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SummARY. In a commercial nursery
propagation system for hick’s yew
(Taxus xmedia ‘Hicksii’), we assessed
whether or not the addition of
inoculum of the vesicular—arbuscular
mycorrhizal fungus (VAMF) Glomus
intraradices into the rooting substrate
during cutting propagation increased
rooting, and how the quantity of
inoculum influenced rooting. At 15
and 22 weeks (108 and 156 d) after
cuttings were treated with root
hormones and stuck, root initiation
was higher on cuttings stuck in the
rooting substrate containing VAMF
inoculum. Increasing the quantity of
inoculum in the rooting substrate
increased root growth during the
early stages of rooting. However the
highest level of inoculum tested
increased adventitious root initiation
without increased root growth. Our
results indicate that if VAMF inocu-
lum is used during propagation from
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cuttings, there are optimal levels
required to alter the initiation and
growth of roots. For hick’s yew,
1:100 or 2:100 (by volume) rates of
G. intraradices in the rooting sub-
strate increased the number of
primary roots and growth of adventi-
tious roots on cuttings above that
achieved by using rooting hormone
alone.

ycorrhizae are symbiotic
associations between plant
plant roots and certain soil
fungi that can enhance plant produc-
tivity (Pfleger and Linderman, 1994;
Powell and Bagyaraj, 1984; Smith and
Reid, 1997). Plants with mycorrhizae
are potentially more effective at nutri-
ent and water acquisition (Ames et al.,
1983; Augé etal., 1986; Koide, 1991;
and Schubert and Hayman, 1986),
less susceptible to disease (Pfleger and
Linderman, 1994), and can be more
productive under growing conditions
where nutrients and water may be lim-
iting productivity (Miller and Jastrow,
1992). Vesicular—arbuscular mycor-
rhizal fungi are one type of mycor-
rhizal fungi that are commonly associ-
ated with the roots of horticultural
crops. The benefits from root coloni-
zation by VAMF are thought to be
highest when colonization occurs as
early as possible during plant growth
(Chang, 1994; Nemec, 1987). In the
propagation of plants from cuttings,
this means that maximum benefits from
VAME colonization would be obtained
if inoculum is present during adventi-
tious root formation.

The addition of mycorrhizal fungi
into the rooting substrate during cut-
ting propagation can increase rooting
in different plants (Douds et al., 1995;
Linderman and Call, 1977; Scagel,
2001; Scagel, 2000; Verkade and
Hamilton, 1987; Verkade etal. 1988).
However, few of these studies were
conducted in production nurseries.
Although commercially produced in-
oculum of VAMF is readily available
to horticulturalists, the relationship, if
any, between inoculum quantity and
plant response is unclear.

Yew plants used for production of
taxol, a medicinal chemical used as
part of certain chemotherapy regimes,
are commonly produced from cut-
tings (Shugert, 1997). When large
quantities of rooted cuttings are re-
quired to be produced quickly, propa-

gators look for methods to increase
propagation success and decrease the
time required for rooting (Armstrong,
2000). The number of roots initiated
can influence the length of a produc-
tion cycle and the quality of rooted
cuttings produced. The objectives of
this study were to determine 1) whether
the addition of VAMF inoculum into
the rooting substrate during cutting
propagation increases rooting of hick’s
yew and 2) how the quantity of VAMF
inoculum influences the rooting of
hick’s yew under nursery production
conditions.

Materials and methods

PLANT MATERIAL. On Mar. 13,
2001, cuttings were manually taken
from the previous year’s growth on
field-grown 7-year-old hick’s yew
plants fertilized with 107 kg-ha™* (100
Ib/acre) of ammonium nitrate during
August 2000. Cuttings were trimmed
to an average length of 15 cm (5.9
inches) using a prototype hydraulic
Felco pruner (Agriculture Ergonom-
ics, Davis, Calif.). The bottom 5 cm
(2.01inches) of each cutting was dipped
into 10,000 mg-L! (ppm) ZeroTol
(BioSafe Systems, Glastonbury, Conn.)
to disinfect the cutting of potential
pathogens. Before sticking, cuttings
were dipped for 5 s in 3000 mg-L!
Woods Hormone Solution (1.03%
indol-3-butyric acid and 0.66% 1-
napthalene acetic acid; Earth Science
Products Corp., Wilsonville, Ore.),
then stuck in 48 X 15 X 8-cm (18.9 X
5.9 x 3.1 inches) flats filled with a
custom blend of 15 coarse perlite : 1
peat moss : 3 sand (by volume) (Pro-
Grow, Tualatin, Ore.). Flats contained
about 120 cuttings in a 12 x 10 ar-
rangement in each flat. The bottom 5
to 6 cm (2.0 to 2.4 inches) of each
cutting was stuck vertically into the
rooting substrate in flats.

