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Abstract. French marigold (Tagetes patula L. ‘Boy Orange’) was grown in a peat-based 
growing medium containing different rates (0, 15, 20, 30, 42, or 50 g·L–1) of polyethylene 
glycol 8000 (PEG-8000) to determine if PEG-8000 would reduce seedling height. Only 
28% to 55% of seedlings treated with 62, 72, or 83 g·L–1 of PEG-8000 survived, and these 
treatments would be commercially unacceptable. Marigolds treated with the remaining 
concentrations of PEG-8000 had shorter hypocotyls, and were up to 38% shorter than 
nontreated controls at harvest. Marigold cotyledon water (Ψ

w
), osmotic (Ψ

s
), and turgor 

(Ψ
p
) potentials were signifi cantly reduced by PEG-8000, and Ψ

p
 was close to zero for all 

PEG-treated seedlings 18 days after seeding. Whole-plant net photosynthesis, whole-plant 
dark respiration, and net photosynthesis/leaf area ratios were reduced by PEG-8000, while 
specifi c respiration of seedlings treated with PEG-8000 increased. Marigolds treated with 
concentrations greater than 30 g·L–1 of PEG-8000 had net photosynthesis rates that were 
close to zero. Fourteen days after transplanting, PEG-treated marigolds were still shorter 
than nontreated seedlings and they fl owered up to 5 days later. Concentrations of PEG 
from 15 to 30 g·L–1 reduced elongation of marigold seedlings without negatively affecting 
germination, survival, or plant quality. It appears that marigold seedlings were shorter 
because of reduced leaf Ψ

p
 and reductions in net photosynthesis. 

French marigold is a classic landscape 
bedding plant that fl owers throughout the 
entire summer (Armitage, 2001). However, 
marigolds grow rapidly and stretch when 
grown in greenhouses. Seedling transplants, 
especially, out-grow their small substrate 
volumes quickly and become leggy (Styer 
and Koranski, 1997). Overgrown transplants 
are diffi cult to grow and more expensive to 
ship than shorter transplants. This is a seri-
ous problem for seedling producers who sell 
their products to other growers. Purchasers of 
seedlings have higher expectations of plant 
quality than the average consumer.

A particular problem for marigold seedling 
growers is that most marigold seedling elonga-
tion is in the hypocotyl, which may account for 
60% of overall seedling height (Burnett, 2004). 
So, to successfully control height of marigolds, 
one must reduce hypocotyl height. Low levels 
of drought stress result in physiological ef-

fects that could benefi t seedling production, 
including decreased extension growth (Mohr 
and Schopfer, 1995). Plants grown in a dry 
substrate may be smaller due to decreased cell 
number, cell length, or both, depending on spe-
cies (Sommer et al., 1999). Drought-stressed 
plants usually have lower leaf water (Ψ

w
), 

osmotic (Ψ
s
), and turgor potentials (Ψ

p
), and 

Ψ
p
, in excess of a minimum yield threshold, 

is the driving force for cell elongation (van 
Volkenburgh, 1999). 

Many seedling growers reduce growth by 
limiting irrigation. Drought stress has been 
observed to reduce growth of broccoli (Bras-
sica oleracea L. var. italica Plenk) transplants, 
annual salvia (Salvia splendens F. Sellow. ex 
Roem & Shult.), and marigolds (Eakes et al., 
1991; Latimer and Severson, 1997; van Iersel 
and Nemali, 2004). Plants grown with minimal 
water also resist mechanical stress and survive 
transplanting more readily (Liptay et al., 1998). 
However, seedlings are often grown in substrate 
volumes smaller than 10 mL. So, in high 
light and temperature typical in greenhouses, 
seedlings can deplete their water supply and 
become severely drought-stressed rapidly. 
Detrimental effects of drought stress include 
decreased photosynthesis and even plant death 
(Mohr and Schopfer, 1995). 

It would be desirable for greenhouse grow-
ers to have a method of reducing substrate Ψ

w
 

to control plant growth and hypocotyl elonga-

tion without risking plant damage or death. 
One option is to use osmotic compounds, such 
as polyethylene glycol-8000 (PEG-8000), to 
reduce plant growth. Polyethylene glycol is an 
inert molecule that readily bonds with water 
(Kjellander and Florin, 1981). PEG-8000 
reduces Ψ

