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Abstract. We previously found that incorporation of PEG-8000 into the growing medium
delayed germination and resulted in shorter seedlings. However, in that study, we were un-
able to determine whether the reduced height was merely the effect of delayed germination
or of reduced elongation after germination. To answer this question, we studied whether
postgermination drenches with PEG-8000 can reduce seedling height. Annual salvia (Salvia
splendens F. Sellow. ex Roem. & Shult. ‘Bonfire’) and French marigold (Tagetes patula
L. ‘Boy Orange’) seedlings were treated with drenches of PEG-8000: 0, 15, 20, 30, 42, 50,
62,72, or 83 g'L . Atleast 20% of seedlings treated with 62 to 83 g-L' of PEG-8000 were
dead 14 d after treatment. Salvia and marigolds treated with the remaining PEG-8000
concentrations were up to 34% and 14% shorter than untreated seedlings, respectively.
Leaf water (V) and turgor potential (Ipr) also decreased for salvia which were grown
with greater concentrations of PEG-8000, one probable cause of the observed reduction
in elongation. Since the PEG-8000 in this study was applied after germination, it is clear
that PEG-8000 does not reduce elongation merely by delaying germination, but also by
reducing the elongation rate. Thus, postgermination drenches with PEG-8000 can be used

to produce shorter seedlings.

Production of annual bedding plant seed-
ling plugs is vital to commercial floriculture.
Until the mid-1960s, most growers propagated
seedlings in large trays without individual
cells (Thomas, 1993). However, in the past
25 to 30 years, seedlings have been grown in
trays containing small individual cells or plugs
for each plant. Plug production is advanta-
geous because root hairs are damaged less
during transplant, and plugs may be held in
greenhouses for longer periods than bare-root
seedlings (Styer and Koranski, 1997). Plants
grown from plugs also tend to be more uniform
and survive transplanting better than bare-root
seedlings (Thomas, 1993). Plug production has
become so popular that by 1998, production
valuereached $107 million (National Agricul-
tural Statistics Service, 1998).

Despite the growing popularity of plugs,
several production problems must be resolved.
One problem with plug transplant production is
that plants tend to out-grow their small substrate
volumes quickly and become leggy (Styer
and Koranski, 1997). Elongated transplants
are more difficult to manage, more expensive
to ship, and less aesthetically pleasing than
compact transplants.

Many commercial growers avoid using
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chemical plant growth retardants for seedlings,
because chemical growth retardants applied
accordingto the label restrictions (i.e., after the
first true leaves have emerged) will not reduce
hypocotyl height. Since hypocotyl height can
account for 60% of marigold seedling height
(Burnett, 2004), chemical growth retardants
may not be the best option. Drought stress is
also used to slow elongation since marigolds
and annual salvia are shorter when irrigation
is restricted (Eakes et al., 1991; van lersel and
Nemali, 2004). However, seedlings are grown
insmall volumes of growing media (8.5 mL for
one cell in a 288 tray) which dry out rapidly in
greenhouses. Ifthe growing medium becomes
too dry, seedlings photosynthesize less, and in
extreme cases, may die (Mohr and Schopfer,
1995). Growers need amethod of reducing soil
water availability without these risks associated
with decreased irrigation.

One promising new option for growers is
imposing controlled drought stress through the
incorporation of osmotic compounds, such as
polyethylene glycol or PEG-8000 to growing
media. PEG-8000 forms hydrogen bonds
with water (Kjellander and Florin, 1981) in
the growing medium, making it unavailable
for plant uptake. This osmotic compound has
reduced growth of French marigolds and annual
salvia when incorporated into growing media
before seeding (Burnett,2004). One advantage
of PEG-8000 over other methods of reducing
plant growth is that it also reduces seedling
hypocotyl height (Burnett, 2004).

When PEG-8000 was incorporated into
the growing medium before seeding, height
and hypocotyl height of salvia and marigold
decreased with increasing PEG-8000 concen-

tration (Burnett,2004). Those height reductions
were correlated with reductions in leaf W
(Burnett, 2004). However, in that experiment,
seeds were planted in a PEG-treated growing
medium, and PEG-8000 delayed seedling
emergence (Burnett, 2004). This raises the
question whether PEG-8000 additions to the
growing medium simply cause a delay in plant
development, orifthey truly inhibit elongation.
In this experiment, PEG-8000 was applied as
postemergence growing media drenches to
salviaand marigold seedlings. The purpose was
to determine whether PEG-8000 can regulate
growthifitisapplied after seedling emergence,
to reduce seedling and hypocotyl elongation
without affecting germination.

