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Abstract.

Inoculation of the various potting media with the mycorrhizal fungus Glomus fasciculatum (Thaxter) Gerd.

& Trappe resulted in root colonization of geranium (Pelargonium X hortorum L.H. Bailey) by the endophyte that
persisted after transplanting. By flowering time, mycorrhizal transplants grown at 11 or 43 ppm P were more uniform
in growth than nonmycorrhizal transplants grown at the same nutrient regimes, had greater leaf areas and leaf weights,
had increased root and shoot weights, and had lower foliar Mn concentrations. Mycorrhizae were sufficiently well-
established on most seedlings at a minimum of 2 weeks after emergence to persist and continue to develop after
transplanting. Pretransplant inoculation with G. fasciculatum increased subsequent geranium growth over that of
nonmycorrhizal controls when both were transplanted into soil heavily infested with mycorrhizal fungus inoculum,
even though size of mycorrhizal and nonmycorrhizal plants did not differ at the time of transplanting. Posttransplant
inoculation with G. fasciculatum did not affect the growth of plants which were already mycorrhizal at transplant,
but increased the growth of previously nonmycorrhizal transplants. Pretransplant inoculation in seil, peat, or ver-
miculite resulted in larger plants than posttransplant inoculation in these media.

Many horticultural crops are grown in containers, including
nursery stock, bedding plants, and vegetable transplants. The
high value of container-grown plants (3) may make inoculation
with mycorrhizal fungi cost-beneficial. Vesicular—arbuscular
mycorrhizae (VAM) occur on roots of many species of horti-
cultural plants, and may improve host plant growth through
increased uptake of P, Zn, and other minerals, reduced incidence
of soil-borne plant diseases, and increased tolerance of drought
stress (13). A potential use for VAM on container-grown plants
is the improvement of transplant survival and regrowth, as has
been reported by Barrows and Roncadori (4) for poinsettia, and
by Cooper (7) for tamarillo.

Use of soilless growth media and high levels of soluble P
fertilizer inhibits establishment of, and host growth response to,
VAM (6), but is common in container plant production. It is
possible that even though no host growth benefits are obtained
when container-grown plants are inoculated under conditions
unfavorable for mycorrhizal development, mycorrhizal coloni-
zation may increase survival and induce more rapid regrowth
when hosts are transplanted into soil and given less fertilizer
(6).

The objectives of this study were to determine the following,
using geranium as a test plant: 1) whether VAM spread rapidly
to new roots which grow after transplanting; 2) how long a period
is required following inoculation before mycorrhizae are well
enough established on host roots to persist after transplanting;
3) how growth of mycorrhizal transplants is affected by the use
of soilless media and high levels of soluble P fertilizer in con-
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tainer growing systems; and 4) whether pretransplant inoculation
with VAM increased host growth more than posttransplant in-
oculation.

Materials and Methods

Expt. 1: VAM spread to roots formed after transplanting and
effect of pretransplant inoculation on host growth. Seeds of
‘Sprinter Scarlett’ geranium were surface-sterilized 20 min in
0.5% sodium hypochlorite solution, placed in running tap water
15 hr, then germinated on water agar plates for 48 hr in darkness
at 21°C. Seedlings were then planted individually in 6-cm cell
packs in medium-grade vermiculite. The inoculum, mixed into
the medium before planting at the rate of 1.5 g inoculum/liter
medium, consisted of washed and finely chopped subterranean
clover (Trifolium subterraneum L.) roots colonized by Glomus
Sasciculatum or roots of nonmycorrhizal subterranean clover plants
treated previously with G. fasciculatum spore washings, which
had been passed through a 37-pwm sieve. Plants were fertilized
weekly with 20 ml/6 cm cell or 75 ml/10 cm pot Long Ashton
nutrient solution (11) at full strength P (43 ppm P) or one-quarter
strength P (11 ppm P) from monobasic sodium phosphate.