w
 when added to water (Michel, 

1983). Researchers have used PEG of vary-
ing molecular weights to study the effects of 
osmotic stress on plants as early as 1961 (La-
gerwerff et al., 1961). Recently, we evaluated 
the possibility of using PEG to reduce elonga-
tion of marigold seedlings. When PEG-8000 
solutions (15 to 50 mg·L–1) were added to a 
peat-based growing medium after germination 
as drenches, PEG reduced marigold seedling 
growth and hypocotyl elongation (Burnett et 
al., 2005). Low rates of PEG-8000 did not 
appear to damage plants (Burnett et al., 2005). 
Continuous, low-level drought stress, where 
plants are not allowed to visibly wilt, would 
be more practical in commercial settings than 
episodic drought (Liptay et al., 1998). PEG is 
not currently labeled as a growth retardant for 
greenhouse use, and the cost is prohibitive for 
commercial growers ($0.009 for one seedling 
in an 8.5-mL cell). However, if commercial 
greenhouse growers are interested in the use 
of PEG or other osmotic compounds, these 
obstacles may be overcome.

Since one of the negative effects of drought 
is decreased photosynthesis, we were interested 
in determining what PEG concentrations may 
limit whole plant photosynthesis. Annual salvia 
exposed to episodic drought, where plants are 
drought-stressed to the wilting point (with 
leaves reaching Ψ

w
 of –1.1 to –1.4 MPa on four 

separate occasions) photosynthesize less than 
nonstressed plants (Eakes et al., 1991). Since 
plant production is driven by photosynthesis 
(Loomis and Amthor, 1999), drought-induced 
reductions in photosynthesis will decrease 
growth. Therefore, the primary purpose of this 
experiment was to determine which PEG-8000 
concentrations reduce elongation of marigold 
seedlings without damaging plants. Secondly, 
we determined whether PEG-8000 reduces 
whole-plant photosynthesis and respiration 
and leaf water potential of marigolds.

Materials and Methods

Polyethylene glycol 8000 was mixed with 
water and added to a peat-based growing 
medium specifi cally formulated for germinat-
ing seedlings (a mixture of sphagnum peat, 
perlite, and vermiculite; germinating mix; 
Fafard, Anderson, S.C.) to obtain the follow-
ing concentrations in the growing medium: 0, 
15, 20, 30, 42, 50, 62, 70, and 83 g·L–1. Each 
PEG-8000 and growing medium combination 
was then shaken vigorously in a large plastic 
container for ten minutes to produce a homog-
enous mix. Substrate Ψ

w
 of three samples from 

each treatment was measured using a vapor 
pressure osmometer (model 5520 Vapro vapor-
pressure osmometer; Wescor, Logan, Utah). 
The volumetric water content of the growing 
medium during these measurements was about 
29.3%, which was the target water content for 
the duration of the experiment. Experimental 
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units were 6 × 6-cell sections cut from trays 
with 288 cells (cell volume = 8.5 mL). Empty 
trays were weighed for calculation of water 
contents (described later), and then treated 
growing medium was placed in each tray. 

Two marigold ‘Boy Orange’ (Pan Ameri-
can Seed Co., West Chicago, Ill.) seeds were 
planted in each cell on 6 June 2003. Marigold 
seeds were germinated in a growth chamber 
(E–15; Conviron, Winnipeg, Man., Canada) 
(temperature = 20 °C). While in the growth 
chamber, plants were misted overhead by hand 
as needed to maintain a constant volumetric 
water content (29% ± 3%). After emergence 
(cotyledons were perpendicular to the hypo-
cotyl, 11 d after seeding), seedlings were grown 
on a mist bench in a glasshouse (temperature = 
24.6 ± 4.2 °C) and irrigated about 20 s every 
30 min from 8:00 AM to 5:00 PM (EST). Ir-
rigation was adjusted later in the experiment 
to maintain similar volumetric water contents 
and minimize leaching. Mist irrigation was 
changed to 20 s every 20 min from 6:00 AM 
until 6:00 PM 15 d after seeding, then changed 
again to 20 s every 30 min from 6:00 AM until 
6:00 PM 19 d after seeding. 

Experimental unit weight was recorded 
twice daily for the duration of the experiment 
and plants were removed from mist when 
necessary to maintain constant volumetric 
water contents. This also prevented leaching 
which would result in loss of PEG and thus 
change treatment levels. At this point, one 
seedling from the outermost row was harvested 
biweekly. The weight of this seedling was mul-
tiplied by the number of plants in each tray to 
account for changes in plant weight throughout 
the experiment. Each tray contained about 307 
mL of growing medium, and the same volume 
of excess treated growing medium was dried 
in an oven at about 80 °C. So, the amount of 
water in each tray was calculated by subtracting 
the tray, seedling, and dry growing medium 
weight from the experimental unit weight. 
The drying oven did not completely remove 
all the water bonded to PEG-8000 from the 
growing medium (unpublished results). Thus, 
the estimated dry weight of the PEG-treated 
growing media included some water, which 
apparently was hygroscopically bound to the 
PEG-8000. This water was not available for 
plant uptake.

