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Abstract: Cut peonies (Paeonia lactiflora Pall.) have a relatively short vase life and limited availability
due to seasonal production. Cultivars Festiva Maxima (FM), Monsieur Jules Elie (MJE), and Sarah
Bernhardt (SB) stored at 0.7 ◦C had a longer flower open time at 12 weeks of storage compared to
those held at −3.1 or 3.5 ◦C, while the flower bud time was unaffected. The flower open time of FM
and MJE was no different for stems stored at a sub-zero temperature of −0.6 ◦C for 16 weeks compared
to non-stored stems. Flower quality, opening, and lack of deformity was reduced at 16 weeks of
storage in comparison to non-stored flowers, but higher for stems stored at −0.6 ◦C compared to
0.7 ◦C. Pre-treating stems before storage with pulses of a commercial hydrator solution or a 200 g·L−1

sucrose solution for 2 h at 4 ◦C had little commercial significance compared to non-pulsed control
stems. The total phenolic content, malondialdehyde, and superoxide dismutase were not effective
indicators of open time or quality loss. This study is the first to demonstrate the successful use of a
non-freezing, sub-zero storage temperature for peony, and the first to store cut peonies for 16 weeks,
despite an increased risk of reduced flower quality.

Keywords: peony; long-term storage; flower deformity; total phenolic content; malondialdehyde;
superoxide dismutase

1. Introduction

Herbaceous peonies, primarily hybrids of Paeonia lactiflora Pall., have been produced as cut flowers
for centuries and continue to grow in popularity and demand. Seasonal production and a short vase
life of 5 to 9 d are two issues restricting availability and customer satisfaction. Peonies bloom once a
year and the harvest window is limited to 2 to 4 weeks depending on the cultivar, plant age and size,
and environmental factors such as temperature and moisture in a given location. Near year-round
market availability is currently contingent on global production during the spring seasons of the
Northern and Southern Hemispheres [1]. Growers primarily rely on the selection of early, mid, and late
blooming cultivars to maximize cut flower production and cold storage is used to extend availability.

Cut peonies are stored as unopened buds at storage temperatures ranging from about 0.6 to 4.0 ◦C
for up to 8 weeks, but vase life and cut flower quality of stored stems are reduced as storage duration
increases [2,3]. Standard methods to improve peony vase life through carbohydrate additives and
commercial hydrator solutions prior to storage or shipping have been unsuccessful or inconsistent
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across the large number of cultivars [4–6]. These factors limit the storage life of cut peonies and leave a
1 to 3-month availability gap following August.

Cooling technology revolutionized the postharvest handling of perishable crops such as cut flowers.
Holding flowers in cold storage preserves vase life and quality by reducing respiration [7], carbohydrate
loss [3], and flower development [8,9], and limits ethylene production and sensitivity during
storage [7,10]. Cut flowers historically fall into two storage temperature classes: Chilling sensitive
flowers, consisting of many tropical and sub-tropical species that should be held no colder than
12 or 2 ◦C, respectively, and those that should be held no lower than 0 ◦C [11]. The industry standard
temperature for cut peony storage has been determined to be between 0 and 2 ◦C with over 25 cultivars
tested in storage for 4 to 12 weeks [3,4,8,12,13]. The vase life of stems stored for 4 weeks near 0 ◦C is
reduced by 1 to 2 d when compared to freshly cut stems [14]. An additional day or two is lost as storage
durations increase to 10 or 12 weeks of storage along with an increase in disease development [3,4].
Dry storage, where cut stem ends are not held in water, preserves the bud stage and subsequent vase
life of peony and is the standard method of holding stems in cold storage [13].

Near-freezing storage temperatures (<0 ◦C) have gained recent interest in edible crops for
improved storage length. Apricots (Prunus armeniaca L.) [15,16], cherries (Prunus avium L.) [17],
and nectarines (Prunus persica L.) [18] were stored 14 to 30 d longer when using near-freezing storage
temperatures (<0 ◦C) compared to ≥ 0 ◦C; near-freezing storage better maintained firmness, color,
aroma, and sugar content. Authors also reported lower ethylene production [15,18] and respiration
rate [15,17]. Sub-zero temperatures are not currently utilized for cut flower storage due to the limited
knowledge of how these temperatures affect cut flower vase life and quality and the potential injury
caused by ice formation. Depending on the specific temperature and the amount of time below 0 ◦C,
freezing can be avoided and quality preserved longer than possible at above 0 ◦C temperatures. Post and
Fischer [12] reported a higher vase life for cut Chrysanthemum spp., Narcissus spp., Iris germanica L.,
Convallaria majalis L., and Tulipa spp. when stored at −0.6 ◦C compared to 0.6 ◦C. Minimal vase life
improvements were reported for cut Narcissus ‘Carlton’ when comparing −0.6 and 0.6 ◦C for short-term
storage (10 d), but Nichols and Wallis [19] stated −0.6 ◦C could be more beneficial when considering
long-term storage.

Cut peonies exhibit multiple characteristics of tolerating sub-zero temperatures. Stems, leaves,
and already fully-differentiated floral tissue [20] frequently experience sub-zero events prior to spring
flowering in North Carolina (personal observation). Peonies are harvested in a tight bud stage and
would likely tolerate a lower temperature than fully developed flowers [21]. Sepal tissue of tree peony
(P. suffriticosa Andr.) ‘Luoyanhong’ and ‘Fengdanbai’ did not freeze until exposed to −3.8 and −4.0 ◦C,
respectively [21]. Developing peony buds are high in starch [22], which could indicate a low tolerance
of sub-zero temperatures and freezing [23–25]. However, hydrolysis of starch to soluble carbohydrates
such as fructose, glucose, and later sucrose occurs within buds after 2 weeks of storage at 0 ◦C [3],
which could improve sub-zero tolerance by increasing solute concentration [26,27]. Floral preservatives
containing soluble carbohydrates may also be used to improve sub-zero tolerance of cut peonies.
Sucrose pulses of 200 g·L−1 decreased freezing points of cut carnation by 2.6 ◦C [28]. Peonies are an
excellent candidate for testing the efficacy of sub-zero storage temperatures due to their popularity,
high value, seasonality, bud harvest stage, short vase life, and ability to tolerate dry storage.