Throughtout all experiments, plants were watered daily and
the greenhouse was maintained at 16°C (night) and 20° to 22°
(day) temperatures. Supplemental lighting with an intensity of
160 pE s 'm~% was provided from 6 AM to 10 pm daily by
high-pressure sodium vapor lamps. '
 After 6 weeks of growth, shoot dry weights (60°C for 72 hr)
were determined and percentage of root length with mycorrhizal
colonization (5) was measured for 10 plants in each treatment.
Plants were then transplanted into pasteurized (aerated steam at
60°C for 30 min) silt loam soil in 10-cm round plastic pots and
grown for an additional 6 weeks, at which times almost all were
in bloom. At that time the number of flowering stems per plant
were counted and plant leaf area was measured with a LI-COR
model LI 3000 ieaf area meter. Then leaf blades were dried 72
hr at 60°C and leaf dry weight was determined. Foliar nutrient
concentrations were determined by the Oregon State Univ. Dept.



of Soil Science Plant Analysis Lab. Samples were digested in
perchloric acid. N and P concentrations were determined col-
orimetrically (2), and other elements were analyzed with a Per-
kin-Elmer Model 400 atomic absorption flame spectrophotometer.

Root samples were collected separately from both the pre-
transplant mass in vermiculite and from the new roots which
had grown out into the soil. These roots were distinguished by
their spatial distribution in the 2 media. Roots were cleared and
stained (14) and colonization was measured as percentage of
root length with mycorrhizal colonization (5).

Data are based on 6 replications of 5 plants each (30 plants/
treatment), except for foliar nutrient analysis, which was on a
single sample of 12 pooled plants.

Expt. 2: Determination of the minimum duration of pretrans-
plant inoculation allowing mycorrhizae to persist after trans-
planting.  Surface-sterilized geranium seeds were planted directly
into pasteurized silt loam soil in 6-cm cell packs (2 seedlings
per cell) and inoculated with Glomus fasciculatum or a control
teatment as described in expt. 1. Plants were fertilized with
Long Ashton nutrient solution at the low P level (11 ppm) as in
expt. 1. Emergence was 10 days after seeding. At 1, 2, 3, 4,
or5 weeks after emergence, seedlings were washed free of soil
and transplanted into 10-cm round plastic pots containing pas-
teurized soil. At each time of transplanting, data were taken as
nexpt. 1. Plants were harvested 9 weeks after seedling emer-
gnce and final data taken on shoot dry weight and percentage
of root length with mycorrhizal colonization (5). Each treatment
had 10 single-plant replications.

Expt. 3: Effect of pretransplant growth medium and P fertilizer
on formation of mycorrhizae and host growth response after
fransplanting, and comparison of effects of pre- and post-trans-
plant inoculation.  Surface-sterilized seeds were germinated and
planted in growth media containing G. fasciculatum inoculum
asdescribed in expt. 1. The media used were pasteurized sphag-
fum peat with pH adjusted to 6.4 with dolomitic lime, medium-
gnade vermiculite, or silt loam soil (pH 6.1). Plants were fer-
tilized weekly with Long Ashton nutrient solution with P at either
full or one-quarter strength (43 or 11 ppm P), and transplant
Gata taken 6 weeks after planting as in expt. 1. Plants grown in
vermiculite were transplanted into vermiculite or soil, those in
Peat into peat or soil, and those in soil into soil. In some treat-
fents, the soil into which they were transplanted had been in-

oculated with G. fusciculatum as described above. From
transplanppg until harvest 5 weeks later, plants in all treatments
were fertilized weekly at || ppm P. Data collection

: . and repli-
cations were as in expt. 2.

Results

Expr. 1. Geraniums grown in vermiculite at cither fertilizer
P level and inoculated with G. fusciculatum were no larger than
the controls at the time of transplanting. even though the roots
had been colonized (Table 1). Colonization was less at the high
than at the low P level. After transplant and growth in soil for
6 weeks, mycorrhizal plants at both fertilizer P levels had greater
root and shoot weights, leaf areas, and leaf dry weights. The
number of flower stems was increased by inoculation with G.
Jasciculatum only at the low fertilizer P level to equal that of
nonmycorrhizal plants at the high P fertilizer level. Fewer flow-
ering stems occurred on nonmycorrhizal plants at the low P level
than in the other 3 treatments. Nonmycorrhizal plants were less
uniform (higher coefficient of variability) in root and shoot weight.
leaf area, and leaf weight compared to inoculated plants (Table
1).