Materials and Methods

Annual salvia ‘Bonfire’ (Ball Seed, West
Chicago, I11.) or Frenchmarigold ‘Boy Orange’
(PanAmerican Seed, West Chicago, I11.) were
planted in 6 x 6 cell sections (the experimental
unit) cut from 288 trays (cell volume = 8.5
mL) containing a peat-based germinating
mix (Germinating mix, Fafard, Anderson,
S.C.) on 23 June and 9 Oct. 2003 for salvia
and marigolds, respectively. Smaller sections
from 288-trays were used in this experiment
for ease of handling and to maximize space
efficiency. Two seeds were planted in each
cell. Seedlings were grown on a mist bench
in a glass greenhouse [maximum daily PPF
levels (marigold) = 809 + 212 pmol'm s,
temperature (salvia): 25.2+4.4 °C, temperature
(marigold): 20.6+4.6 °C (mean standard devia-
tion)] and misted 5 s every 5 min from 8:00 AM
to 5:00 M (EST) until seedlings had emerged
and their cotyledons were perpendicular to the
hypocotyl. Then, seedlings were removed from
the mist bench for 2 to 4 d to allow the grow-
ing medium to dry slightly so PEG-treatments
would not leach out of the growing medium.
One of the two seedlings from each cell was
removed, so that all remaining plants were of
uniform size.

PEG-8000 was mixed with de-ionized
water, and 1 mL of PEG-8000 solution was
applied to the growing medium using a
pipettor (Pipetman, Rainin Instrument Co.,
Inc., Woburn, Mass) to obtain the following
concentrations in the growing medium: 0, 15,
20, 30, 42, 50, 62, 70, and 83 g'L"', 18 and
12 d after seeding for salvia and marigolds,
respectively. After the growing medium was
treated with PEG-8000, seedlings were grown
onamistbenchand irrigated 20 s every 30 min
from 6:00 AM to 6:00 PM for the duration of the
experiment. The weight of each experimental
unit was recorded twice daily and plants were
removed from the mist bench when necessary
to maintain constant volumetric water contents
in the growing medium (target range = 29.3
+ 3%). This target range appeared to provide
adequate irrigation, butalso prevented leaching
which would result in loss of PEG-8000 and
thus change treatment levels.

To calculate water content, tray weight was
estimated as the average weight of 54 similar
trays. Also, one seedling from the border was
harvested once monthly (salvia) or bi-weekly

675



(marigolds). The weight of this seedling was
multiplied by the plant number in each tray to
account for changes in plant size throughout
the experiment. The weight added to each
experimental unitby PEG-8000 was calculated
for each tray. Since each tray contained about
307 mL of growing medium, this same volume
ofnontreated growing mix was reserved, dried
in an oven at about 80 °C, and then weighed.
The volumetric water content (%, v/v) in each
tray was calculated by subtracting the weights
of the dry growing medium, the tray, PEG-
8000, and the plants from the total weight of
each experimental unit. The resulting weight
of the water in the substrate was then divided
by the volume of the substrate. Plants were
fertilized for 20 s using a mist nozzle at least
twice a week using a 20N-8.7P—16.6K fertil-
izer (20-20-20 General Purpose, Scotts Co.,
Marysville, Ohio) with a N concentration of
200 mg'L, starting after treatments with
PEG-8000 were applied.

Only plants growing in the 16 innermost
cells were measured to avoid edge effects.
Survival percentage was calculated as the
percentage of seedlings that were alive 14 d
after treatment. Seedlings were considered
alive if more than 60% of the above ground
tissue was green. Height, width, and hypocotyl
height were measured 32 and 26 d after seeding
and at harvest (88 and 40 d after seeding) for
salvia and marigold, respectively. Plant width
was the maximum horizontal distance between
any two leaf tips. Hypocotyl height was the
height from the growing medium surface to
the point of cotyledon attachment, and the
height was the distance between the surface
of the growing medium and the uppermost
above ground tissue. Salvia and marigold
were harvested 88 or 40 d after seeding. At
that time, leaf area was measured using a leaf
area meter (LI-3100; LI-COR, Inc., Lincoln,
Nebr.). Roots were washed to remove PEG-
8000 and growing medium, and the longest
root length was measured. Then, shoot (stems
and leaves) and root tissues were dried in an
oven at 80 °C for at least 3 d, and dry weights
were measured. For shoot dry weight, all 16
plants growing in the innermost cells were
harvested. However, roots were only harvested
from four representative plants. Compactness
was calculated from these data as the ratio of
leaf area to shoot height at harvest.