The smaller seedling was removed from 
cells containing more than one plant at 22 d 
after seeding. All seedlings were fertilized 
twice weekly with a 20N–8.7P–16.6K fertilizer 
(20–20–20 General Purpose, Scotts Company, 
Marysville, Ohio) solution with a N-concentra-
tion of 200 mg·L–1, beginning when the fi rst 
true leaves were visible (23 d after seeding). 
When seedlings were fertilized, they were 
removed from the mist bench and hand-misted 
overhead with a fertilizer solution using a mist 
nozzle for 20 s.

 Data collected include the number of 
days to seedling emergence and percentage 
emergence [the number of emerged (dead and 
live) seedlings × 100%, 22 d after seeding]. 
Plants in the outside rows of the 6 × 6-cell sec-
tions were not used for these measurements to 
prevent edge effects. After plants were moved 

to the greenhouse, the emergence and survival 
percentages (the number of emerged seedlings 
that survived divided by total the number of 
emerged seedlings × 100%) were noted (22 d 
after seeding). Shoot height, hypocotyl height, 
and shoot width were measured biweekly until 
the termination of the experiment (18, 32, 
and 49 d after seeding). Shoot height was the 
distance from the substrate surface to the top 
of the shoot; shoot width was the maximum 
horizontal distance between two leaf tips. At 
harvest (49 d after seeding), leaf area was 
measured with a leaf area meter (LI-3100; 
LI-COR, Inc., Lincoln, Nebr.). The growing 
medium was washed off the roots, and the 
longest root length was measured. Shoot (stems 
and leaves), infl orescence, and root tissues 
were dried in an oven at 80 °C for at least 3 
d; then dry weights were measured. Compact-
ness [shoot (not including infl orescence) dry 
weight/height], and specifi c leaf weight (leaf 
dry weight/leaf area) were calculated from 
these data. Specifi c leaf weight is also referred 
to as leaf mass per unit area. Compactness is a 
quantitative estimate of plant fullness; a plant 
with a larger compactness ratio would appear 
fuller. For example, a plant that weighs 300 
g and is 0.1 m tall would have a compactness 
ratio of 3000. A plant that weighs 600 g and 
is 0.1 m tall would have a compactness ratio 
of 6000 and appear fuller. All living seedlings 
except those from the border were harvested 
for shoot data, but for roots, only four repre-
sentative plants were harvested.

Leaf water relations. Midday leaf Ψ
w, 
Ψ

p
, 

and Ψ
s 
of marigold cotyledons at 18 d after seed-

ing and second acropetal leaves at 32 and 49 d 
after seeding were measured using thermocou-
ple psychrometers (leaf cutter psychrometers; 
J.R.D. Merrill Specialty Equipment, Logan, 
Utah). Plants from three representative blocks 
were selected for psychrometer measurements. 
Leaf samples enclosed in the psychrometer 
chambers were equilibrated in a water bath 
at 25 °C for 4 h before measurement. Water 
potential of intact leaves was measured fi rst 
using a microvoltmeter. Then, leaf samples 
were frozen to disrupt cell membranes and 
remove Ψ

p
. Samples were then re-equilibrated 

as described above and Ψ
s
 was measured. Ψ

p
 

was calculated by subtracting Ψ
s
 from Ψ

w
.

Whole plant carbon exchange. In addition 
to morphological measurements, whole-plant 
photosynthesis of four blocks was measured 
at the termination of the experiment. Since 
few plants were alive in the growing medium 
containing PEG at 83 g·L–1 growing medium, 
photosynthesis and respiration of this treatment 
were not measured. All plants and growing 
medium from the outermost rows and dead 
plants were removed before carbon exchange 
measurements.

Whole-plant (net) carbon exchange rates 
were measured in the light (net photosynthe-
sis, PPF = 240 µmol·m–2·s–1) and dark (dark 
respiration). Carbon exchange was measured at 
20 min intervals in multiple acrylic chambers 
as described by van Iersel and Bugbee (2000). 
Ambient airfl ow into the system was measured 
using mass fl ow meters (GFM37-32; Aalborg 
Instruments and Controls, Monsey, N.Y.). 