VAM spread rapidly to new roots formed after transplanting.
Mycorrhizae were equally abundant on the inoculated older por-
tion of the root system and on the new roots which had grown
out into the noninoculated medium. The percentage of root length
colonized at 11 ppm P was 70.2 on older roots and 74.7 on new
roots; at 43 ppm P, it was 50.0% on older roots and 52.0% on
newer roots. Foliar concentrations of N, K, Ca. Mg. or Zn did
not differ greatly between the treatments, but P and Na concen-
trations were much lower in nonmycorrhizal transplants grown
at the low fertilizer P level (Table 2). Foliar concentrations of
Mn were 3 and 5 times higher in nonmycorrhizal than mycor-
rhizal geraniums at the high and low fertilizer P levels. respec-
tively.

Expt. 2. Of the Glomus-inoculated seedlings. 40% had de-
tectable mycorrhizal infection one week after seedling emer-
gence and 90% after 2 weeks. Inoculated plants which did not
become mycorrhizal had shoot dry weights no different from
those of nonmycorrhizal controls. At 3, 4, and 5 weeks after
emergence, all inoculated plants were mycorrhizal. The pro-
portions of geranium plants mycorrhizal after the various pre-
transplant inoculation periods was correlated significantly

Table 1.  Effect of pretransplant inoculation with Glomus fasciculatum and fertilizer phosphorus on growth of geranium.
At transplanting 4
Root Six weeks after transplanting
Shoot length Shoot Root No. Leaf
Treatment dry mycor- fresh fresh in- Leaf dry
Mycorrhizal p wt rhizal wt wt flores- area wt
inoculation (ppm) (mg) (%) (g) (g) cences (cm-) (g)
- 1 157 a7 0a 4.7 a 33a 0.33 a 48 a 0.34a
- 43 210 b 0a 30.0b 7.9b 1.88 b 287b 1.50 b
+ 11 146 a 532c¢ 31.6b 8.0b 1.90 b 320c¢ 1.70 ¢
+ 43 206 b 22.1b 353¢ 99c¢ 1.98 b 3524d 1.76 ¢
Coefficients of variability
(sp X 10(/mean)
- 49.6 36.4 43.8 49.3
- 17.3 20.9 --- 229 20.8
+ 8.6 17.3 11.0 9.2
+ 13.6 20.9 17.3 1.4

“Mean separation within columns by Duncan’s multiple range test, 5% level.



Table 2. Eftect of pretransplant inoculation with Glomues fasciculatum
and fertilizer phosphorus on foliar mineral concentration of gera-
mums at tlowering.

Foliar mineral concn
T'reatment (% dry wt or ppm)
Mycorrhizal P N P K Ca Mg Zn Mn Na
innoculation (ppm) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm)

- 128 002 3.0 1.3 030 32 120 12
- 43 2.7 0.21 2.8 1.5 046 24 154 55
+ 28 0.18 2.1 1.3 042 24 36 55
+ 43 2.7 022 1.9 1.6 048 26 44 55
(slope = 1.02, r = 980, P = 1%) with the proportion that

were mycorrhizal at harvest. Mycorrhizal plants weighed more
at transplanting only after the longest (5 weeks) inoculation
period (Fig. 1). Atthe end of the experiment, mycorrhizal plants
weighed more than nonmycorrhizal plants after all inoculation
periods. Fungal colonization of roots at transplanting increased
with length of inoculation period (Fig. 2), but final colonization
levels were high regardless of inoculation period. Low levels of
colonization one or 2 weeks after emergence resulted in colo-
nization of most of the root system at harvest.