PROPAGATION ENVIRONMENT.
Flats of cuttings were kept in a opaque
polycarbonate greenhouse under natu-
ral lighting and photoperiod in
McMinnville, Ore. (lat. 45°21'121"
N,long.123°19'024" W). Light qual-
ity and quantity was not measured
during the experiment. Air tempera-
tures were monitored daily and ranged
from 12 t024 °C (54 to 75 °F) through-
out the rooting period. Cuttings were
provided with bottom heat of 17 °C
(63 °F) and were misted and watered
as needed with water containing 200
mg-L? ZeroTol. The nursery’s stan-
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dard disease and pest control measures
were performed during the rooting
period. General propagation environ-
ment and nursery practices for the
propagation of hick’s yew in this nurs-
ery are outlined by Armstrong (2000).

MYCORRHIZAL INOCULUM. Glomits
intraradices was originally obtained
from Native Plants Inc., (Salt Lake
City, Utah) and maintained in pot
cultures at the USDA-ARS, Horticul-
tural Crops Research Laboratory in
Corvallis, Ore. The fungus was propa-
gated in pot cultures on roots of bunch-
ing onion (Allium cepa “White Lisbon’)
grown in a mixture of a 1 Willamette
Valley alluvial silt loam : 1 river sand
(by volume) [11 mg-kg™? (ppm) avail-
able (Bray) phosphorus (P), pH 6.3]
for 5 months. Inoculum consisted of a
mixture of the soil substrate,
extraradical hyphae and spores, and
colonized rootsegments [ <2 mm (0.08
inches) long] with a bulk density of
4.74 g-cm™. The MPN method
(Woomer, 1994 ) was used to estimate
the density of the inoculum which
averaged 10 propagules/g (283
propagules/0z) of soil substrate. Be-
fore sticking cuttings, flats were half-
filled with rooting substrate, an even
layer of inoculum was placed on top of’
the rooting substrate, then the flats
where filled with rooting substrate to
within 1 em (0.4 inches) of the top of
the flat. The treatments were no in-
oculum, and 1x, 2x, and 3X treat-
ments of VAMF created by a 1:100,
2:100, or 3:100 (by volume) ratio of
inoculum to propagation substrate,
respectively.

DATA coLLECTION. Five cuttings
per flat (15 /treatment) were removed
randomly from the rooting substrate
15and 22 weeks (108 and 152 d) after
the start of the experiment. At all har-
vest times, cuttings sampled from all
treatments showed quantifiable levels
of adventitious root formation. The
primary and secondary roots on each
cutting were counted and removed
from the cutting. Fresh weights were
obtained for aboveground (region
above rooting zone) and root portions
of'each cutting. All samples were dried
at 60 °C (140 °F) and dry weights were
obtained after tissue had reached a
constant dry weight (48 to 60 h).
VAMEF colonization of fresh roots was
assessed on 1-cm sections after clear-
ing and staining by modified proce-
dures of Phillips and Hayman (1970),
replacing lacto-phenol with lacto-glyc-
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erin. Percentage of root length with
signs of VAMEF colonization
(arbuscular formation) was estimated
by the method of Biermann and
Linderman (1980).

