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Abstract. Heating accounts for up to 30% of total operating costs for greenhouse
operations in northern latitudes. Growers often lower air temperatures for production
to reduce energy costs; however, this causes delays in development even in cold-tolerant
crops, such as petunia (Petunia3hybrida). This delay increases production time and can
reduce profitability. Recent studies on low air temperature bedding plant production
indicate petunia as a strong potential candidate for using lower air temperatures in
combination with bench-top root-zone heating (RZH) to avoid or reduce delays in
development. The objectives of this study were to 1) quantify time to flower (TTF) of
seven petunia cultivars and two recombinant inbred lines (RILs) when the mean daily air
temperature (MDT) was lowered by 5 8C and bench-top RZHwas used and 2) determine
if a high-quality petunia crop can be produced on RZH. Petunia ‘Sun Spun Burgundy’,
‘Sun Spun Lavender Star’, ‘Sanguna Patio Red’, ‘Potunia Plus Red’, ‘Potunia Plus
Purple’, ‘Supertunia Red’, ‘Supertunia Bordeaux’, and two RILs, IA160 and IA349,
were grown in a greenhouse with anMDT of 15 8C without RZH or with a RZH set point
of 21, 24, or 27 8C. Additionally, a commercial control (CC) was established by growing
plants without RZH at an MDT of 20 8C. All plants were grown under a 16-hour
photoperiod to provide a daily light integral (DLI) of ’’12 mol·mL2·dL1. Time to flower
was shorter at higher RZH set points. For example, TTF of ‘Potunia Plus Red’ was 56, 52,
49, or 47 days for plants grown at anMDT of 15 8C without RZH, or with RZH set points
of 21, 24, or 27 8C, respectively. When a RZH set point of 27 8C was employed, TTF of all
cultivars and inbred lines, except ‘Potunia Plus Red’ and ‘Sanguna Patio Red’, was
similar to plants grown in the CC. Shorter stem length, lower growth index, and smaller
shoot dry mass (SDM) at flowering were observed for plants grown under lower air
temperatures with RZH, resulting in a more compact and high-quality plant. Producing
a compact plant in a shorter time period is beneficial for growers; thus, results suggest
that MDT can be lowered to 15 8C for petunia production when a RZH set point of 27 8C
is employed.

Greenhouse heating currently accounts
for up to 30% of total operating costs for
growers in northern latitudes, which is sub-
ject to increase with increasing energy costs
for fuels such as propane and heating oil
(Lopez and Runkle, 2014). Growers are there-
fore continually seeking ways to produce

high-quality bedding plants through late
winter and early spring with reduced energy
inputs for heating, by installing thermal
energy curtains, purchasing more efficient
heaters or boilers, increasing insulation, or
lowering air temperature set points for pro-
duction (Brumfield, 2007; Runkle and Both,
2011). When MDT set points are lowered,
flowering is often delayed (Blanchard and
Runkle, 2011). Although growers correlate
lower air temperatures to energy cost sav-
ings, these delays can often increase pro-
duction costs, or lead to missed market dates
(Blanchard et al., 2011b). Recent studies
investigating the effects of low temperature
production in greenhouses and high tun-
nels indicate that flowering of cold-tolerant
crops, such as petunia (Petunia ·hybrida), is
delayed by 19 to 32 d when air temperature
is lowered by 9 to 12 �C (Blanchard et al.,
2011a, 2011b; Currey et al., 2014; Gerovac
et al., 2015). However, Gerovac (2014) re-
ported that the flowering of seed propagated
petunia ‘Dreams Midnight’ was only delayed
by 4 d when grown at an MDT of 16 �C in
combination with bench-top RZH of 27 �C

compared with an MDT of 19 �C without
RZH.

Petunias are one of the most prominent
and popular bedding plants sold in the United
States. Total wholesale value of this crop was
over $262 million in 2014, with �25 million
potted petunias sold in the top 15 producing
states (USDA, 2015a, 2015b). Petunia has
a reported optimum temperature (Topt) of
�25 �C, where the rate of development is
most rapid, and a calculated base temperature
(Tb) of 1.5 �C, where development ceases
(Kaczperski et al., 1991; Warner, 2010).
Plants are generally categorized based on Tb
as cold tolerant, cold intermediate, or cold
sensitive, when Tb # 4 �C, 4 �C < Tb < 7 �C,
or Tb $ 7 �C, respectively (Blanchard and
Runkle, 2011). A linear increase in the rate of
plant development is generally observed in
the range between Tb and Topt (Adams et al.,
1998). Growers therefore select temperature
set points within this range and adjust for
desired market dates and finished plant qual-
ity. Although growing at the Topt may pro-
duce a crop most rapidly, a decrease in plant
quality is often observed (Blanchard et al.,
2011b). Overall, as MDT increases, rate of
crop development increases, up to the Topt.