Expt. 3. At the time of transplanting, geraniums showed no
growth response to G. fasciculatum in peat or vermiculite at
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rig. 1. Effect of inoculation with Glomus fascicularum and duration

of pretransplant inoculation period on shoot dry weight of geraniums
at transplanting and at harvest. (A = at harvest, mycorrhizal; B = at
transplanting, mycorrhizal; C = at harvest, nonmycorrhizal; D = at
transplanting, nonmycorrhizal.) Vertical lines show sD.
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Fig. 2. Effect of duration of pretransplant inoculation with Glomus

fasciculatum on colonization of geranium roots at transplanting and
at harvest. (A = at harvest; B = at transplanting.) Vertical lines
show sp.

either high or low P or in soil at the higher fertilizer P level:
host growth response only occurred when grown in soil at the
low P level (Table 3). Roots of transplants were colonized more
heavily when they had been grown in soil (Table 4). Colonization
in peat and vermiculite was reduced further by the higher fer-
tilizer P treatment. Shoot dry weight at harvest had been en-
hanced by G. fasciculatum on plants grown in all media and at
both fertilizer P levels if they had been transplanted into soil
(Table 3). Mycorrhizal growth response of plants grown in ver-
miculite was not increased after transplanting into vermiculite;
however, a small increase occurred when plants grown in peat
were transplanted into peat.

Posttransplant inoculation with G. fasciculatum did not affect
growth of plants which were already mycorrhizal, but increased
the growth of nonmycorrhizal plants in all growth media (Table
3). Regardless of this growth increase, pretransplant inoculation
in all media and at both P levels resulted in larger plants than
posttransplant inoculation.

Colonization of roots in all 3 treatments had reached relatively
high levels by the end of the experiment (Table 4). In a few
cases, pretransplant inoculation resulted in greater fungal col-
onization of roots than posttransplant inoculations, but there was
no consistent pattern. Control plants in all experiments remained
nonmycorrhizal.

Discussion

Inoculation with VAM fungi at the time of seeding may be
beneficial to horticultural crops which are transplanted into soil,
even if the soil already contains abundant propagules of VAM
fungi. We observed that pretransplant inoculation with G. fas-
ciculatum increased geranium growth over that of noninoculated



Table 3. Effect of pre- or post-transplant growth med

wm. pretransplant fertilizer phosphorus level, and pre- ar post-

transplant inoculation with Glomus fasciculatum on geranium growth.

Treatment Sh\(i(t)tagry - ] Final shoot dry wt (g)”
Growth p wansplantin irﬁ:‘SP anted ' Truns?'phmtcd Fransplanted into
medium (ppm) Inoculation (Fn g 0 same into uninoculated inoculuted
2) medium soil soil
Soil Il Noninoculated 96 a* 0.17 a 0.73 a
11 Inoculated 145 be 348 ¢ 347
43 Noninoculated 151 be 0.43b
43 Inoculated 157 be 352¢
Vermiculite i Noninoculated 127 b 1.28 a 0.47b 1.14b
11 Inoculated 129 b 1.23 2 277 ¢ 2.67d
43 Noninoculated 168 ¢ .31 d
43 Inoculated 163 ¢ 3.01 fg
Peat 11 Noninoculated 185 ¢ 1.50 a 0.67 ¢ 1.67 ¢
11 Inoculated 191 ¢ 2.10b 3.191g 3.4 de
43 Noninoculated 349 d - 2.02¢
43 [noculated 330d 357¢

*Mean separation within columns by Duncan’s multiple range test, 5% level.

controls transplanted into heavily inoculated soil, even when
there was no growth difference at the time of transplanting. In
some cases the growth differences were quite dramatic, and
nonmycorrhizal plants which wre apparently healthy at the time
of transplanting ceased growing after transplanting (Fig. 4). Bar-
rows and Roncadori (4) and Cooper (7) observed that pre-
established VAM increased transplant survival and speed of
regrowth of poinsettia and tamarillo, respectively.

Another reported benefit of pretransplant inoculation is that
premoculation with mycorrhizal fungi has reduced disease in-
tidence from many soil-borne pathogens, whereas plants ex-
posed simultaneously to soil-bomne pathogens and VAM generally
are not protected (17, 18). Pretransplant inoculation may also
permit selection and establishment of more efficient strains of
the endophyte. Plants grown in soilless media benefited from
pretransplant inoculation with mycorrhizae if grown later in soil.
Posttransplant benefits may be a more important reason to in-
oulate container-grown plants in soilless media than benefits
during production (6).