EXPERIMENTAL DESIGN AND STA-
TISTICAL ANALYSES. The experiment
was set up in a nested-design with four
inoculum levels (control, 1x, 2x, and
3x) and three replicate flats per treat-
ment level (7= 3). Random samples of
five cuttings per flat were included in
analyses (n = 5). Data were subjected
to a two-factor analysis of variance
(ANOVA) using the Statistica statisti-
cal package (Statsoft, Inc., Tulsa, Okla.)
with inoculation treatment and har-
vest date as main effects and flats con-
sidered a fixed-effect nested within
inoculation treatment [ flat(treatment) |
as outlined by Winer (1971). Varia-
tion among samples within experimen-
tal units was determined using the
sampling error term (MSS). Variation
among flats of the same treatment was
determined using the experimental
error term (MSE). The ratio of MSE
to MSS was used to calculate F, for
testing the significance of the variation
among flats within the same treat-
ment. The residual error term was
used to calculate F , test significance
of differences among the treatment
means and calculate standard errors of
treatment means. Control plants
showed no evidence of mycorrhizal
colonization, therefore, colonization
data were analyzed only for inoculum
levels 1x, 2x, and 3x. Orthogonal
contrasts were used to address the
following questions: 1) Does addition
of VAMF to the rooting substrate alter
rooting? (contrast 1: control versus all
VAME treatments); 2) How does the
level of VAMF inoculum in the root-
ing substrate alter rooting? (contrast
2: linear or quadratic contrasts based
on treatment levels); and 3) How is
root colonization dependent on the
quantity of inoculum (contrast 3: lin-
ear and quadratic contrasts based on
treatment levels)? Fisher’s protected
LSD test was used to separate treat-
mentmeans. The relationship between
percentage root colonization and other
variables was assessed using Pearson’s
correlation coefticient (7).

Results and discussion
Roor INITIATION. Adding VAMF
into the rooting substrate significantly
influenced the number of roots per
cutting compared to controls at both

harvest dates (F, |, = 23.8, MSE =
6525, P<0.0004). There was a signifi-
cant quadratic relationship between
inoculum level and number of roots
per cutting (F ,, = 36.15, MSE =
9889, P < 0.0001). The number of
primary roots were highest on cuttings
stuck into the propagation substrate
containing 2X treatment levels of in-
oculum, while cuttings stuck into sub-
strate containing the 3x treatment level
of inoculum had the same number of
roots as 1x treatment (Fig. 1A). The
response of root initiation to mycor-
rhizal inoculum was not significantly
different between the different harvest
dates (F, , = 0.33, MSE =91.8, P<
0.7997).

Verkade and Hamilton (1987)
found that the presence of G.
Sfasciculatum in the rooting substrate
increased root development and
growth of arrowwood (Viburnum
dentatum) but not root initiation.
Scagel (2001) found that adding G.
intraradices inoculum into the root-
ing substrate of miniature roses (Rosa
spp.) did not always increase root ini-
tiation, but in some miniature rose
cultivars, the combination of VAMF
inoculum and rooting hormone in-
creased root initiation. Our results in-
dicate that adding G. intraradices in-
oculum to the rooting substrate of
hick’s yew increased root initiation
and that the cuttings receiving the 2x
treatment level showed the highest
initiation of adventitious roots. The
cultivar-specific responses with minia-
ture roses reported by Scagel (2001)
could have been due to this relation-
ship between inoculum level and root-
ing response. The one level of inocu-
lum used in this study with different
cultivars of miniature roses may not
have been the optimal level of inocu-
lum for altering rooting response of all
cultivars.

Root GROWTH. Adding VAMF
inoculum to the rooting substrate sig-
nificantly influenced the dry weight of
roots per cutting (F; 104 =10.07, MSE
= 0.24, P < 0.0019). However, the
response to inoculation changed with
harvest date (Fy 104 = 7.35, MSE =
0.24, P < 0.0078). At 108 d, root
weight significantly increased with in-
creasing levels of inoculum in the root-
ing medium (F; o4 = 13.71, MSE =
0.24, P<0.0003). The weight of roots
was highest on cuttings stuck into the
propagation substrate containing ei-
ther the 2x and 3X treatment levels of
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inoculum, while cuttings stuck into
the substrate containing the 1x treat-
ment level of inoculum had the same
weight of roots as control cuttings
(Fig. 1B). At 156 d, there was a signifi-
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cant quadratic relationship between

inoculum level and root weight (F |,

= 4.83, MSE = 0.24, P < 0.0302).