Adams et al. (1998) reported that, under
natural photoperiods, petunia ‘Express Blush
Pink’ grown at 22 or 25 �C flowered 43 d
faster than when grown at 15 �C. Similarly,
Blanchard et al. (2011b) found that under
a 16-h photoperiod, TTF of petunia ‘Dreams
Neon Rose’ was hastened by 19 d as theMDT
increased from 14 to 26 �C. Petunias are
long-day plants; therefore, the rate of devel-
opment is also hastened by increasing pho-
toperiod up to a critical photoperiod of 14.4 ±
0.6 h·d–1, although this can vary by cultivar
(Adams et al., 1998).

Root-zone heating has been found to be
an efficient method of increasing the rate of
development for a variety of crops, includ-
ing verbena (Verbena ·hybrida), petunia,
poinsettia (Euphorbia pulcherrima), chry-
santhemum (Dendranthema ·grandiflorum),
tomato (Solanum lycopersicum), african vio-
let (Saintpaulia ionantha), and snapdragon
(Antirrhinum majus) (Brown and Ormrod,
1980; Gerovac, 2014; Janes et al., 1981;
McAvoy and Janes, 1984; Olberg and Lopez,
2016; Vogelezang, 1988; Wai and Newman,
1992). For example, Gerovac (2014) reported
that verbena ‘Aztec Blue Velvet’ took 18 d
longer to flower in an MDT of 16 �C when
grown without RZH, compared with when
grown on a RZH set point of 27 �C. Bench-
top RZH functions by circulating hot water
through a series of rubber tubes on top of the
bench. Potted crops are then placed into trays
directly on the rubber tubes, allowing heat
to transfer to the substrate, root system, and
plant via conduction, and into the canopy by
convection as heat rises from the bench, creat-
ing amicroclimatewith the plant canopy (Sachs
et al., 1992; Vogelezang, 1988; Vogelezang
and van Weel, 1989).

The effect of MDT on petunia has been
extensively studied, but to our knowledge,
there has been little research on the effect of
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increased root-zone temperature in combina-
tion with a lower air temperature on petunia
cultivars and inbred lines. Commercially
available, vegetatively propagated petunia
cultivars were all selected based on breeder
input for cold tolerance and vigorous growth.
The objectives of this study were therefore to
1) quantify TTF of seven petunia cultivars
and two RILs when the MDT was lowered
by 5 �C and bench-top RZH was used and
2) determine if a high-quality petunia crop
could be produced on RZH. Petunias, like
most bedding plants, are considered high
quality, when they are compact, fill the con-
tainer, well branched, and in flower.

Materials and Methods

Plant material and culture. Rooted cut-
tings of petunia ‘Sun Spun Burgundy’, ‘Sun
Spun Lavender Star’, ‘Sanguna Patio Red’,
‘Potunia Plus Red’, ‘Potunia Plus Purple’,
‘Supertunia Red’, and ‘Supertunia Bordeaux’
and seedlings of two RILs derived from the
interspecific cross Petunia integrifolia · Pe-
tunia axillaris, IA160 and IA349, were re-
ceived at Purdue University, West Lafayette,
IN (lat. 40� N) between 13 and 20 Jan. 2015
(week 2 or 3). The RILs were selected based
on exhibiting: 1) a relatively high develop-
ment rate under cool (14 �C) temperature,
and 2) a minimal reduction in development
rate as temperature decreased from 20 to
14 �C, from among the total population of
�150 RILs evaluated previously (Lin, 2014).
The apical meristem of each ‘Sun Spun
Burgundy’, ‘Sun Spun Lavender Star’, ‘San-
guna Patio Red’, ‘Potunia Plus Red’, and
‘Potunia Plus Purple’ plant was excised on
19 Jan. 2015. The apical meristem of each
‘Supertunia Red’ and ‘Supertunia Bordeaux’
plant was excised on 20 Jan. 2015. On 20 Jan.
2015, ethephon (Florel; Monterey, Fresno,
CA) with a surfactant (0.4 mL·L–1) (Capsil;
Aquatrols, Paulsboro, NJ) was applied as a
foliar spray, at a concentration of 400 mg·L–1

and a volume of 0.2 L·m–2, to abort and
abscise all premature flowers and flower
buds. All plants were transplanted on 21 Jan.
2015 into 11.4-cm (600 mL) containers filled
with soilless substrate consisting of (by vol-
ume) 65% peat, 20% perlite, and 15% ver-
miculite (Fafard 2 Mix; SunGro Horticulture,
Agawam, MA).