Effectiveness of VAM in increasing host growth and P uptake
has been related to the speed and extent of root colonization by
these fungi (1, 8, 10, 16). Data presented here show that new
foots can be colonized extensively by G. fasciculatum transfer-

ring from older roots. New roots may be colonized more guickly
in this manner than from soil-borne propagules. This 1s supported
by our observation that the growth response from pretransplant
inoculation was greater than that from posttransplant soi} inoc-
ulation. Final levels of root colonization were similar. probably
because they were near the maximum for the system. Devel-
opment of the external hyphal network. which has also been
related to host growth response (9), may also have been more
rapid when plants were inoculated already. Further research
comparing rates of spread from roots of mycorrhizal transplants
and from naturally occurring soil inoculum in field situations
would better indicate their relative ability to colonize transplants.
Confinements of roots within a pot may facilitate spread of the
endophyte within the root system.

The presence of barely detectable signs of mycorrhizal col-
onization after the various pretransplant incubation and growth
period resulted in plants that were mycorrhizal at harvest. The
smallest amount of mycorrhiza—about 1 mm of colonized root—
was sufficient to spread and colonize the entire root system after
transplanting (Fig. 2). The minimum pretransplant period fol-
lowing inoculation, which resulted in persistence of mycorrhizae
on most seedlings, was 2 weeks after emergence. This corre-
sponds with the recommended time for transplanting seedling

Table 4. Effect of pre- or post-transplant growth medium and pretransplant fertilizer phosphorus level on colonization

of geranium roots inoculated with Glomus fasciculatum.

Root length

Final root length mycorrhizal (%)

Treatment mycorrhizal at  Transplanted Transplanted Transplanted into
Growth p transplanting into same into uninoculated inoculated
medium (ppm) Inoculation (%) medium soil soil
Soil 11 Noninoculated 70.2 ab
11 Inoculated 81.8 ¢? 86.6 b 83.7 ¢
43 Inoculated 80.2 e --- 859b -
Vermiculite 11 Noninoculated - --- - 64.6a
11 Inoculated 2l.5¢ 64.5a 75.1 a 77.5 b¢
43 Inoculated 0.3b - 79.8 ab
Peat 11 Noninoculated —— -—- --- 73.3ab
11 Inoculated 54.2d 66.4 a 73.8 a 71.1 ab
43 Inoculated 11.0a .- 77.3 ab ---

*Mean separation within columns by Duncan’s multiple range test, 5% level.
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Lftect of pretransplant inoculation with Glomus fasciculatum
and fertitizer phosphorus level on growth of geranium.

Fig. 3.

(A = noninoculated, 11 ppm P: B = inoculated, 11 ppm P,
C = noninpculated, 43 ppm P; D = inoculated, 43 ppm P.) Pho-
tograph tuken 6 weeks after seedling transplant.

geranium crops, when 2 or 3 true leaves have developed (15).
Sced-flat inoculation may be the most practical way to cstablish
VAM on container-grown plants, since less inoculum is nec-
essary than at later stages.

The increase in crop uniformity which we observed when
plants were mycorrhizal is a benefit not reported previously.
However, Janos (12) did find that various species of tropical
tree seedlings grew at a more cven rate (compared with other
species) in soil inoculated with VAM fungi. It should be deter-
mined if this also applies to vegetatively propagated plants of
the same clone, which would indicate whether the effect was
due to host genctic variation or to environmental factors.

A slight reduction in Mn uptake caused by inoculation with
VAM fungi was also observed by J.A. Chatficld, L.H. Rhodes,
and C.C. Powell, Jr. (personal communication). Large differ-

Fig. 4.

Effect of pretransplant inoculation with Glomus fasciculatum
and fertilizer phosphorus level on growth of geranium.
(A = inoculated, 43 ppm P; B = inoculated, 11 ppm P;
C = noninoculated, 43 ppm P; D = noninoculated, 11 ppm P.)
Photograph taken 4 wecks after seedling transplant.

ences in Mn concentration were observed here, even at fertilizer
P level where mycorrhizal and nonmycorrhizal plants were of
cquivalent size. If this reduction in Mn uptake by mycorrhizl
plants occurred at higher Mn levels, it could be useful in reducine
toxicity from excess Mn, which may occur in heat-treated soils
but is rarc in ficld situations.
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