Leaf water relations. Midday leaf W of
salvia leaves was measured 32 d after seed-
ing using individually calibrated leaf-cutter
thermocouple psychrometers (model 84-2VC;
J.R.D. Merrill Specialty Equipment, Logan,
Utah). Leaf samples enclosed in psychrom-
eter chambers were equilibrated in a water
bath at 25 °C for 4 h before measurement.
Water potential of the intact leaf samples was
measured first using a microvoltmeter (J.R.D.
Specialty Equipment). Then, leaf samples
were frozen to disrupt cell membranes and
remove W . Samples were then reequilibrated
as described above and osmotic potential (W)
was measured. Finally, W was calculated by
subtracting W_from W .

The experimental design was arandomized
complete block design with 6 blocks, nine
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PEG-8000 treatments, and 16 subsamples
per treatment. For root harvest data, there
were 4 subsamples per treatment. The means
of data collected for subsamples within an
experimental unit were calculated and those
data were then analyzed using general linear
models (Statistical Analysis Systems, Cary,
N.C.). Substrate volumetric water contents
were averaged over all measurements before
analysis. Data were tested for significant (P <
0.05) linear and quadratic effects of PEG-8000
concentrations.

Results

Growing medium moisture content. The
average growing medium water content was
not different among the treatments for salvia
(average =29.6%), but increased significantly
with increasing PEG concentrations for
marigolds (volumetric water content = 27 +
0.036x, where x = PEG-8000 concentration
in g'L"). However, the differences between
treatments were generally not as great as the
daily fluctuations in volumetric water content
within each treatment.

Marigold and salvia survival percentage
decreased when seedlings were treated with
morethan 50 gL' of PEG-8000 in the growing
medium (Fig. 1). Nearly 100% of plants treated
with 15 to 50 g'L"' of PEG-8000 survived,
but seedlings treated with 62 to 83 gL' of
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PEG-8000, survived close to or below 80%.
Since survival percentages below 80% would
be unacceptable for commercial applications,
morphological data were analyzed without
these three treatments.

Plant morphology. For the remaining six
treatments, marigolds and salvias treated with
increasing concentrations of PEG-8000 were
shorter (Fig. 2). At the first measurement,
heights of PEG-treated plants were up to 28%
less for salvia and 15% less for marigolds,
as compared to the height of control plants.
At harvest, heights were reduced up to 39%
(salvia) and 14% (marigold). Salvia treated
with 15 to 30 g'L™!' of PEG-8000 were all of
approximately the same height throughout
the experiment. Hypocotyl elongation also
decreased as marigolds were grown with more
PEG-8000 in the growing medium (Fig. 2). Hy-
pocotyl height was reduced up to 15% or 12%
formarigolds after treatment with 50 gL' PEG
(Fig. 2). Salvia width also decreased linearly
up to 24% (88 d after seeding) with increasing
amounts of PEG-8000 in the growing medium
(Burnett, 2004). Marigold width decreased
quadratically (22 d after seeding) or linearly
(at harvest) as seedlings were treated with
increasing quantities of PEG-8000 (Burnett,
2004). Compactness, calculated as the ratio of
leaf area to shoot height, was not statistically
different for marigolds and increased quadrati-
callyupto 16% for salvias with increasing PEG
concentrations (Fig. 3).
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Increasing rates of PEG
added to the growing medium
reduced shoot dry weight at
harvest quadratically by up to
32% and 23% for salvia and
marigolds, respectively, com-
pared tonontreated control plants
(Fig. 4). Leaf area of salvia at
harvest also was reduced when
seedlings were grown with
increasing quantities of PEG-
8000 in the growing medium
(Fig. 4). Root dry weight was
also reduced up to 23% (salvia)
or 39% (marigold), and root
length of both species decreased
with increasing concentrations
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of PEG in the growing medium
(Fig. 4). Root length of salvia or
marigold decreased linearly or
quadratically, respectively.
Leaf water relations. Salvia
leaf W decreased quadratically,
and LR decreased linearly with
increasing PEG-8000 concentra-
tion (Fig. 5). Salvia height at 32
d after seeding was positively
correlated with W = (height =
2.08+0.692 W , > = 0.58, P
E = 0.0054), i.e., plants with a