The available literature describes the effects of above 0 ◦C storage on peony vase life, but not the
impact of storage on quality. The quality criteria of cut peonies consists of a long stem length, large bud
size at harvest, and buds that fully open and not deformed or discolored. Cut peonies are graded prior
to sale and peonies with the longest stems and largest buds generally have the highest value. Peonies
are marketed in a tight bud stage and flower opening is vital for customer satisfaction. Failure to open,
a disfigured shape, or smaller flower size reduces value and customer satisfaction. Short cold storage
durations generally improve peony bud opening [3,8]. However, long storage durations inhibit the bud
opening of other cut flower species such as Dutch iris that are bud harvested [29,30]. Bud opening has
been linked to water movement into petals causing cell expansion [31] and has been improved through
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adding soluble carbohydrates into pulse solutions and vase water. Highly concentrated sucrose pulses
(>100 g·L−1) improved vase life by opening new florets of Gladiolus spp. [32], lilies [33], and sweet pea
(Lathyrus spp.) [34]. Dianthus caryophyllus L. (carnation) pulsed with a 200 g·L−1 sucrose solution prior
to storage for 10 d at −4 ◦C opened while un-treated stems failed to open [28].

Phenotypic data are often coupled with physiological stress indices to facilitate inferences on
stress tolerance. Total phenolic content (TPC) and specific antioxidant tests are two methods of
determining plants’ ability to mitigate stress [35–37] in the form of reactive oxygenating species (ROS)
that cause cellular damage. ROS and antioxidant concentration impact the senescence of day lily
(Hemerocallis spp.) [38], rose (Rosa hybrida L.) [39], and carnation [36,40] flowers. Petals contain numerous
phenolic compounds including antioxidants and anthocyanins that have antioxidant properties to
reduce the impact of ROS [41,42]. The total phenolic content (TPC) is a general measurement of
the bioactive compounds correlated to antioxidant activity [35]. Superoxide dismutase (SOD) is
one of the more prevalent antioxidant enzymes and has associated with the initial stages of flower
senescence [36,39,40] and potentially flower longevity. A common stage of senescence, also influenced
by stressors such as temperature and ROS, is cell membrane dysfunction and injury. Studies indicate that
lipid peroxidation, measured as malondialdehyde (MDA) [43], increases as floral tissue senescence [41],
following freeze tests [44] and periods of drought simulated on marigold (Tagetes erecta L.) species [45].
Peony flowers [46] and roots [47] have been used medicinally for centuries due to the number
of bioactive compounds [48]. The high total phenolic content, >30 ascorbic acid equivalent [46],
and 26.8 mg·g−1 gallic acid equivalent (GAE) [47] could indicate tolerance to stress induced by sub-zero
temperatures and prolonged dry storage where stems are stored without water.

Two experiments were implemented to study the effects of sub-zero temperatures on the storage
and vase life of cut peonies. The objectives were to (i) determine the effects of sub-zero storage
temperatures compared to temperatures currently used in the industry, (ii) evaluate the use of
pre-storage pulses; and (iii) determine if antioxidant assays are useful stress indicators of peony vase
life and quality in response to storage duration, temperature, and pre-storage pulses.

2. Materials and Methods

2.1. Plant Material

Cut flowers of three peony cultivars: Festiva Maxima (FM), Monsieur Jules Elie (MJE), and Sarah
Bernhardt (SB) were obtained from a local commercial grower and transported dry to North Carolina
State University within 3 h of harvest. Exp1 FM and MJE were harvested on 26 April 2018 and SB
on 3 May 2018. Exp2 FM and MJE were harvested on 24 April and SB on 29 April 2019. All stems
had one apical bud. Peony stems were processed by cutting to a length of 50 cm from the bud tip
to stem end. All but the three uppermost lobed leaves were removed. Bud stages were primarily at
stage 2 as defined by Eason et al. [14], but did include some stems with buds at stages 1.5 and 2.5.
Stems were assigned to each treatment ensuring that all treatments had the same number of stems at
each bud stage.

2.2. Exp1—Broad Temperature Range Storage

Treatment combinations of three storage temperatures and 12 storage durations contained
15 replicates (n = 15) plus a non-stored control resulted in a total of 37 groups of each cultivar.
The control group of each cultivar, which experienced no storage temperature or storage duration,
was placed directly into room-temperature tap water for postharvest evaluation following processing.
Storage groups were completely wrapped in dry newspaper and placed horizontally into cardboard
boxes. Boxes were lined with polyvinyl wrap to reduce dehydration. A box of each cultivar was held
at three storage temperatures: −3.1 ± 0.2, 0.7 ± 0.7, or 3.5 ± 0.9 ◦C. The relative humidity (RH) for each
temperature was 89, 94, and 93%, respectively. Temperatures experienced by cut stems were based on
the average of three data loggers (RHT10, Extech Instruments, Waltham, MA, USA) located in each



Agronomy 2020, 10, 1694 4 of 21

chamber. Each data logger was in a separate box, one for each cultivar, surrounded by the groups of
cut stems. Groups of 15 stems of every cultivar were removed from each storage temperature every
week for 12 weeks for a total of 12 storage durations.

2.3. Exp2—Near-Freezing Temperature Storage

Treatment combinations of three pre-storage pulses, two storage temperatures, and eight storage
durations contained 13 replicates, 10 for postharvest evaluation (n = 10) and three for destructive
physiological indices (n = 3), for a total of 48 groups for each cultivar. Groups were treated with pulses
that consisted of a 2-h treatment at 4 ◦C where stem ends were placed in either a commercial hydrator
solution (Chrysal #1 Hydration Solution, Chrysal Americas, Dora, FL, USA), 200 g·L−1 sucrose solution,
or held dry with no pulse solution. Control groups for each pulse treatment, which experienced
no storage temperature or storage duration, were placed directly into room-temperature tap water
for postharvest evaluation following processing. Storage groups were completely wrapped in dry
newspaper and placed horizontally into cardboard boxes. Boxes were lined with polyvinyl wrap to
reduce dehydration. A box of each cultivar was held dry at each of the two storage temperatures:
0.7 ± 0.2 or −0.6 ± 0.2 ◦C. The RH for each temperature was 93 and 96%, respectively. Temperatures
experienced by cut stems were based on the average of three data loggers (RHT10, Extech Instruments,
Waltham, MA, USA) in each chamber. Each data logger was placed into a separate box, one for each
cultivar, in the middle of the groups of cut stems. Groups of 13 stems of every cultivar were removed
from each storage temperature every 2 weeks for 16 weeks for a total of eight storage durations.