Irrigation water was supplemented with
93% sulfuric acid (Brenntag, Reading, PA)
at 0.08 mL·L–1 to reduce alkalinity to 100
mg·L–1 and maintain a pH within the range
of 5.8 to 6.2. All plants were fertigated once
per week with acidified water supplemented
with a combination of two water-soluble
fertilizers (3:1 mixture of 15N–2.2P–12.5K
and 21N–2.2P–16.6K, respectively; Everris,
Marysville, OH) to provide the following (in
mg·L–1): 400 N, 52 P, 326 K, 100 Ca, 40 Mg,
2.0 Fe, 1.0 Mn and Zn, 0.48 Cu and B, and
0.2 Mo. All plants were overhead irrigated
with clear acidified water as necessary,
based on observation and weight of multiple
pots within each treatment and block, be-
tween fertigation events to maintain similar

substrate moisture and nutrition levels among
all treatments.

Greenhouse environment. Plants were
grown in two separate glass-glazed green-
houses. In both greenhouses, a 16-h photo-
period (0600 to 2200 HR) was established
consisting of natural daylengths with day
extension and supplemental lighting pro-
vided by high-pressure sodium lamps that
delivered 70 mmol·m–2·s–1 to achieve a DLI
of �12 mol·m–2·d–1. A computerized control
program (Maximizer Precision 10; Priva
Computers Inc., Vineland Station, ON, Can-
ada) monitored, controlled, and recorded
greenhouse air temperature. Greenhouse air
temperature was regulated by use of evapo-
rative cooling pads and exhaust fans, hot
water radiant heating, and retractable shade
curtains.

Temperature treatments were initiated on
22 Jan. 2015. The air temperature set point
was 15 �C and plants were placed onto
benches with or without independently pro-
grammable bench-top RZH. Root-zone
temperatures of 21, 24, and 27 �C were
established with circulating hot water (49 �C)
though rubber tubing on the benches, con-
trolled by a root-zone thermistor probe inserted
horizontally at the center of the substrate
(Biotherm Benchwarmer kit; TrueLeaf Tech-
nologies, Petaluma, CA). A separate green-
house served as a CC and had a set point of
20 �C without RZH.

Environmental data collection. Through-
out the study, air temperature was measured
every 10 min by an aspirated Priva temper-
ature sensor and recorded by the computer-
ized control system (Priva Computers Inc.)
in each greenhouse. An enclosed thermistor
(Model ST-100; Apogee Instruments, Inc.,
Logan, UT) inserted horizontally into the
center of the substrate was used to measure
substrate temperature. A fine-wire thermistor
(Model ST-200; Apogee Instruments, Inc.)
was inserted into the apical meristem of one
plant per treatment and block on 5 Feb. to
measure plant tissue temperature. A thermis-
tor (Model ST-110) surrounded by an aspi-
rated radiation shield suspended at plant
canopy level measured canopy air tempera-
ture. Single-diode quantum sensors (Model
LI-190R; LI-COR, Inc., Lincoln, NE) were
placed at canopy level to record photosyn-
thetic photon flux (PPF ) in each treatment
and block. For each treatment and block,
substrate, plant tissue, and canopy air tem-
peratures and PPFwere measured every 15 s,
averaged, and logged every 15 min by a data
logger (Model CR1000; Campbell Scientific,
Inc., Logan, UT). Mean greenhouse air,
canopy, substrate, and plant tissue tempera-
ture and DLI for each treatment, each month
following transplant, are reported in Table 1.

Plant data collection and calculations.
Plants were monitored daily and the date of
first open flower was recorded when the first
flower was fully reflexed. At flowering, node
number below the first open flower and stem
length, measured from the base of the plant
to the apical meristem, were recorded. Branch
number was also recorded for petunia IA160,

IA349, ‘Supertunia Red’, and ‘Supertunia
Bordeaux’; and plant width and perpendicu-
lar width were recorded for petunia ‘Sun
Spun Burgundy’, ‘Sun Spun Lavender Star’,
‘Sanguna Patio Red’, ‘Potunia Plus Red’, and
‘Potunia Plus Purple’. Growth index [GI;
GI = (stem length + plant width + plant
perpendicular width)/3] was then calculated
for petunia ‘Sun Spun Burgundy’, ‘Sun Spun
Lavender Star’, ‘Sanguna Patio Red’, ‘Potu-
nia Plus Red’, and ‘Potunia Plus Purple’.
Branch number was recorded for plants with
prostrate growth and branching from the base
node, while GI was calculated for all plants
with upright or mounding growth habit.
Roots of ‘Sun Spun Lavender Star’, ‘Super-
tunia Bordeaux’, ‘Potunia Plus Purple’, and
IA349 were soaked, gently washed, and
excised and shoots of all cultivars and RILs
were excised. Roots and shoots were dried
separately in an oven at 70 �C. After 4 d of
drying, roots and shoots were weighed to
determine root dry mass (RDM) and SDM,
respectively. Time to flower was calculated
as days from transplant (21 Jan.) to first open
flower. Root-to-shoot ratio (RDM:SDM) was
calculated for ‘Sun Spun Lavender Star’,
‘Supertunia Bordeaux’, ‘Potunia Plus Pur-
ple’, and IA349.