Carbon dioxide concentration was measured 
before and after ambient air entered the cham-
bers using an infrared CO

2
 analyzer (LI-6262; 

LI-COR) in differential mode. Respiration 
was measured outside of growth chambers in 
acrylic chambers covered with opaque cloths 
(PPF = 0 µmol·m–2·s–1). Each group of plants 
was measured at 22 °C until net photosynthesis 
or respiration rates had stabilized. Any data 
collected before rates had stabilized were 
excluded from the analysis. Plants were har-
vested as described above immediately after net 
photosynthesis and respiration measurements 
had ceased. To correct for differences in plant 
size among treatments, net photosynthesis was 
divided by leaf area and respiration was cor-
rected for total plant dry weight to determine 
the specifi c respiration rate. 

Post-transplant morphology. When the 
seedlings were harvested, six representative 
plants from outermost rows were transplanted 
into a six-cell pack (cell volume = 380 mL) 
containing a peat-based growing medium 
(Fafard 3M; Fafard, Anderson, S.C.). Plants 
from the outermost rows were selected since all 
other plants were destructively harvested after 
photosynthesis measurements. Plants were 
grown on ebb and fl ow benches irrigated daily 
with a 20N–8.7P–16.6K fertilizer (20–20–20 
General Purpose, Scotts Company) solution 
with a N concentration of 150 mg·L–1. After 
transplanting, no effort was made to keep the 
PEG-8000 from leaching out of the growing 
medium. Height was measured 14 d after 
transplanting, and the number of days to the 
appearance of the fi rst fl ower (the fi rst basipetal 
ray fl ower was bright orange and perpendicular 
to the peduncle) was noted.

Experimental design and data analysis. 
The experimental design was a randomized 
complete block design with 6 replications/
treatment, 16 subsamples/treatment before 
seedling harvest, and 6 subsamples/treatment 
after transplanting. For root harvest data, 
there were 4 subsamples/treatment. Data were 
analyzed using regression analysis to test for 
signifi cant (P < 0.05) linear and quadratic ef-
fects of PEG-8000 concentrations (Proc GLM, 
Statistical Analysis Systems, Cary, N.C.). 
Volumetric water contents were averaged over 
all measurements throughout the experiment 
for each experimental unit before analysis. 
All data, excluding growing medium Ψ

w
 and 

water content, days to emergence, emergence 
percentage, and percentage survival were ana-
lyzed without the highest three treatments due 
to the high mortality in those three treatments. 
Leaf water relations data were also further 
analyzed by testing for correlations between 
Ψ

w
, Ψ

s
, and Ψ

p
 and the seedling height when 

leaf water relations were measured.

Results and Discussion

Growing medium Ψ
w
 decreased signifi -

cantly with increasing PEG-8000 concentra-
tion in the growing medium (Fig. 1). This was 
expected, since PEG-8000 reduces the matric 
potential of media (Steuter et al., 1981). The 
growing media containing 70 and 83 g·L–1 of 
PEG-8000 had a Ψ

w
 near or below the per-
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manent wilting point (–1.5 MPa) (Fig. 1). For 
remaining treatments, the range of substrate 
Ψ

w
 was –0.21 to –1.00 MPa. 
The average volumetric water content of 

the growing media throughout the experiment 
increased quadratically with increasing PEG 
concentrations (R2 = 0.82, P = 0.0001, results 
not shown), but was similar for growing 
media treated with 0 to 42 g·L–1 of PEG-8000 
(volumetric water content = 27% to 28%). 
However, the daily fl uctuations in volumetric 
water content within each treatment were 
generally greater than the differences in volu-
metric water content among treatments within 
the range of 0 to 50 g·L–1 of PEG-8000. Since 
the Ψ

w
 of the growing media was measured at 

a constant (not fl uctuating) volumetric water 
content, the Ψ

w
 in Fig. 1 may not have been 

entirely representative of substrate Ψ
w
 values 

throughout the experiment. Volumetric water 
contents were higher in growing media with 
PEG concentrations. Thus, the actual Ψ

w
 of 

growing media throughout the greenhouse 
was probably higher than the values measured 
using the vapor pressure osmometer in the lab. 
For this reason, actual differences in substrate 
Ψ

w
 among treatments may have been smaller 

than those shown in Fig. 1.
Drought may reduce seedling emergence 

and plant establishment (Mohr and Schopfer, 
1995). In this experiment, PEG-treated mari-
gold seedlings emerged up to 5 d later and at 
lower percentages than nontreated controls 
(Fig. 2A and B). Seedlings treated with ≥60 
g·L–1 of PEG-8000 had the lowest emergence 
percentages (80% to 90%, Fig. 2B). It was 
surprising that marigolds emerged at such 
high percentages in growing media with a Ψ

w
 

near the permanent wilting point. However, 
Colophospermum mopane (Benth.) J. Léonard 
seedlings imbibed for 24 h in CaCl

2
 solutions 

at –0.03 MPa grew in PEG solutions in a 
vermiculite substrate with a Ψ

w
 as low as –2.1 

MPa (Johnson et al., 1996). Seeds treated with 
≤50 g·L–1 of PEG-8000 emerged at percentages 
above 90% and seedling emergence was not 
delayed >2 d compared to control seedlings 
(Fig. 2A and B).

