolism of  other organs ~2. If VA mycorrhizas allow the 
maintenance of greater leaf water potentials and diffusive conductances 
at a given low soil moisture level, then CO2 fixation may be greater, as 
well. This may result over time in enhanced growth rates even in ade- 
quately P-nourished plants subjected to drought stress. The influence of  
VA mycorrhizas during chronic water stress warrants investigation. 
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