Experimental design and data analysis.
The experiment was a complete randomized
design, with two blocks of each RZH treat-
ment. Ten experimental units (single plants
of each cultivar or RIL) were randomly
distributed to each treatment within each
block. Cultivars and RILs were analyzed
independently. A separate greenhouse served
as the CC and was maintained at a commer-
cial finishing temperature with two blocks,
each containing ten experimental units. Anal-
ysis of variance was performed using the SAS
(SAS 9.4; SAS Institute Inc., Cary, NC)
mixed-model (PROC MIXED) procedure.
Fisher’s protected least significant difference
was used to compare the four RZH treatments
at P < 0.05. Blocks were pooled when the
treatment by block interaction was not sig-
nificant or when trends of treatment re-
sponses were consistent. A t test was used
to compare RZH treatment means to the CC
mean.

Results and Discussion

Effects of RZH on rate of flowering. Time
to flower was hastened with higher RZH set
points for most cultivars and RILs grown
under a lower air temperature (Table 2). For
example, TTF of ‘Supertunia Bordeaux’ was
49, 43, 41, or 39 d for plants grown at an
MDT of 15 �Cwithout RZH, or with RZH set
points of 21, 24, or 27 �C, respectively. With
the exception of ‘Potunia Plus Red’ and
‘Sanguna Patio Red’, all plants grown at an
MDT of 15 �C with a RZH set point of 27 �C
had similar or quicker TTF compared with
plants grown at an MDT of 20 �C. Time to
flower of ‘Sun Spun Lavender Star’ was 4.4 d
shorter for plants grown on a RZH set point
of 27 �C and MDT of 15 �C, compared with
the CC. Flowering of all cultivars and RILs

HORTSCIENCE VOL. 52(1) JANUARY 2017 55

CROP PRODUCTION



was delayed by an average of 10.7 d when
grown at an MDT of 15 �C without RZH,
compared with those grown at an MDT of
20 �C (Fig. 1).

Gerovac (2014) reported a linear decrease
in TTF for the seed propagated petunia
‘DreamsMidnight’ with increased RZH from
18 to 27 �C. For example, TTF was 5, 10, or
12 d shorter for plants grown at an MDT of
16 �C with a RZH set point of 21, 24, or
27 �C, respectively, compared with without
RZH (Gerovac, 2014). Similarly, an accelerated
rate of flowering with increased root-zone
temperature has been reported for poinsettia,
chrysanthemum, peace lily (Spathiphyllum
sp.), african violet, and tomato (Brown and
Ormrod, 1980; Janes et al., 1981; Vogelezang,
1988, 1992; Wulster and Janes, 1984). For
example, TTF of chrysanthemum ‘Improved
Mefo’ was 84 and 99 d when plants were
grown at a day/night temperature of 16/11 �C
with RZH of 25 �C or without RZH, respec-
tively (Brown and Ormrod, 1980).

Similar to the findings of the current
study, an acceleration in flowering rate of
petunia is frequently reported with increas-
ing air temperatures (Adams et al., 1998;
Blanchard and Runkle, 2011; Blanchard et al.,
2011a, 2011b; Kaczperski et al., 1991;
Warner, 2010; Vaid and Runkle, 2013). For
example, TTF of petunia ‘Snow Cloud’ was
74, 56, or 46 d when grown at a constant air
temperature of 15, 20, or 25 �C, respectively
(Kaczperski et al., 1991). Vaid and Runkle
(2013) used a linear model to describe the
rate of petunia flowering in response to
increasing MDT from 14 to 26 �C. Within
this model, flowering rate of petunia ‘Bravo
Blue’ increased as temperature increased
(Vaid and Runkle, 2013). Blanchard and
Runkle (2011) reported a nonlinear response
to temperature for petunia ‘Dreams Neon
Rose’ and ‘Wave Purple’ with increasing
MDT from 5 to 30 �C; plants did not reach
Topt within this range, but Tb was calculated
to be 2.8 and 5.5 �C for petunia ‘Dreams

Neon Rose’ and ‘Wave Purple’, respectively.
Petunia can therefore be categorized as cold
tolerant or cold intermediate, depending on
cultivar.