2.4. Post-Storage Evaluation

Following the processing of non-stored controls and removal from storage, stems were recut,
removing the lower 2.5 cm to remove the dehydrated tissue per industry practices. Individual
stems were placed into their own vase filled with 400 mL of tap water. Flowers were evaluated in a
climate-controlled room held at 22.8 ± 1.5 ◦C, 40 to 60% RH, and a 12-h photoperiod at 15 µmol·m–2

·s−1.
Fresh weight lost (FWL) was calculated as a percentage using the following equation:

FWL = (InitialFW − Post-storageFW)/InitialFW × 100 (1)

Post-storage FW was measured following stem removal from storage and before recutting.
Freeze injury on petal tissue was rated 24 h after removing stems from storage using a scale of
0 to 5 where 0 = no water-soaked spotting; 1 = 1 to 20%; 2 = 21 to 40%; 3 = 41 to 60%; 4 = 61 to 80%;
and 5 = 81 to 100%. The number of days as a bud (bud time) and the number of days flowers were open
(open time) were recorded and the summation was used to compare the total vase life to previously
published literature. Reasons for termination included the following petal drop, disease covering
>10% of the bud, >50% necrotic petals, >50% wilted petals, stem collapse, or failure to open (FTO).
The flower diameter was measured before termination and flower openness was scored as either FTO,
partially open, or fully open. A flower was considered partially open when it reached stage 5 and fully
open when it reached stage 6 (14). Flowers were considered deformed if petals did not fully expand,
were missing, wrinkled, or exhibited some type of disfigurement.

2.5. Indices of Physiological Stress and Antioxidant Activity

Following storage in Exp2, three buds of each cultivar were cut from their stems, including 1 cm of
stem tissue, and flash frozen in liquid nitrogen for 30 s. Samples were stored in −80 ◦C until processed
for malondialdehyde (MDA), superoxide dismutase (SOD), and total phenolic content (TPC). Petals
from the outer edges (4 to 5 petals) of the bud were collected and used to determine MDA and TPC for
all three cultivars including the effect of pre-storage pulse treatments, storage temperature, and storage
duration. The thiobarbituric acid reactive substances (TBARS) method from Heath and Packer [49]
was used to determine the MDA concentration. Outer petals were removed from the frozen bud and
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0.4 g of tissue was placed into 2 mL sealing vials with 0.1 mL ethanol and four steel beads (4 mm diam).
Samples were homogenized for 1 min using a bead mill (BeadBug, D1030, Sigma Aldrich, St. Louis,
MO, USA). The puree was incubated on ice for 10 min and then centrifuged at 11,500× g for 15 min
at 4 ◦C. The supernatant was collected and 100 uL was added to 900 uL of a 10% trichloroacetic acid
solution including 0.67% thiobarbituric acid (TBA). The sample was incubated at 95 ◦C for 25 min and
then cooled on ice for 10 min. The sample was centrifuged at 11,500× g for 10 min at 4 ◦C and the
absorbance of the supernatant was measured at 700, 600, 532, 450, and 440 nm on a spectrophotometer
(Shimazdu 160A, Columbia, MD, USA). The equation used to calculate the MDA concentration was:

MDA equivalents (nmol/mL) = (A−B)/157,000 × 1,000,000
A = [(Abs532 + TBA) − (Abs600 + TBA)] − (Abs532 − TBA) − (Abs600 − TBA)

B = [(Abs440 + TBA) − (Abs600 + TBA) × 0.0571]
(2)

The total phenolic content (TPC) was determined using the Folin-Ciocalteau (F-C) reagent based
on the methods described by Singleton et al. [50]. The outer peony petal tissue ground with a bead mill
(0.1 g) was extracted three times with 14 mL of methanol:water:formic acid (60:37:3). Samples were
vortexed for 1 min and sonicated for 10 min. Supernatants were collected after each extraction by
centrifuging for 20 min at 4 ◦C and combined. Twenty microliters of solvent-extracted supernatant were
added to 20 uL of 0.25 F-C reagent (0.25 N) followed by 20 uL of sodium bicarbonate (1 N), and 120 uL
of H2O into a microplate. The microplate was shaken for 60 s and held at room temperature for
6 min. Samples were incubated for 1 h at room temperature covered in foil to exclude light. Following
incubation, absorbance was read at 765 nm on a microplate reader (Epoch 2, Biotek-Agilent, MD, USA).
Gallic acid was used as the standard and values were recorded as GAE in mg· kg−1 FW.

SOD was measured using the EnzyX™ kit (Assay Biotech, San Franciso, CA, USA) in MJE
and SB petals from stems stored for 0, 2, 4, 8, and 16 weeks of storage at −0.6 ◦C. About 0.2 g of
inner petals were removed from the frozen buds stored at −20 ◦C, refrozen in liquid nitrogen for
30 s, and ground using 2.8 mm steel beads in a ball mill (Genogrinder, SPEX, MA, USA) for 45 s at
12,000 rpm. Cold buffer (1.3 mL) [0.1 M Tris–HCl (pH 7.8), 0.1 mM EDTA] was added to 0.2 g of ground
peony petals and vortexed for 1 min. Samples were centrifuged for 30 min at 14,000 rpm at 4 ◦C before
the supernatant was collected. The supernatants (extracts) were stored at −80 ◦C and thawed on ice
before assaying. The SOD standard curve was made with the concentrations of 10, 5, 2.5, 1.25, 0.625,
0.313, and 0.156 U·mL−1. For the SOD activity assay, 50 uL of sample, control, or standard were added
into a microplate well along with 25 uL of dye reagent and 25 uL of the working solution. The plate
was incubated at room temperature for 60 min and absorbance at 560 nm was recorded. The SOD
activity was calculated based on the standard curve and expressed as U·g−1 FW.