After emergence, marigold seedlings were 
transferred from the growth chamber to the 
greenhouse. Nearly 100% of marigolds treated 
with 0 to 30 g·L–1 of PEG and 80-90% of seed-
lings treated with 42 to 50 g·L–1 of PEG-8000 
survived (Fig. 2C). However, about 40% to 
60% of emerged seedlings treated with 60 to 
83 g·L–1 of PEG-8000 died after exposure to 
the higher light levels and variable temperature 
and relative humidity typical in greenhouses. In 
commercial seedling production, growers aim 
for nearly 100% emergence and establishment 
(Corr, 1998). If 60 to 83 g·L–1 of PEG-8000 is 
used, empty cells would have to be replugged 
with living seedlings, at a signifi cant cost to 
plug growers. Treatments with emergence or 
survival percentages below 80% were consid-
ered unacceptable for practical applications; 
those treatments (60 to 83 g·L–1 of PEG-8000) 
will not be discussed further.

Throughout the experiment, seedlings 
treated with increasing PEG-8000 rates in 
the growing medium were shorter and more 
narrow (Fig. 3A–F). At 18, 32, and 49 d after 
seeding, marigolds treated with 50 g·L–1 of 
PEG-8000 were 33%, 38%, and 38% shorter, 
respectively, than nontreated seedlings (Fig. 
3A–C). At 18 d after seeding, hypocotyl height 
decreased with increasing amounts of PEG-
8000 (Fig. 3A). The most narrow plants were 
those treated with 50 g·L–1 of PEG-8000 and 
they were 33%, 36%, or 15% less wide than 
nontreated seedlings when measured 18, 32, 
or 49 d after seeding, respectively (Fig. 3D–F). 

Similarly, postgermination PEG drenches 
reduced elongation of marigolds and salvia 
(Burnett et al., 2005). 

Leaf areas and root lengths of PEG-treated 
marigolds decreased as plants were treated 
with increasing quantities of PEG-8000 (Fig. 
4A and B). Seedlings treated with 50 g·L–1 of 
PEG-8000 were affected the most and had 43% 
smaller leaf areas and 53% shorter roots than 
control plants (Fig. 4A and B). Root, shoot, 
and infl orescence dry weights decreased with 
increasing PEG-8000 rate. Root, shoot, and 
infl orescence dry weights of plants treated 
with 50 g·L–1 of PEG-8000 were reduced by 
57%, 79%, and 57%, respectively (Fig. 4C). 
Roots of drought-stressed plants elongate more 
slowly than unstressed plants, but drought 
stress affects roots less than leaves (Jones, 
1992; Kramer and Boyer, 1995). In our ex-

Fig. 2. Effects of PEG-8000 concentration in the 
growing medium on (A) seedling days to 
emergence, (B) emergence percentage, and (C) 
percentage survival of marigold. Data points 
are the mean of six replications, with bars rep-
resenting the standard error. Regression curves 
indicate signifi cant linear or quadratic effects. 
Days to emergence = 4.3 + 0.276 × [PEG], r2 
= 0.76, P = 0.0001; emergence percentage = 
96.1 + 0.116 × [PEG] – 0.00334 × [PEG]2, R2 
= 0.46, P = 0.0001; survival percentage = 99.2 
+ 0.259 × [PEG] – 0.0127 × [PEG]2, R2 = 0.91, 
P = 0.0001.

Fig. 1. Water potential of the growing medium at 29.3% volumetric water content after incorporation of 
different PEG-8000 concentrations. Data points are the mean of three measurements, with bars repre-
senting the standard error. Regression curve indicates a signifi cant quadratic trend. Water potential = 
–0.229 – 5.67 × 10–3 × [PEG] – 1.58H10–4 × [PEG]2, R2 = 0.71, P = 0.0001.
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periment, PEG affected roots less than shoots. 
In this experiment, most of the plants treated 
with 50 g·L–1 or less of PEG-8000 had roots 
that extended to the bottom half of cells and 
appeared healthy and white. 