Root weight was lowest in the control

cuttings and cuttings stuck into sub-
strate containing the 3xlevel
of inoculum.
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ments. Our results with hick’s
yew indicate that increasing
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without increased root
growth.

RooT size. Adding
VAMF inoculum to the root-
ing substrate significantly
influenced rootsize (in terms
of weight per root) but the
type of response to inocula-
tion depended on harvest
date (F, ,, = 10.98, MSE =
325, P<0.0013). At the first
harvest, 108 d after sticking,
only cuttings receiving the
3% inoculum level had larger
roots than control cuttings
(Fig. 1C). At the second har-
vest, 156 d after sticking, the
average weight per root on
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c quantityof Glomus
intraradicesinoculum
[vesicular-arbuscular mycor-
rhizal fungus (VAMF)
treatment] on the (A) number
ofroots, (B) weight of roots,
and (C) averageroot size per
cutting of hick’s yew 108 and
152 d after cuttings were
stuck. C =noninoculated
controls; 1%, 2x,and 3x levels
ofinoculum. Bars on columns
representstandard errors.
Differentlettersabovebars
represent treatmentmeans
significantly different from
each other (P < 0.05, Fisher’s
protected least significant
difference).1g=1,000mg =
0.035 oz.

cuttings was lowest on cuttings ex-
posed to VAMEF (F, , =10.1, MSE =
325, P < 0.0006). Since root length
and diameter were not measured in
this study, it is impossible to state
whether the larger roots were thicker
or longer than cuttings from other
treatments. This alteration in root size
and anatomy on cuttings may influ-
ence the function of the new root
system relative to water and nutrient
uptake, as well as survival during trans-
planting.

Roots on miniature rose cuttings
treated with rooting hormone are gen-
erally smaller (shorter and /or thinner)
than roots on cuttings from untreated
controls (Scagel, 2001). In that study,
cuttings from miniature rose cultivars
with G. intraradices inoculum in the
rooting substrate had similar root size
when compared to cuttings from un-
treated controls. Further experimen-
tation is needed to determine how
root size and anatomy on hormone-
treated cuttings differ from roots on
cuttings stuck in rooting substrate con-
taining VAMF inoculum and on un-
treated controls. A detailed study on
the anatomical differences between
these roots could aid in determining
the mechanism through which VAME
inoculum increases root initiation and
growth in cuttings.

BIOMASS PARTITIONING. New
growth on cuttings was assessed using
aboveground dry weight. There was a
significant quadratic relationship be-
tween inoculum level and dry weight
of cuttings (F ,, = 11.99, MSE =
0.250, P < 0.0008). Nontreated cut-
tings and cuttings receiving the high-
est levels of inoculum had the highest
aboveground dry weight [1.67 and
1.76 g (0.059 and 0.062 oz), respec-
tively |, while cuttings receiving the 1x
and 2x levels of inoculum had signifi-
cantly lower aboveground dry weight
[1.34 and 1.42 g (0.047 and 0.050
oz), respectively]. We compared the
ratio of aboveground dry weight to
fresh weight to assess differences in
tissue hydration and new growth be-
tween cuttings receiving different treat-
ments. Noninoculated cuttings had a
significantly higher ratio of
aboveground dry weight to fresh
weight than cuttings inoculated with
VAMF (EF, ,, = 36.50, P < 0.0001)
(Fig.2A). Cuttings with the most roots
and highestroot weight had the lowest
aboveground dry weight to fresh
weight ratios suggesting thatincreased
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root initiation and growth increased
levels of tissue hydration and growth
in the aboveground portion of the
cutting.

The size of the root system in

relationship to the aboveground size
of'the cutting has implications to trans-
plantsurvival and cutting quality. Cut-
tings with VAMF inoculum in the
rooting substrate had significantly dif-