2.6. Experimental Design and Statistics

A completely randomized design was used for both Experiments 1 and 2. Cultivars were analyzed
separately due to the different time of entry into the experiments. Percent FWL, flower diameter,
flower open time, and petal necrosis responses were subjected to ANOVA using the GLIMMIX
procedure (SAS version 9.4; SAS Institute, Cary, NC, USA). The bud time was not analyzed due to
the non-normal distribution and lack of equal variance. Post hoc mean separation was implemented
using Tukey’s honest significant differences (HSD) with p < 0.05. The SLICE statement was used to
implement a partitioned analysis or simple effect analysis when a significant interaction with storage
duration occurred. This allowed for a simple explanation of treatment effects at specific levels of
storage temperature or pre-storage pulse treatments at a specific storage duration and vice versa.
Reported values were the least squared means to account for missing samples, such as flowers that
failed to open (FTO), which were not used in flower diameter and vase life calculations. Percent FWL,
and flower diameter were also regressed (GraphPad Prism 8.3.1, San Diego, CA, USA) where the
model with the best r2 value was reported in supplementary tables.
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Binary data measuring a yes or no response for FTO and flower deformity were analyzed
and regressed using PROC LOGISTIC, which had a generalized linear model parameterization.
Logistic models, odds ratios, and comparisons are reported in the supplemental materials. Odds ratios
were used to explain the influence storage temperature or storage duration had on FTO or deformity
while keeping other variables constant. Partially open and fully open flowers were combined for FTO
regression. Comparisons were adjusted with Tukey’s HSD. Only significant terms with p < 0.05 were
included in the reported models.

3. Results and Discussion

3.1. Vase Life (Bud and Open Time)

3.1.1. Exp1—Broad Temperature Range Storage

Peony vase life is the summation of the number of days buds remained unopen (bud time) and the
time flowers were open (open time). Non-stored stems, storage duration of 0, were used as the control
and the open time of these stems’ flowers is the amount of time from stage 5 until they were terminated
during postharvest evaluation. Following storage for 1 or more weeks, the open time declined for
all cultivars (Table 1). In comparison to the open time of the non-stored control, MJE was the only
cultivar that did not see a significant decline in vase life when stored for 1 week (Table 1). At 9 or more
weeks of storage, the open time of FM stored at −3.1 ◦C was significantly shorter than stems stored at
3.5 or 0.7 ◦C. In contrast, the open time of MJE was generally similar among each storage temperature
with the exception of 1, 5, 9, 10, and 11 weeks of storage. The reaction of SB was between that of FM
and MJE where the open time was usually lowest for stems stored at −3.1 but no different than stems
stored at 3.5 ◦C, which was no different than stems stored at 0.7 ◦C. Across cultivars, the open time
was longest for stems stored at 0.7 ◦C at 12 weeks of storage.

Table 1. Mean flower open time (d) in response to storage temperature (ST) and storage duration for
Paeonia lactiflora cultivars Festiva Maxima (FM), Monsieur Jules Elie (MJE), and Sarah Bernhardt (SB)
peonies, analyzed separately in Exp1. Grand mean bud time for FM, MJE, and SB was 1.2, 1.3, and 1.2
d, respectively.

Cultivar FM MJE SB

Open Time (d) Open Time (d) Open Time (d)

ST (◦C) −3.1 0.7 3.5 −3.1 0.7 3.5 −3.1 0.7 3.5

St
or

ag
e

du
ra

ti
on

(w
ee

ks
)

1 2.9 * ns 2.6 * ns 3.3 * ns 5.5 * bs 6.4 * as 5.3 * bs 4.5 * ns 5.5 * ns 5.0 * ns
2 2.0 * ns 2.6 * ns 2.3 * ns 4.0 * ns 4.3 * ns 4.0 * ns 3.5 * bs 5.1 * as 4.3 * ab
3 2.0 * ns 2.9 * ns 2.5 * ns 4.1 * ns 3.9 * ns 4.4 * ns 2.8 * bs 4.4 * as 3.3 * bs
4 1.5 * b1 2.6 * as 2.6 * as 3.9 * ns 4.5 * ns 4.2 * ns 3.0 * bs 4.8 * as 3.9 * ab
5 2.0 * b1 3.4 * as 3.4 * as 4.0 * bs 4.5 * bs 5.1 s as 2.6 * bs 3.9 * as 3.7 * ab
6 2.0 * b1 3.0 * as 3.0 * as 3.4 * ns 4.2 * ns 4.0 * ns 2.8 * ns 3.1 * ns 3.4 * ns
7 0.9 * b1 2.2 * as 2.2 * as 2.9 * bs 4.0 * as 4.0 * as 2.7 * bs 4.0 * as 3.3 * ab
8 1.2 * b1 3.3 * as 3.8 * as 3.9 * ns 4.6 * ns 3.9 * ns 2.0 * bs 3.9 * as 3.3 * ab
9 0.0 2.3 b* 3.0 * ss 1.8 * ss 2.4 * bs 4.0 * as 3.7 * as 0.0 * . s 3.3 * ss 3.0 * ss
10 0.0 2.3 b* 2.5 * ss 1.0 * ss 2.0 * bs 4.3 * as 3.8 * as 0.0 * . s 3.0 * ss 3.0 * ss
11 0.0 2.3 b* 2.4 * ss 1.0 * ss 1.9 * bs 4.3 * as 3.0 * bs 0.0 * . s 3.4 * ss 3.5 * ss
12 0.0 2.3 b* 3.0 * ss 0.0 * ss 1.0 * . s 3.6 * ss 2.3 * ss 0.0 * . s 3.4 * ss 3.0 * ss