Rate of development is directly influ-
enced by plant temperature, and increased
tissue temperature was measured with in-
creased RZH. For example, plant tissue
temperature was an average of 15.1, 15.6,
16.3, and 18.1 �C for plants grown at anMDT
of 15 �C without RZH, or with a RZH set
point of 21, 24, or 27 �C, respectively
(Table 1). Plant tissue temperature of petu-
nias grown at a lower air temperature in
combination with RZH of 27 �C was an
average of 1.7 �C higher than those in the
CC. A similar trend of increased tissue
temperature with increased RZH has been
observed for osteospermum (Osteospermum
ecklonis), poinsettia, african violet, and
begonia (Begonia ·hiemalis) (Gerovac,
2014; Olberg and Lopez, 2016; Vogelezang,
1988; Vogelezang and van Weel, 1989).
Vogelezang (1988) also reported that plant
tissue temperature was more closely related to
root-zone temperature than greenhouse air
temperature. Elevated plant tissue temperature
could explain why a similar, shorter, or longer
TTF by only up to 4 d was observed for most
petunia plants grown in a greenhouse where the
MDT was 5 �C lower when a RZH set point of
27 �C was employed, compared with the CC.

Effect of RZH on dry mass accumulation.
When harvested at first open flower, SDM of
all plants grown at an MDT of 15 �C was
higher for plants grown without RZH com-
pared with those grown with RZH. With the
exception of RIL IA349, all plants grown on
RZH had similar SDM regardless of RZH set
point. For example, SDM of ‘Potunia Plus
Red’ was 5.1, 4.8, and 4.7 g when grown on
RZH set points of 21, 24, or 27 �C, re-
spectively (Table 2). Conversely, SDM of
IA349 was 3 g less with a RZH set point
of 27 �C compared with 21 �C. Shoot dry
mass of ‘Supertunia Bordeaux’, ‘Potunia Plus

Purple’, ‘SupertuniaRed’, ‘Sun SpunLavender
Star’, and IA349 grown at an MDT of 20 �C
was similar to plants grown at an MDT of
15 �C with a RZH set point of 24 or 27 �C.
Although, all ‘Sun Spun Burgundy’, ‘Potunia
Plus Red’, IA160, and ‘Sanguna Patio Red’
plants had a greater SDM when grown at
a lower air temperature, regardless of RZH,
compared with the CC.

Similar to other studies, biomass accumu-
lation was reduced when rate of develop-
ment increased (Brown and Ormrod, 1980;
Gerovac, 2014; Shedlosky and White, 1987).
This resulted in a lower SDM for plants grown
at a lower air temperature withRZH compared
with without RZH. Dry mass accumulation
is a direct result of photosynthesis, and is
therefore directly related to both net photo-
synthesis and time for photosynthate pro-
duction, and thus production time (Heins
et al., 2000). In the current study, as flowering
of ‘Supertunia Red’ was hastened by 13 d,
SDM decreased from 9.2 to 5.2 g, for plants
with no RZH compared with a RZH set points
of 27 �C. Since plants grown without RZH
took longer to flower, they had a longer
production time and therefore more time to
increase biomass before harvest at flowering.
Similar TTF thus resulted in similar SDM.
For example, TTF and SDM of ‘Potunia Plus
Purple’ was 40.2, 40.2, or 42.1 d and 3.1, 3.0,
or 2.9 g for plants grown at an MDT of 15 �C
with a RZH set point of 24 or 27 �C or at an
MDT of 20 �C without RZH, respectively.
Gerovac (2014) similarly reported an about
linear decrease of TTF and SDM with in-
creasing RZH for petunia and snapdragon.
Likewise, final dry mass of pansy (Viola
·wittrockiana ‘Imperial Blue’) and petunia
‘White Cascade’ grown with RZH set points
of 16 to 21 �C and a night temperature of 7 �C
had similar dry mass to plants grown without
RZH and a night temperature of 16 �C
(Shedlosky and White, 1987).

When harvested at first open flower, RDM
was an average of 22 to 52% greater for
plants grown at an MDT of 15 �C, regardless
of RZH, compared with those grown at an
MDT of 20 �C (data not shown). Similarly,
RDMwas�60% lower for snapdragon plants
grown at an MDT of 16 �C, regardless of
RZH from 18 to 27 �C, compared with those
grown at an MDT of 19 �C (Gerovac, 2014).
For plants grown without RZH, increased
production time due to higher TTF could
have caused this increase in RDM. Root-zone
heating may also have stimulated increased
root growth, as McMichael and Burke (1998)
reported an increase in root growth with
increasing RZH to a species-specific Topt.
Although increasing temperatures of RZH
did not show any significant effects on RDM
in the current study (data not shown), in-
creased root growth was apparent for some
cultivars grown with RZH (Fig. 1).