Compactness (dry weight/plant height) 
was decreased by PEG-8000; PEG-treated 
seedlings were about 20% less compact than 
controls (Fig. 5). Similarly, compactness of 
hydroponic marigolds treated with PEG-8000 
(Burnett, 2004) and drought-stressed marigolds 
(van Iersel and Nemali, 2004) was lower 
compared to nonstressed controls. Drought 
appears to affect compactness in a species-
specifi c manner, though, because PEG-treated 
salvia were more compact than nontreated 
salvia (Burnett et al., 2005). However, height, 
and particularly hypocotyl height, is a more 
important indicators of marigold seedling qual-
ity than compactness. Tall, compact seedlings 
would be more expensive to ship than short, 
less compact seedlings. 

Leaf water relations. Eighteen days after 
seeding, leaf Ψ

w
, Ψ

s
, and Ψ

p
 decreased with 

increasing PEG-8000 (Fig. 6A). Plants grown 
with 20 to 50 g·L–1 of PEG-8000 had a Ψ

p
 close 

to 0, compared to controls which had an average 
Ψ

p
 of 0.28 MPa. Although PEG-treated plants 

had low Ψ
p
, they were not wilted. Reductions 

in Ψ
w
, and especially in Ψ

p
, are associated with 

decreased cell elongation (Cosgrove, 1997). 
Eighteen d after seeding, seedling height was 
positively correlated with Ψ

w
 and Ψ

s
 (Ψ

w
, r2 = 

0.48, P = 0.0304; Ψ
s
, r2 = 0.46, P = 0.0394). 

So, it appears that PEG-8000-induced changes 
in leaf water relations were important for ob-
served reductions in plant growth.

Leaf Ψ
w
 also decreased with increasing 

PEG-8000 concentration 32 and 49 d after 
seeding (Fig. 6B and C). At 32 d after seeding, 
Ψ

w
 was –0.75 and –1.65 MPa for controls and 

PEG treatments (50 g·L–1) , respectively. Leaf 
Ψ

s
 decreased with increasing PEG-8000 rate 32 

and 49 d after seeding (Fig. 6B and C). Turgor 
potential was not affected on either of the last 
two measurement dates, and was positive for 
all PEG concentrations. Seedling height at 
32 d after seeding was signifi cantly lower in 
seedlings with decreasing Ψ

w
 (r2 = 0.62, P = 

0.0029). At 49 d after seeding, Ψ
s
 and Ψ

w
 were 

correlated with seedling height (Ψ
w
, r2 = 0.37, 

P = 0.02;Ψ
s
, r2 = 0.71, P = 0.0005). 

PEG affected leaf Ψ
w
 and Ψ

p
 less as the 

experiment progressed. There are several 
possible explanations for this observed trend. 
Ishida (1991) reported that PEG is adsorbed 

to dry soils. However, PEG is highly water 
soluble and easily leaches out of substrates. 
Although we attempted to prevent leaching, 
we cannot rule out the possibility that some 
PEG may have leached out of the growing 
medium. It is also possible that marigolds 
acclimated to the low growing medium Ψ

w
 

via osmotic adjustment (Kramer and Boyer, 
1995). PEG-treated marigolds had lower leaf 
Ψ

s 
than nontreated marigolds throughout the 

experiment. Finally, it is also possible that soil 
microbes degraded some of the PEG-8000 
in the growing medium since Haines and 
Alexander (1975) reported that PEG with a 
molecular weight up to 20,000 was degraded 
by soil microbes. It is unknown whether the 
microorganisms capable of degrading PEG 
were present in our growing medium. 

Whole-plant carbon exchange. Net pho-
tosynthesis decreased with increasing PEG-
8000 concentration in the growing medium 
on both a whole plant (Fig. 7A) and unit leaf 
area bases (Fig. 7C). Plants commonly reduce 
photosynthesis in response to drought. For 
example, rosemary (Rosmarinus offi cinalis L.) 

Fig. 3. The infl uence of different rates of PEG-8000 in the growing medium on the height and width of 
marigold seedlings (A and D, for height and width, respectively) 18, (B and E) 32, and (C and F) 49 
d after seeding (harvest). Hypocotyl height was measured 18 d after seeding (A). Data points are the 
mean of six replications, with bars representing the standard error. Regression curves indicate signifi cant 
linear or quadratic effects. 