Fig. 1. Survival percentage of salvia
and marigold, 14 d after plants were
treated with PEG-8000 drenches.
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the symbols. Curves show significant
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more negative leaf W were
shorter. W was not signifi-
cantly affected by PEG-8000
treatments.
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Although postgermination
drenches with PEG-8000 were
effective in reducing seedling
height, high PEG-8000 con-
centrations were detrimental.
The three highest PEG-treat-
ments (62 to 83 g'L') were
fatal for many salviaseedlings,
while marigolds did not survive
well in the highest two PEG-
8000 rates (Fig. 1). In earlier
experiments, PEG-8000 rates
of 62 to 83 g-L! resulted in a
growingmedium W _of-1.0to
—1.8 MPa for salvia and mari-
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Fig. 3. Compactness (leaf area/height at harvest) of salvia treated with PEG-8000 soil drenches. Salvia
were harvested 88 d after seeding. Data points are the mean of six blocks with the standard error
represented by a bar, and the curve shows significant quadratic effects. Salvia compactness = 2.07 +

0.0193x — 0.000217x%, where x = PEG-8000 concentration in the growing medium.
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40 50 60

gold, which is near or below
the permanent wilting point
(Burnett, 2004). The remain-
ing PEG-8000 treatments had
growing medium W  ranging
from —0.21 MPa (control) to —0.85 MPa (50
g'L™"). Reduced survival of salvias and mari-
golds at high PEG-concentrations was likely
caused by drought stress. In this experiment,
most of the seedlings treated with 70 to 83
gL' of PEG-8000 died within a few days
after the growing medium was treated with
PEG-8000. Seedlings treated with 62 g-L™! of
PEG-8000 survived longer than those treated
with 70 to 83 g-L~!. When survival percentage
was measured (14 d after PEG treatments were
applied), 80% or less of the salvia treated with
62 gL' of PEG-8000 were alive. Since such
high mortality rates would be unacceptable for
commercial greenhouse growers, the highest
three treatments will not be discussed further.
Marigolds treated with 62 g-L-' of PEG-8000
survived at 89%, which is higher compared to
salvia treated with the same concentration of
PEG-8000. However, surviving plants in the
three highest treatments generally had scorched
leaves and appeared damaged.

Both PEG-treated salvias and marigolds
were shorter (22 mm and 8 mm for salvia
and marigolds at harvest) and narrower
throughout the experiment, and marigolds had
shorter hypocotyls than nontreated controls.
In previous experiments, PEG-8000 also re-
duced growth of marigolds and salvias when
incorporated in the growing medium before
seeding (Burnett, 2004). However, in those
studies the time to emergence was delayed
for seeds planted in growing medium treated
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Fig. 4. Shoot and root dry weights,
rootlength, and leafarea at harvest
(88 or40 d after seeding) for salvia
and marigolds treated with PEG-
8000 soil drenches. Data points
are the mean of six blocks with
the standard error represented by

a bar, and curves show significant
linear or quadratic effects.

may be seen as a disadvantage.
However, rapidly growing
plants, such as marigolds and
salvia often have roots that
circle the bottoms of plug
cells. In fact, root circling was

observed in some controls,
and root restriction tends to
delay overall plant recovery
after transplanting (NeSmith
and Duval, 1998). Nontreated
marigolds and salvias had av-
erage root lengths of 223 and
145 mm, respectively. Based
on visual observations, salvia
and marigolds grown in PEG-
8000 from 20 to 42 gL' had
healthy, substantial roots that
filled out plug cells, but that

were not circling the bottoms
of containers. Roots from mari-
goldsand salviatreated with 20
to 42 g'L! of PEG-8000 were
104 to 170 and 103 to 130 mm,
respectively.

PEG-treated salvia had
lower leaf W  and IPP, and
W was correlated with the
observed growth reductions
in the shoots and roots. Roots
are less sensitive to water stress
than leaves, but also elongate
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with PEG-8000. So PEG-treated plants were
younger than nontreated plants, complicating
the interpretation of the results. In the current
experiment, seedlings of the same age were
treated with PEG-8000, and plant size was
reduced with increasing PEG concentrations.
Similarly, pregerminated rice seedlings treated
with PEG-1500 were shorter than nontreated
seedlings (Choietal.,2000). This suggests that
PEG-treated plants are shorter due to reduced
elongation and not just delayed germination.

Salviacompactness increased with increas-
ing PEG-8000 concentrations, while marigold
compactness was not affected by PEG-8000.
In previous research, van lersel and Nemali
(2004) observed drought-stressed marigolds
were shorter, but less compact than well-wa-
tered plants. Osorio et al. (1998) reported that
leaf area is typically more affected by drought
than stem elongation. However, species vary in
theirmorphological responses to drought, since
salvias were more compact when grown in the
presence of PEG-8000. Annual salvia was also
more compact when exposed to moisture-stress
conditioning (Eakes et al., 1991). However,
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Eakes etal. (1991) defined compactness as the
relationship between shoot dry weight and leaf
area. Height was notreported in their study, but
salviashoot dry weight was reduced more than
leafarea (Eakesetal., 1991).In previous experi-
ments with PEG-8000, marigolds treated with
PEG-8000 were a maximum 1.7 g'm™" (shoot
dry weight/plant height; nontreated marigold
compactness was 6.4 g'm™') less compact, and
salvia were up to 1.35 cm more compact than
nontreated plants (Burnett, 2004).