Root-to-shoot ratio was higher for ‘Potu-
nia Plus Purple’ and IA349 plants grown at an
MDT of 15 �C with a RZH set point of 27 �C,
compared with those plants grown without
RZH (Table 2). Root-to-shoot ratio was
higher when plants were grown at a lower

Table 1. Mean daily light integral (DLI) and daily air, canopy, substrate, and plant tissue temperature for
each treatment, each month following transplant. Plants were grown at a mean daily temperature
(MDT) of 15 �C and plants were placed on a bench without root-zone heating (No RZH) or with RZH
set points of 21, 24, or 27 �C; or plants were grown in a greenhouse without RZH at an MDT of 20 �C
as per commercial control (CC).

Month Treatment Avg DLI (mol·m–2·d–1)

Temperature (�C)
Air Canopy Substrate Tissue

January No RZH 13.0 15.9z 15.6 16.2 —y

21 �C RZH 11.1 17.1 20.5 —
24 �C RZH 11.7 17.2 23.1 —
27 �C RZH 13.4 17.9 25.2 —
CC 11.0 19.5 18.9 18.6 —

February No RZH 14.5 14.9 14.4 15.3 14.5
21 �C RZH 13.4 16.6 21.4 15.2
24 �C RZH 13.2 17.0 23.3 15.7
27 �C RZH 14.8 17.1 24.9 16.5
CC 13.0 19.2 18.7 17.8 16.2

March No RZH 14.8 15.3 14.9 15.6 15.7
21 �C RZH 15.3 16.2 21.2 15.9
24 �C RZH 15.1 17.2 23.2 16.8
27 �C RZH 14.9 17.4 24.2 19.7
CC 14.8 19.2 18.7 17.4 16.5

zThis air temperature is for all RZH treatments.
yFine-wire thermistor inserted on 5 Feb.
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air temperature with a RZH set point of
27 �C, compared with those in the CC.
Root-to-shoot ratio of ‘Potunia Plus Purple’
and IA349 was higher with higher RZH set
points. High root-to-shoot ratios with in-
creased RZH are likely due to decreased
SDM given hastened flowering and increased
RDM due to root growth promotion with
elevated root-zone temperature.

Effects of RZH on plant growth and
morphology. When measured at first open
flower, stem length was shorter for cultivars
and RILs, other than ‘Sanguna Patio Red’,
grown on a RZH set point of 27 �C compared
with those without RZH (Table 2). For
example, stem length was 4.1, 5.3, and
8.5 cm shorter for ‘Supertunia Red’, IA160,
and IA349, respectively, grown at anMDT of
15 �C with a RZH set point of 27 �C
compared with without RZH. Stem length
of ‘Supertunia Red’, ‘Supertunia Bordeaux’,
‘Potunia Plus Red’, IA160, and IA349 plants
grown at an MDT of 15 �C was greater than
plants grown at an MDT of 20 �C. Although,
this difference was smaller when plants were
grown with a RZH set point of 27 �C. For
example, stem length of ‘Supertunia Red’
was 17.2, 16.3, 15.2, 13.1, or 13.4 cm for
plants grown at an MDT of 15 �C without
RZH or on a RZH set points of 21, 24, or
27 �C, or at an MDT of 20 �C, respectively
(Table 2). Gerovac (2014) reported a similar
trend, as stem length of petunia ‘Dreams
Midnight’ was shorter for plants grown at
an MDT of 19 �C compared with MDT of
16 �C; but stem length was similar for plants
grown at an MDT of 19 �C and at an MDT
of 16 �C with a RZH set point of 27 �C.
Similarly, a decrease in plant height was
reported with increasing RZH from 17 to
29 �C for chrysanthemum ‘May Shoesmith’
plants grown in day/night air temperatures of
24/17 �C (McAvoy and Janes, 1984). Con-
versely, other crops, such as snapdragon and
sweet pepper (Capsicum annuum), have been
reported to have longer stem length with
increasing RZH (Abdel-Mawgoud et al.,
2005; Hood and Mills, 1994). This dissimi-
larity is likely due to high air temperature,
rather than lower air temperature, in combi-
nation with RZH.