Fig. 4. The effects of PEG-8000 in the growing 
medium on the (A) leaf area , (B) longest root 
length, and (C) shoot, root, and infl orescence 
dry weight of marigold per plant at harvest (49 
d after seeding). Data points are the mean of six 
replications, with bars representing the standard 
error. Regression curves indicate signifi cant 
quadratic effects. 
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and lavender (Lavendula stoechas L.) grown 
without water for ten d (leaf Ψ

w 
= –3.0 MPa) 

decreased both whole-plant photosynthesis 
and photosynthesis per unit leaf area (Nogués 
et al., 2001).

Leaf photosynthesis is reduced during 
drought by reductions in stomatal or mesophyll 
conductance, Rubisco activity, or electron 
transport and phosphorylation within the chlo-
roplast (Jones, 1992; Kaiser, 1987). Reduced 
net photosynthesis was probably caused by 
low substrate Ψ

w
, which decreased leaf Ψ

w
 

(statistically signifi cant at 18 and 32 d after 
seeding, Fig. 6), which in turn may cause a 
reduction in stomatal conductance (Jones, 
1992). Conversely, anatomical adaptation or 
leaf damage can reduce mesophyll conduc-
tance. In this experiment, it was not possible 
to measure mesophyll or stomatal conductance 
because the leaves were prohibitively small. 
Moisture-stress-conditioned annual salvia ex-
posed to subsequent drought reduced stomatal 
conductance and thus photosynthesis. By com-
parison, salvias that were not moisture-stress 
conditioned and then drought-stressed reduced 
photosynthesis by 10-fold decreases in meso-
phyll conductance (Eakes et al., 1991). 

Specifi c leaf weight, a measure of leaf thick-
ness, decreased quadratically with increasing 
PEG concentration (R2 = 0.72, P = 0.0001; 
results not shown). The specifi c leaf weight 
for control seedlings was 22 g·m–2, compared 

to a specifi c leaf weight of 14 g·m–2 for plants 
treated with 50 g·L–1 of PEG-8000. Gonzalez et 
al. (1995) reported that bean plants (Phaseolus 
vulgaris L.) with lower specifi c leaf weights 
have lower carbon exchange rates than bean 
plants with higher specifi c leaf weights. Simi-
larly, leaf apparent photosynthesis of soybean 
[Glycine max (L.) Merr.] was higher in soy-
bean with high specifi c leaf weights (and low 
leaf rugosity) (Thompson et al., 1995). Since 
nontreated marigolds had higher specifi c leaf 
weights, they would also likely have more 
photosynthesizing tissue per unit leaf area. 
Reductions in specifi c leaf weight, in addition 
to PEG effects on leaf water relations, can 
explain the decrease in leaf photosynthesis 
with increasing PEG concentrations.

Lower net photosynthesis rates with in-
creasing PEG-concentrations undoubtedly 
contributed to reductions in plant growth. 
Whole-plant net photosynthesis and net 
photosynthesis per unit leaf area were close 
to zero for marigolds treated with 42 and 50 
g·L–1 of PEG-8000. Photosynthesis normally 
exceeds respiration in healthy, vigorous plants, 
however, if respiration exceeds photosynthesis, 
growth will slow or cease, or plant organs will 
die (Amthor, 2000; Kramer and Boyer, 1995). 
Net photosynthesis rates for seedlings treated 
with 42 and 50 g·L–1 of PEG-8000 were so low 
that these treatments would be undesirable.

Whole-plant dark respiration also decreased 

Fig. 6. The infl uence of different rates of PEG-8000 in 
the growing medium on water (Ψ

w
), osmotic (Ψ

s
), 

and turgor potential (Ψ
p
) of marigold leaves (A) 

18, (B) 32, and (C) 49 d after seeding. Measure-
ments were taken midday on whole cotyledons 
18 d after seeding and on leaf tips of the second 
acropetal leaf 32 and 49 d after seeding. Data 
points are the mean of three replications, with 
bars representing the standard error. Regression 
curves indicate signifi cant linear or quadratic ef-
fects. Eighteen days after seeding, Ψ

w
 = –0.473 

– 0.0176 × [PEG], r2 = 0.69, P = 0.0004; Ψ
s
 = 

–0.812 –1.02 × 10–3 × [PEG] – 1.88 × 10–4 × [PEG]2, 
R2 = 0.66, P = 0.0080; Ψ

p
 = 0.248 – 6.39 × 10–3 × 

[PEG], r2 = 0.46, P = 0.0324; 32 d after seeding, 
Ψ

w
 = –0.787 – 0.0149 × [PEG], r2 = 0.60, P = 

0.0006; Ψ
s
 = –1.12 – 0.0094 × [PEG], r2 = 0.30, P 

= 0.0443; 49 d after seeding, Ψ
w
 = –0.34-0.014 × 

[PEG], r2 = 0.35, P = 0.0257; Ψ
s
 = –0.83 – 0.014 

× [PEG], r2 = 0.63, P = 0.0026.