Compactness is not often quantified in
growth retardant studies, because height is the
most important factor determining whether
growth control has been successful. Even
though marigolds were not more compact when
treated with PEG-8000, they were shorter and
had shorter hypocotyls. Salvia and marigold
seedlings grown with PEG-8000 rates of 15-
42 g-L! were of equal or greater quality than
nontreated plants. However, plants grown with
50 g-L"' of PEG-8000 had foliar necrosis, which
decreased quality.

As for other morphological factors, ob-
served reductions inroot length and dry weight

PEG in growing medium (g-L")

less in soils at low W (Jones,
1992; Kramer and Boyer,
1995). It appears that reduc-
tions in W and ‘I’p were one
factor associated with reduced
growth in PEG-treated plants. Turgor potential,
inexcess ofaminimum yield threshold, results
in cell elongation (Carpitaand McCann, 2000;
Cosgrove, 1997; Frensch, 1997; van Volken-
burgh 1999) and thus plays an important role
in plant height increase. PEG-8000 treated
seedlings were shorter because they elongated
more slowly, not because their germination
was delayed.

PEG-8000 could be an alternative to chemi-
cal growth retardants in seedling production.
However, moreresearch should be conducted to
determine how the use of osmotic compounds,
such as PEG-8000, would affect other aspects
of plug production. Cultural recommendations
should include fertilizer recommendations
because in previous experiments, PEG-8000
reduced foliar nitrogen, calcium, zinc, and
copper levels in Impatiens walleriana Hook.
f. (impatiens) (Burnett, 2004). Future research
should determine how irrigation regimes would
be affected by PEG-8000 since it leaches out
of the growing medium easily. One option
would be to determine whether PEG-8000
may be applied after germination (i.e., when
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Fig. 5. Leaf W , lPp, and W_of salvia treated with PEG-8000 soil drenches. Salvia leaves (second from
the top) were measured 32 d after seeding. Data points are the mean of three blocks with the standard
error represented by a bar; standard errors not shown are within the limit of the symbols. Curves show
significant linear or quadratic effects. Water potential = —0.815 — 0.0227x + 0.000263x?, W, =0.46
—0.00996x, where x = PEG-8000 concentration in the growing medium.

the radicle has emerged from the seedcoat),
but before the hypocotyl emerges from the
growing medium. During and shortly after
germination, most growers do not irrigate,
but rather grow seedlings at a high humidity
in germination chambers and leaching would
not be a problem.

Another factor for growers to consider is
the cost of PEG-8000, which is about $0.006/g
(from Gallade Chemical, Santa Ana, Calif.).
Usingthis value, the range of cost for PEG-treat-
ments in this experiment would be $0.00077 to
$0.0026 for one cell treated with 15 to 50 g-L!
of PEG-8000, or $0.22 to $0.75 per flat with
288 cells. However, the possibility of a new
market may encourage PEG-producers to sell
the compound at a reduced cost to greenhouse
growers. In addition, most growers would buy
PEG-8000 in bulk, which is typically cheaper.
Considering all of these factors, PEG-8000 or
other osmotic compounds could potentially fill
an important niche for plug producers because
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there is currently no legal, safe, reliable method
of reducing hypocotyl elongation.

Conclusions

Marigolds and salvias treated with PEG-
8000 drenches from 15 to 50 g-L~! were shorter
and marigolds had shorter hypocotyls than
nontreated controls. Salvias treated with PEG
were more compact as well. Seedlings treated
with 15t042 g-L'of PEG-8000 in the growing
medium were of equivalent or greater quality,
compared to nontreated seedlings. PEG-treated
seedlings would be cheaper to ship and easier
to maintain in the greenhouse than nontreated
controls. Since PEG-8000 was applied after
germination, these results show that PEG-
8000 can reduce plant height by decreasing
the elongation rate of the seedlings, and not
merely by delaying germination. Reduced leaf
W and W were likely one cause of reduced
growth in PEG-treated seedlings. Osmotic

compounds, such as PEG-8000, would be an
alternative to the use of traditional growth
retardants or nonchemical growth control in
seedling production. It would be of interest
to develop other, more convenient methods
of applying PEG.
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