This trend of less growth with the highest
RZH set point was consistent for GI for all
cultivars, other than ‘Sun Spun Burgundy’
and ‘Sanguna Patio Red’. For example, GI of
‘Potunia Plus Red’ was 18.2, 17.5, 16.8, 16.3,
and 16.3 cm for plants grown at an MDT of
15 �C without RZH or with a RZH set point
of 21, 24, or 27 �C, or at an MDT of 20 �C.
Similarly, �25% less growth was reported
for poinsettia ‘Annette Hegg Brilliant Di-
amond’ grown with a RZH set point of 29 �C
compared with those grown with a RZH set
point of 23 �C (Janes and McAvoy, 1983).
Growth index of ‘Sun Spun Burgundy’,
‘Potunia Plus Red’, and ‘Sanguna Patio
Red’ was also smaller for plants grown at
an MDT of 20 �C compared with an MDT of
15 �C without RZH. Less growth, in terms of
stem length and GI, with increased RZH or
MDT is likely again due to a decreased TTF

Table 2. Growth index (GI), branch number, stem length, shoot dry mass (SDM), root-to-shoot ratio, and
time to flower (TTF) for petunia ‘Sun Spun Lavender Star’, ‘Sun Spun Burgundy’, ‘Supertunia Red’,
‘Supertunia Bordeaux’, ‘Potunia Plus Red’, ‘Potunia Plus Purple’, ‘Sanguna Patio Red’, and two
inbred lines IA160 and IA349. Plants were grown at a mean daily temperature (MDT) of 15 �C and
plants were placed on a bench without root-zone heating (No RZH) or with RZH set points of 21, 24, or
27 �C; or plants were grown in a greenhouse without RZH at an MDT of 20 �C as per commercial
control (CC).

Treatment GI Branch number Stem length (cm) SDM (g) Root-to-shoot ratio TTF (d)

‘Sun Spun Lavender Star’
No RZH 16.0 abz ―y 11.1 a 5.0x a 0.05 46.5x a
21 �C RZH 14.5x ab ― 10.1x ab 3.4x b 0.06x 40.1 bc
24 �C RZH 16.9 a ― 10.6x a 3.9 ab 0.05x 43.4 ab
27 �C RZH 13.8x b ― 9.4x b 3.3x b 0.07x 37.6x c
CC 16.6 ― 11.2 4.0 0.04 42.0
Significancew * ** ** NS ***

‘Sun Spun Burgundy’
No RZH 15.8x ― 10.3 ab 5.5x a ― 55.4x a
21 �C RZH 15.8x ― 10.5 a 4.6x b ― 52.6x a
24 �C RZH 15.2 ― 10.0 ab 4.8x ab ― 52.6x a
27 �C RZH 14.9 ― 9.7 b 4.7x b ― 48.1 b
CC 14.7 ― 10.0 4 ― 49.2
Significance * * ** ***

‘Supertunia Red’
No RZH ― 10.8x a 17.2x a 9.2x a ― 52.7x a
21 �C RZH ― 8.8x ab 16.3x ab 6.5x b ― 45.4x b
24 �C RZH ― 11.1x ab 15.2x b 6.9x b ― 46.1x b
27 �C RZH ― 10.4x b 13.1 c 5.2 b ― 39.7 c
CC ― 9.3 13.4 4.5 ― 40.4
Significance * *** *** ***

‘Supertunia Bordeaux’
No RZH ― 10.2x 18.3x a 7.5x a 0.09x 49.4x a
21 �C RZH ― 9.3x 16.0 ab 5.1x b 0.16x 42.8x b
24 �C RZH ― 9.9x 15.3 b 4.5 b 0.24x 41.3 bc
27 �C RZH ― 8.9x 14.5x b 4.3 b 0.21x 38.9 c
CC ― 8.0 15.7 4.4 0.12 40.3
Significance NS ** *** NS ***

‘Potunia Plus Red’
No RZH 18.1x a ― 12.6x a 6.3x a ― 55.8x a
21 �C RZH 17.5x ab ― 11.8x ab 5.1x b ― 51.8x b
24 �C RZH 16.8 b ― 11.5 b 4.8x b ― 48.7x c
27 �C RZH 16.3 b ― 11.0 b 4.7x b ― 47.2x c
CC 16.3 ― 11.3 3.7 ― 44.2
Significance ** *** *** ***

‘Potunia Plus Purple’
No RZH 14.6 a ― 8.7 a 4.0x a 0.08 b 48.8x a
21 �C RZH 14.2 ab ― 8.2 ab 3.3x b 0.10 ab 43.3 b
24 �C RZH 13.4x b ― 7.6x b 3.1 b 0.12 ab 40.2 b
27 �C RZH 13.3x b ― 7.7x b 3.0 b 0.21x a 40.2 b
CC 14.2 ― 8.3 2.9 0.08 42.1
Significance ** *** *** * ***