Non-stored 4.6 5.5 7.0

* Indicates that the least squared means within cultivar are significantly different than the non-stored, control when
p < 0.05. 1 Least squared means followed by the same letter within each storage duration are not significantly
different when adjusted with Tukey’s honest significant difference test with p < 0.05 in a partitioned analysis of
simple effects. 2 A value of 0.0 d was reported when no flowers opened during post-storage evaluation. 3 Values
followed by a “.” had three or fewer observations and were not statistically compared in the partitioned analysis.
Total vase life = bud time plus open time.
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The amount of time flowers stayed as a bud (bud time) following storage was not statistically
compared due to the lack of and/or unequal variances (data not shown). Non-stored FM, MJE, and SB
flowers had a bud time of 2.5, 1.9, and 1.3 d, respectively. Initially, the bud time decreased to 1.0 ± 0.2 d
for FM at 3 weeks of storage and for MJE and SB at 2 weeks of storage regardless of storage temperature.
In a similar fashion, all cultivars tested by Heuser and Evensen [8] had a bud time of 1 d after a storage
period of 4 weeks. Faster opening following storage is likely caused by the hydrolysis of starch to
soluble sugars [3] induced by cold temperatures [51]. However, long-term storage in the current study
negatively affected bud time. Both FM and SB bud time increased and eventually buds failed to open
when stored at −3.1 ◦C, which is reflected in the 0 d open time following 9 or more weeks of storage
(Table 1) and likely caused by ice formation and vascular damage. Immature carnation buds also had a
reduced ability to open at longer durations at various sub-zero storage temperatures [28].

The bud time increased for FM, MJE, and SB when held at 3.5 ◦C at 9, 12, and 10 weeks of storage,
respectively (data not shown). The inability of buds to open following storage has been reported in
cut Iris × hollandica Tub. [30] and carnations [29]. The cause has been linked to collapsed or blocked
vascular tissue including air embolisms, dehydrated cells, and bacterial growth [31].

Total vase life (bud + open time) data for stems stored at 0.7 ◦C was similar to reports of peonies
stored between 0 and 2 ◦C [4,8,52]. Effects of long-term storage at temperatures above and below this
range showed different trends. Flower development and opening during peony forcing had a linear
relationship with the production temperature [53]. This could explain a shorter vase life when cut
stems were stored at 3.5 ◦C compared to 0.7 ◦C. Conversely, as storage duration at −3.1 ◦C increased,
the bud time increased yet the total vase life decreased as storage duration increased (data not shown).
Ice formation and damage to the vascular tissue, observed as stem collapse during the longest durations
of storage (personal observation), likely reduced the ability of stems to maintain an open state. This is
reflected in the vase life data of stems stored at −3.1 ◦C (Table 1). In all cultivars, the flower open time
reached a value of 0 d earliest when stored at −3.1 ◦C. Cultivar differences were observable with MJE
being the most tolerant cultivar of storage at −3.1 ◦C with a vase life of 1.9 d after 11 weeks of storage.

3.1.2. Exp2—Near-Freezing Temperature Storage

Negative sub-zero effects on vase life, specifically open time, were avoided by changing the
sub-zero temperature to −0.6 ◦C and removing the warmest temperature of 3.5 ◦C. The open time was
significantly longer for MJE when stored at −0.6 compared to 0.7 ◦C at 6 or more weeks of storage
(Table 2). There was also no significant decline in the open time throughout the storage period when
stored at −0.6 ◦C. Storage duration did not significantly impact open time (3.1 d) for FM. The open time
of FM stems stored at −0.6 ◦C was on average significantly longer by 0.2 d compared to those stored at
0.7 ◦C. The stored SB open time was significantly (p ≤ 0.0001) shortened from 4.0 to 2.9 d at 14 weeks of
storage. Independent of storage duration, open time was significantly (p ≤ 0.0001) shorter by 0.4 d
at −0.6 ◦C compared to stems stored at 0.7 ◦C. While these differences were statistically significant,
they likely have little commercial significance in comparison to the 0.6 to 1.4 d improvement seen with
MJE when stored at −0.6 ◦C.

The storage life of cut peonies held at 0.6 ◦C was better compared to −0.6 ◦C [12], although the
cultivar used and vase life data were not reported. The current study suggests that benefits of sub-zero
storage may be cultivar specific, which would align with previous storage studies in other cut flower
species [2,5,14]. These data may also indicate that cultivars with a long fresh-cut vase life, such as MJE,
may benefit more from storage at −0.6 ◦C compared to those with a short fresh-cut vase life such as FM.
The total vase life (bud time plus open time) of SB stored for 8 weeks in the current study was 1 to 2 d
shorter than the vase life reported by Walton et al. [3] who used 0 ◦C, but similar to that of stems stored
at 2 to 3 ◦C for 8 and 10 weeks [4]. The different response of SB compared to other studies may be from
pre- and postharvest factors including temperature, rainfall, and duration of processing prior to the
experiment. Specifically, the shorter open time in Exp2 compared to Exp1 may have been influenced by
the environment prior to harvest seen in 2019. The average cumulative precipitation from two weather
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stations [54] near the grower was over 2.5 cm less in 2019 compared to 2018. The average temperatures
of the month and week prior to harvest were 2.4 and 4.7 ◦C warmer in 2019. On the day of harvest,
the minimum temperature, prior to the morning harvest, was also warmer in 2019 by 3.2 ◦C.

Table 2. Exp2 bud time (d), flower open time (d), percentage of flowers that failed to open, and
percentage of deformed flowers for Paeonia lactiflora cultivar Monsieur Jules Elie (MJE) in response to
storage temperature (ST) and storage duration.

Bud Time (d) Open Time (d) FTO (%) Deformation (%)

ST (◦C) 0.7 −0.6 0.7 −0.6 0.7 −0.6 0.7 −0.6

St
or

ag
e

du
ra

ti
on

(w
ee

ks
) 2 1.1 1.0 3.3 * a1 3.3 * a1 00 0 00 00

4 1.0 1.0 3.9 * a1 4.2 * a 00 0 00 00
6 1.0 1.0 3.2 * b1 3.9 ** a 00 0 00 00
8 1.0 1.1 3.5 * b1 4.1 * a 00 0 07 00

10 1.1 1.1 3.8 ** b1 4.4 ** a 00 0 07 03
12 1.1 1.0 4.0 ** b1 5.4 * a 00 0 10 00
14 1.0 1.1 3.2 * b1 4.5 ** a 10 0 43 10
16 1.0 1.0 3.6 * b1 4.3 * a 20 0 33 27

Non-stored 1.2 1.2 4.1 b1 4.1 a 00 0 00 00

* Indicates that the least squared means within cultivar are significantly different than the non-stored, control when
p < 0.05. 1 Least squared means followed by the same letter within each storage duration are not significantly
different when adjusted with Tukey’s honest significant difference test with p < 0.05 in a partitioned analysis of
simple effects. Total vase life = bud time plus open time.