ferent ratios of root to

aboveground dry weight
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1 ceiving the 2X inoculum
b level, while cuttings stuck
into substrate containing the
3x treatment level of inocu-
lum had the same root to
aboveground dry weight ra-
tioas 1x treated cuttings (Fig.
2B). This may be a result of
the high colonization at the
3% inoculum level early dur-
ing root development alter-
ing carbon partitioning in
cuttings resulting in lowered
root weight than cuttings
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receiving the 2x inoculum
level treatment.
MYCORRHIZAL COLONI-
ZATION. Increasing the quan-
tity of VAMF inoculum in
the rooting substrate of hick’s
yew significantly influenced
the root colonization by
VAMF on cuttings (F, . =
344,MSE=79,P<0.0001).
Root colonization was low-
eston cuttings stuck into the
propagation substrate con-
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treatment] on the (A) ratio of
C | abovegrounddrytofresh
weight, (B) ratio ofrootto
aboveground dryweight, and
4 (C)rootcolonization ofhick’s
yewby Glomusintraradices
108 d after cuttings were
stuck. N = noninoculated
controls; 1%, 2x,and 3x levels
ofinoculum. Control plants
showed no signs of coloniza-

1 tion(arbuscules).Barson
columnsrepresentstandard
errors. Differentlettersabove
{ barsrepresenttreatment
meanssignificantly different
from each other (P < 0.05,
Fisher’s protected least
significant difference). 1g=
1,000 mg = 0.035 oz.

taining the 1x treatment level of in-
oculum, while the highest coloniza-
tion was on cuttings stuck into sub-
strate containing the 3x treatment level
of inoculum (Fig. 2C). At the first
harvest, 108 d after cuttings were stuck,
root colonization on cuttings stuck
into the propagation substrate con-
taining G. intraradices was correlated
torootnumber (7=0.601, P<0.0147),
rootdryweight (7=0.635, P<0.0124),
and aboveground weight (7= 0.682, P
<0.0012). By the second harvest, only
the ratio of stem dry weight to fresh
weight was correlated with coloniza-
tion level (» = —0.761, P < 0.0001).
Using the same isolate of G.
intraradicesas used in this study, Scagel
(2001) found that the rooting on cut-
tings exposed to VAMF inoculum cor-
related with colonization for some
cultivars of miniature roses.
Increased root initiation and root
growth of hick’s yew cuttings rooted
in substrate containing VAMF inocu-
lum were not always associated with
increased levels of colonization. It is
possible that the high colonization at
the 3x inoculum level early during
root development may have altered
carbon metabolism and partitioning in
cuttings resulting in lowered root ini-
tiation and growth than cuttings re-
ceiving the 2x inoculum level treat-
ment. Verkade and Hamilton (1981)
found that extensive mycorrhizal de-
velopment occurred on roots of regal
privet (Ligustrum obtusifolinm var.
regelianum) after 6 weeks of rooting
in a substrate inoculated with G.
mossene. Mycorrhizal colonization co-
incided with substantially increased
root development but no effects on
root initiation were found. Verkade
and Hamilton (1987) found that in-
oculation of arrowwood cuttings in-
creased the number of root initials
emerging from stem cuttings 5 weeks
after sticking, but they concluded that
this effect occurred only after coloni-
zation and was mediated through an
effect of the fungus on plant metabo-
lism rather than an effect of fungal
exudates before colonization.

Conclusions

Although the degree of response
ofhick’syew cuttingsto G. intraradices
varied with the level of inoculum, our
results indicate that adding inoculum
into the rooting substrate of cuttings
treated with rooting hormones is equal
to or better than the rooting response
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obtained by using only rooting hor-
mone under the nursery production
conditions. When propagating nurs-
ery stock by cuttings, growers should
run trials using different VAMF fungal
species and inoculum levels to deter-
mine optimal levels of inoculum for
response as well as economic benefit.
Ourresultsindicate thatincreasing the
quantity of VAMF inoculum in the
rooting substrate can increase root
growth. However there may be levels
of VAMF inoculum that increase root
initiation without increased root
growth.

In soilless substrates lacking myc-
orrhizal fungi, mycorrhizal inocula-
tion has been found to increase crop
uniformity, reduce transplant mortal-
ity, and increase productivity of differ-
ent horticultural crops ( Powell and
Bagyaraj, 1984; Vosatka, 1995;
Vosatka et al., 1999). In our experi-
ment, although all rates of VAMF in-
oculum did not increase root growth,
the root colonization resulting from
inoculation at certain rates could re-
sult in higher quality cuttings that are
better able to withstand the stress of
transplanting and increase growth dur-
ing later stages of plant development.
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