‘Sanguna Patio Red’
No RZH 16.4x ― 9.5 5.6x a ― 52.8x a
21 �C RZH 16.0 ― 9.1 4.2x b ― 47.9x bc
24 �C RZH 16.0 ― 8.9 4.9x ab ― 49.1x ab
27 �C RZH 15.6 ― 9.0 4.4x b ― 44.5x c
CC 15.2 ― 9.0 2.6 ― 40.0
Significance NS NS *** ***

IA160
No RZH ― 15.0x a 27.9x a 19.6x a ― 66.3x a
21 �C RZH ― 12.9x b 25.1x b 11.3x b ― 56.9x b
24 �C RZH ― 12.6x b 24.5 bc 11.9x b ― 56.7x b
27 �C RZH ― 11.7 b 22.6 c 11.1x b ― 51.4 c
CC ― 11.6 23.4 10.2 ― 50.4
Significance *** *** *** ***

IA349
No RZH ― 19.1x a 28.2x a 22.8x a 0.05x c 68.2x a
21 �C RZH ― 16.0x b 24.6x b 12.2x b 0.07x bc 55.6x b
24 �C RZH ― 15.4 b 21.9 bc 10.4 bc 0.08x ab 54.0x b
27 �C RZH ― 14.7x b 19.7 c 9.2x c 0.10x a 50.5 c
CC ― 15.3 20.8 10.4 0.07 51.0
Significance *** *** *** *** ***
zMeans within column per cultivar with the same letter are not significantly different based on Fisher’s
protected least significant difference (LSD) at P # 0.05.
yData not collected.
xSignificant difference from the CC based on LSD at P # 0.05.
wSignificance of ANOVA comparing RZH treatments.
NS, *, **, ***Nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively.
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and, consequently, a shorter time period for
vegetative growth.

When measured at first open flower,
branch number of ‘Supertunia Red’, IA160,
and IA349 was higher for plants grown at an
MDT of 15 �C without RZH compared with
those on RZH. Branch number and GI were
higher for all plants grown at an MDT of
15 �C compared with an MDT of 20 �C.
Overall, plants had less growth with higher
root-zone and air temperatures. Root-zone
temperature did not significantly affect node
number for most plants, though node number
was generally lower for plants grown at an
MDT of 15 �C compared with an MDT of
20 �C (data not shown). This could be due to
a more rapid rate of development and thus

increased number of nodes for plants grown
at the higher MDT.

Conclusion

All cultivars and RILs, with the exception
of ‘Potunia Plus Red’ and ‘Sanguna Patio
Red’, developed at a similar or hastened rate
when grown at an MDT of 15 �C with a RZH
set point of 27 �C as when grown at an MDT
of 20 �C. Time to flower of ‘Potunia Plus
Purple’ and ‘Sun Spun Lavender Star’ plants
grown at anMDT of 15 �Cwith RZH of 24 �C
was also similar to those grown at an MDT
of 20 �C. Shoot dry mass was seemingly
related to TTF, generally resulting in decreased
SDM for plants grown at an MDT of 15 �C

with RZH, compared with those without.
Shoot dry mass of most plants grown at
a lower air temperature was similar to the
CC when RZH of 24 to 27 �C was employed.
Stem length of all cultivars and RILs, other
than ‘Sanguna Patio Red’, was shorter with
higher RZH set points, resulting in more
compact plants.

The shorter production time that results
from hastened flowering can directly relate to
increased savings for greenhouse operations,
especially at a lower air temperature set
point. Previous studies reported potential
energy savings of 8% to 15% by lowering
greenhouse air temperature by 3 �C, although
results varied based on greenhouse location
and market date (Gerovac, 2014). Savings
can also result from reduced requirement for
greenhouse heating, as the plants occupy the
greenhouse for a shorter period of time, or
increased number of production turnovers. A
smaller overall plant size, as a function of
shorter stem length, smaller GI, and lower
SDM, was observed for plants grown at a
lower air temperature with RZH. Although
these differences were slight for some culti-
vars, compact growth is considered beneficial
to growers as a compact plant size allows for
fewer plant growth regulator applications,
occupies less greenhouse bench space for
production, and allows for an increased
number of plants per cart for shipping. Given
the cultivar specificity of Tb, careful crop
selection for vigorous and cold-tolerant cul-
tivars may be of great importance for pro-
duction under this heating regime. Overall,
results suggest that a high-quality, compact
petunia crop can be produced at an MDT of
15 �C, when combined with a RZH set point
of 27 �C.
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