The open time of all cultivars was influenced by the pre-storage pulse treatment, but only FM was
influenced by the interaction of pulse and storage duration treatments (Table 3). A partitioned analysis
of the simple effects for the interaction depict a significant decline in FM open time by 16 weeks for both
the non-pulsed control and hydrator-pulsed stems, but not sucrose-pulsed stems (Table 1). The open
time of sucrose-pulsed stems was not significantly longer than non-pulsed stems or hydrator-pulsed
stems for any storage duration. Hydrator-pulsed MJE stems lasted significantly longer (4.1 d) than
sucrose-pulsed stems (3.9 d) and the non-pulsed SB open time (3.4 d) was significantly longer than
sucrose-pulsed stems (3.0 d). Neither of these statistical differences are likely of commercial value.

Sucrose pulses have proven ineffective on other cut flower species such as tulips [55] and Exp2
results match previous reports on peonies [4–6]. In conjunction with storage, Loyola-López et al. [6]
reported a lower vase life for ‘Karl Rosenfield’ when pulsing with 100 g·L−1 sucrose for 4 h at 1 ◦C
after stems had been stored for 25 d. Peonies may have a reduced ability to uptake sucrose solutions
at high sucrose concentrations. Gladiolus stems took up less solution during 24 h as the sucrose
pulses concentration increased from 0 to 16% [56]. Upregulation of sucrose transporter genes have
been reported in P. lactiflora ‘Yang Fei Chu Yu’ in response to a constant availability of sucrose in vase
water [57]. Cut flower species and peony cultivars may differ in their ability to transport and use
sucrose, which could inhibit vase life improvement.

The bud time of non-stored SB was between 1.1 and 1.8 d; it was the only cultivar to have a
slightly longer bud time as storage duration reached 10 or more weeks. All MJE flowers opened within
1.0 to 1.2 d regardless of treatment and storage duration (Table 2). Non-stored flowers of FM opened
within 1.6 to 2.8 d. Following 2 or more weeks of storage, the FM bud time was reduced to 1.1 to
1.9 d depending on the pulse treatment and storage temperature, but no trend was seen following
2 or more weeks of storage. These data reflect bud time results of Exp1 when stems were stored at
0.6 ◦C. Additionally, Nichols and Wallis [19] reported no difference in bud time when storing Narcissus
‘Carlton’ at either 0.6 or −0.6 ◦C.
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Table 3. Mean flower open time (d) for Paeonia lactiflora cultivar Festiva Maxima (FM) in response to
pre-storage pulse treatments and storage duration in Exp2 independent of storage temperature (0.7,
−0.6 ◦C). Grand mean bud time was 1.4 d.

Pre-Storage Pulse Treatment 1

Non-Pulsed Hydrator Sucrose

Open Time (d)
St

or
ag

e
du

ra
ti

on
(w

ee
ks

) 2 2.8 * a2 3.1 * a 2.8 * a
4 3.5 * a1 3.2 * a 3.4 a
6 3.0 * a1 2.8 * a 2.9 a
8 3.0 * a1 3.0 * a 2.7 * a
10 3.2 * ab 3.3 * a 2.6 * b
12 3.1 b1 4.4 * a 3.0 b
14 3.0 * a1 2.8 * a 2.8 * a
16 2.9 * a1 2.9 * a 2.9 a

Non-stored 3.7 * a1 3.3 a 3.6 a
1 Pre-storage pulse treatments were applied by placing cut stem ends in either a dry bucket (non-pulsed, control),
commercial hydration solution (hydrator), or 200 g·L−1 sucrose solution for 2 h at 4 ◦C. * Indicates that the least
squared means within cultivar are significantly different than the non-stored, control when p < 0.05. 2 Least
squared means followed by the same letter within each storage duration are not significantly different when
adjusted with Tukey’s honest significant difference test with p < 0.05 in a partitioned analysis of simple effects.
Total vase life = bud time plus open time.

Based on just open time, data from both Experiments 1 and 2 support the industry standard storage
temperature of 0.6 ◦C. Data also indicate that the storage life of peonies could be extended to 16 weeks
with minimal loss of open time. This would allow growers to supply peonies through months where
production is limited or nonexistent. Mayak and Halevy [58] and Nichols and Wallis [19] suggested
that the minimal improvement of vase life at −0.6 ◦C does not outweigh the potential injury and cost
of incorporating such precise equipment into cut flower operations. Given the improvement of cooler
systems, narrowing profit margins, and the variety of species applicable to storage at −0.6 ◦C [12],
there could be increased interest in this storage temperature. The slightly longer open time seen in
stems held at −0.6 ◦C in Exp2 may provide enough buffer for shipping long-term stored stems or using
shipment methods such as sea freight.