Fig. 5. The infl uence of different rates of PEG-8000 in the growing medium on compactness (shoot dry 
weight/height) of marigold per plant at harvest (49 d after seeding). Data points are the mean of six 
replications, with bars representing the standard error. Regression curves indicate signifi cant linear 
effects. Compactness = 0.598 – 0.00285 × [PEG], r2 = 0.69, P = 0.0001.

with increasing PEG-8000 rate (Fig. 7B). 
However, when respiration was corrected 
for dry weight, specifi c respiration rose with 
increasing PEG concentration (Fig. 7D). Al-
though stomata typically close when soil Ψ

w
 

is low, this does not affect respiration as much 
as photosynthesis because oxygen is readily 
available in the atmosphere and can enter the 
leaf in suffi cient quantities through diffusion 
(Kramer and Boyer, 1995). Whole-plant respi-
ration actually exceeded net photosynthesis in 
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plants grown with PEG concentrations from 42 
to 50 g·L–1. This could have been due partly to 
respiration by substrate microbes, which may 
affect photosynthesis and respiration measure-
ments substantially when small seedlings are 
measured (van Iersel and Bugbee, 2000). 

Similarly, drought-stressed rosemary and 
lavender had lower whole shoot respiration 
than nonstressed plants (Nogués et al., 2001). 
Respiration per unit dry matter was not re-
ported in their experiment. McCree (1986) 
reported that stressed plants may decrease or 
increase whole plant respiration compared to 
nonstressed plants. Growth respiration usually 
decreases while maintenance respiration usu-
ally increases under drought (McCree, 1986). 
In this case, the increase in specifi c respiration 
with increasing PEG concentrations also may 
have been due to differences in plant size, 
since larger plants often have lower specifi c 
respiration rates (van Iersel, 2003).

Post-transplant morphology. After trans-
planting, the time to fl owering increased with 
increasing amounts of PEG-8000 in the growing 
medium (r2 = 0.74, P = 0.0001). Plants grown 
with 42 or 50 g·L–1 of PEG-8000 fl owered about 
5 d after nontreated plants. Germination delays 
may have caused at least part of the fl owering 
delay. PEG-treated marigolds germinated up 
to two d and fl owered up to fi ve d later than 
nontreated plants. However, PEG-treated 

marigolds were not simply smaller because 
they germinated later because marigolds treated 
with post-germination PEG drenches were also 
shorter than nontreated marigolds (Burnett et 
al., 2005). It would be of interest to determine 
if seedlings treated with postgermination PEG-
8000 drenches (i.e., after germination) would 
also have delayed fl owering. 

Plant height at 2 weeks after transplant-
ing decreased gradually, and up to 20%, with 
increasing PEG concentrations in the growing 
medium (R2 = 0.78). There was no attempt 
to keep PEG-8000 in the growing medium 
after transplanting, so height reductions after 
transplanting were due to residual effects of 
the PEG treatments. Growers would likely 
consider decreased marigold height after 
transplanting advantageous, since growth re-
tardant applications are common in marigold 
production (Kessler, 1998). 

Conclusions

PEG-8000 concentrations from 15 to 30 
g·L–1 reduced growth and hypocotyl height 
of French marigold without negatively af-
fecting germination. Research exploring the 
use of PEG-8000 in commercial marigold 
seedling production should use these rates 
as a starting point for determining how use 
of PEG could be incorporated into produc-

tion regimes. Concentrations above 30 g·L–1 
should be avoided. Rates of 62 to 83 g·L–1 
of PEG-8000 were undesirable because they 
reduced emergence and survival of seedlings. 
Whole plant photosynthesis rates of plants 
treated with 42 to 50 g·L–1 of PEG were close 
to zero. These plants were probably growing 
very little and therefore may also be undesir-
able for commercial marigold plug growers. 
Reductions in leaf Ψ

w
 and net photosynthesis 

contributed to slower growth in PEG-treated 
marigolds. PEG-treated marigolds remained 
shorter than nontreated marigolds 2 weeks after 
transplanting. Future research should focus 
on improving the commercial applicability of 
using osmotic compounds, such as PEG-8000, 
to reduce elongation of seedlings. It is impor-
tant to develop watering regimes for growing 
plants under osmotic stress, since PEG-8000 
is highly water-soluble and easily leaches out 
of the growing media. 
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