3.2. Flower Quality

3.2.1. Exp1—Broad Temperature Range Storage

The percent of FWL increased linearly over the storage duration regardless of storage temperature
(Figure 1) for MJE and FM, and for SB held at temperatures other than 0.6 ◦C. SB held at 0.6 ◦C fit a
quadratic polynomial (Table S1) where FWL slowed between 8 and 12 weeks of storage. Across cultivars,
regression slopes for the percent of FWL were the highest for stems held at 3.5 ◦C followed by 0.6 ◦C
and the lowest for −3.1 ◦C. Upon the removal from storage, leaves were wilted, which progressed in
severity as storage duration increased (personal observation). Leaves rehydrated within 24 h of placing
stems in water, except when the storage duration was longer than 8 weeks at −3.1 ◦C. Wet storage
can alleviate wilting, but is more commonly used for short-term storage or for cut species that fail
to rehydrate following dry storage [57,59]. Storage at −3.1 ◦C also caused stems, leaves, and buds to
freeze. Ice was observed at the cut stem ends (personal observation). This likely limited the amount of
water that was able to evaporate during storage. Colder temperatures also limit molecule movement,
including water evaporation. The continuous dehumidification of the chambers during cooling could
explain the continued loss of FW across all treatments. Logistic regression models depict the increase
in probability of buds failing to open (FTO) over the storage duration in response to the storage
temperature (Figure 1D–F). Stems stored at 0.6 ◦C resulted in the lowest FTO probability followed by
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−3.1 and 3.5 ◦C by week 12 of storage. This is reflected in the odds ratio comparisons located in Table S3.
At 4 weeks of storage, there was no significant difference in FTO for FM among storage temperatures.
However, at 8 and 12 weeks of storage, the FTO probability after storage at 0.6 ◦C was significantly
lower than at −3.1 and 3.5 ◦C (Table S3). There was no significant duration and temperature interaction
for MJE and SB meaning that the probability of MJE and SB FTO were significantly lower when stored
at 0.6 ◦C compared to −3.1 and 3.5 ◦C (Table S2).

Agronomy 2020, 10, x FOR PEER REVIEW 10 of 22 

 

that the probability of MJE and SB FTO were significantly lower when stored at 0.6 °C compared to 
−3.1 and 3.5 °C (Table S2).  

 

Figure 1. Exp1 fresh weight loss (%) (A,B,C) and probability of flowers that failed to open (FTO) 
(D,E,F) for Paeonia lactiflora cultivars Festiva Maxima (A,D), Monsieur Jules Elie (B,E), and Sarah 
Bernhardt (C, F) in response to three storage temperatures and thirteen storage durations. Buds that 
failed to open or flowers that partially opened and petals that did not complete reflex or unfold were 
labeled as FTO during post-storage evaluation. Flowers were considered deformed if petals did not 
fully expand, were missing, wrinkled, or exhibited some type of disfigurement. Markers for weight 
loss are the means along with ± SD (n = 5) with linear or quadratic regressions. Logistic regressions 
are the predicted FTO probability along with the observed percentage that did occur as a decimal (n 
= 15). Regression models and fit statistics are located in Tables S1–S3. 

The inability of peony flowers to open following storage has been missing from a majority of cut 
peony literature, but has been related to the harvest bud maturity of stored stems [14]. The water 
movement into petal tissue is considered a primary factor in petal expansion and flower opening [31]. 
Dehydration and the inability to uptake water could reduce the ability of peony buds to open. Stems 
were recut following storage to aid in water uptake. However, the removal of 2.5 cm from the cut 
end may not have been enough to reach viable vascular tissue. Mayak and Halevy [58] reported that 
the lower water conductivity in Iris × hollandica stems was seen as high as 20.5 cm from the cut stem 
end after 4 d of dry storage. Overall, percent FWL was highest for stems held at 3.5 °C, which may 
relate to stems having the highest FTO percentage at this temperature. Stems held at −3.1 °C had a 
similar but slightly lower FTO percentage and had a similar percent FWL. 

The diameter of all cultivars was significantly influenced by the interaction of storage 
temperature and storage duration. Non-stored stems of FM, MJE, and SB had flower diameters of 
12.3, 12.0, and 12.8 cm, respectively. Following storage, the flower diameter either decreased as a 
linear or quadratic function (Figure 2). The industry standard of 0.6 °C preserved the flower diameter 
longest in comparison to the other temperatures for both FM and SB. At this temperature, the flower 
diameter of FM was not statistically different at 12 weeks (9.0 cm) compared to 5 weeks of storage 

Figure 1. Exp1 fresh weight loss (%) (A–C) and probability of flowers that failed to open (FTO) (D–F) for
Paeonia lactiflora cultivars Festiva Maxima (A,D), Monsieur Jules Elie (B,E), and Sarah Bernhardt (C,F)
in response to three storage temperatures and thirteen storage durations. Buds that failed to open or
flowers that partially opened and petals that did not complete reflex or unfold were labeled as FTO
during post-storage evaluation. Flowers were considered deformed if petals did not fully expand,
were missing, wrinkled, or exhibited some type of disfigurement. Markers for weight loss are the means
along with ± SD (n = 5) with linear or quadratic regressions. Logistic regressions are the predicted FTO
probability along with the observed percentage that did occur as a decimal (n = 15). Regression models
and fit statistics are located in Tables S1–S3.

The inability of peony flowers to open following storage has been missing from a majority of cut
peony literature, but has been related to the harvest bud maturity of stored stems [14]. The water
movement into petal tissue is considered a primary factor in petal expansion and flower opening [31].
Dehydration and the inability to uptake water could reduce the ability of peony buds to open. Stems
were recut following storage to aid in water uptake. However, the removal of 2.5 cm from the cut end
may not have been enough to reach viable vascular tissue. Mayak and Halevy [58] reported that the
lower water conductivity in Iris × hollandica stems was seen as high as 20.5 cm from the cut stem end
after 4 d of dry storage. Overall, percent FWL was highest for stems held at 3.5 ◦C, which may relate to
stems having the highest FTO percentage at this temperature. Stems held at −3.1 ◦C had a similar but
slightly lower FTO percentage and had a similar percent FWL.

The diameter of all cultivars was significantly influenced by the interaction of storage temperature
and storage duration. Non-stored stems of FM, MJE, and SB had flower diameters of 12.3, 12.0,
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and 12.8 cm, respectively. Following storage, the flower diameter either decreased as a linear or
quadratic function (Figure 2). The industry standard of 0.6 ◦C preserved the flower diameter longest in
comparison to the other temperatures for both FM and SB. At this temperature, the flower diameter
of FM was not statistically different at 12 weeks (9.0 cm) compared to 5 weeks of storage (10.0 cm).
‘Sarah Bernhardt’ stems stored for 12 weeks had a diameter of 8.8 cm, which was not statistically
different from 10.5 cm at 3 weeks of storage. Both FM and SB had a diameter of 0 when stored at −3.1
or 3.5 ◦C between week 9 and 11.
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Figure 2. Exp1 diameter (A–C) and probability of deformed flowers (D–F) for Paeonia lactiflora
cultivars Festiva Maxima (A,D), Monsieur Jules Elie (B,E), and Sarah Bernhardt (C,F) in response
to three storage temperatures and thirteen storage durations. Buds that failed to open or flowers
that partially opened and, petals that did not complete reflex or unfold were labeled as FTO during
post-storage evaluation. Flowers were considered deformed if petals did not fully expand, were missing,
were wrinkled, or exhibited some type of disfigurement. Markers for diameter are the least squared
means along with ± SD (n ≤ 15) with linear or quadratic regressions. Least squared means were used
to account for missing samples when the flowers did not open. Logistic regressions are the predicted
deformity probability along with the observed percentage as a decimal (n ≤ 15). Regression models
and fit statistics are located in Tables S4–S6.

MJE had measurable flower diameters at all temperatures and storage durations (Figure 2).
Statistically, the diameter was not consistently higher at one storage temperature. The diameter was
significantly lower for stems held at 3.5 ◦C compared to the diameter of flowers held at either both or
one of −3.1 and 0.7 ◦C at 3, 4, 8, and 11 weeks of storage. While bud weight was not assessed, it is
likely that water uptake into the bud and petals was reduced causing a loss of petals and minimized
petal expansion. The loss of petals and increased occurrence of deformities, discussed in the following
paragraph, could also have contributed to smaller flowers as storage duration increased. Low r2 values
may be explained by the variability caused by flowers that failed to open or partially opened and those
that may have been deformed (Table S4).
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Flower deformity was most prevalent in FM during early durations of storage. At 2 weeks of
storage, flower deformities occurred in 60, 33, and 47% of flowers when held at −3.1, 0.7, and 3.5 ◦C,
respectively. MJE was the only cultivar to never reach 100% deformity when held at 3.5 ◦C. MJE also
had the lowest percentage of deformed flowers at 12 weeks of storage when held at 0.7 ◦C (Figure 2).
Logistic regressions (Table S5) of the deformity probability indicate the highest probability of flowers
being deformed when stored at −3.1 ◦C (Figure 2). Only SB had a significantly higher probability of
deformity when comparing stems stored at 3.5 and 0.7 ◦C (Table S6). Flower deformities tended to
increase as storage duration increased (personal observation) as evidenced by a loss of petals primarily
in the center of the flower, curled, not fully expanded petals, or as center petals not opening similar to
the outer petals (Figure 3). Non-stored flowers opened normally and were used to validate flower
deformity. As stated earlier, deformity may have been caused by an inability of flowers to move water
into petals for expansion.
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Figure 3. Floral deformities in Paeonia lactiflora Pall. hybrids (A) ‘Monsieur Jules Elie’,
(B) ‘Festiva Maxima’, and (C) ‘Sarah Bernhardt’. Deformity severity increased as storage duration
increased and was observed as a loss of petals primarily in the center of the flower, curled petals, not
fully expanded petals, or center petals not opening similar to the outer petals.

Necrosis (Figure 4A,B) and water-soaked spotting of petals were observed (Figure 4C,D) on stored
cut peonies. Cultivars FM and SB were most prone to develop petal necrosis (personal observation).
The necrotic regions were primarily located on outer petals and were generally equal in size and shape.
Water-soaked spotting was observed only on petals of stems stored at −3.1 ◦C indicating that injury
was caused by ice formation. Water soaking occurs when plants thaw following being frozen due to
the damage of cell membranes and leakage of content into the apoplast [60]. Although plants have
been shown to recover from such injury [61], this was not observed in the current study.
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Figure 4. Petal injury in select Paeonia lactiflora cultivars. Necrosis was primarily observed on the
outer petals of (A) ‘Sarah Bernhardt’ and (B) ‘Festiva Maxima’ when stored above 0 ◦C. Water-soaked
spotting, pictured on (C) ‘Monsieur Jules Elie’ and (D) ‘Sarah Bernhardt’, developed on all cultivars
following storage at −3.1 ◦C.

Ice formation in peony petal tissue was reported to occur between −3.8 and −4.0 ◦C for
P. suffruticosa [21] and −1.7 ◦C [62] for P. lactiflora. No freeze injury was reported on cut peony
stems of FM, ‘Karl Rosenfield’, and SB after 5 h at −2 ◦C [63]. One week of exposure to −3.1 ◦C likely
influenced ice nucleation and caused injury. Prolonged storage at −3.1 ◦C did not cause an observable
increase in water-soaked spotting, but likely manifested in other ways such as flower deformities and
buds failing to open.

3.2.2. Exp2—Near-Freezing Temperature Storage

The FTO occurrence was low in both FM and MJE. Logistic regression models (Table S7) depict a
slight increase in probability over the storage duration for FM (Figure 5A), but no significant difference
was seen in the odds ratio comparison (Table S8). There was no FTO for MJE stored at −0.6 ◦C while a
large number of MJE stored at 0.7 ◦C were diseased, which led to a high observance of FTO. SB was the
only cultivar to have a significantly lower FTO probability when stored at −0.6 compared to 0.7 ◦C
(Table S8). Overall, the FTO occurrence was less in Exp2 when comparing storage at 0.7 in Exp1.
Raising the sub-zero temperature to −0.6 ◦C in Exp2 from −3.1 ◦C in Exp1 reduced the FTO percentage
likely due to the avoidance of ice formation as none was observed throughout the 16 weeks of storage.
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Figure 5. Exp2 probability of flowers that failed to open (FTO) (A–C) and probability of deformed
flowers (D–F) for ‘Festiva Maxima’ (A,D), ‘Monsieur Jules Elie’ (B,E), and ‘Sarah Bernhardt’ (C,F) in
response to significant effects of either storage temperature at nine storage durations. Buds that failed
to open or flowers that partially opened and petals that did not complete reflex or unfold were labeled
as FTO during post-storage evaluation. Flowers were considered deformed if petals did not fully
expand, were missing, were wrinkled, or exhibited some type of disfigurement. Logistic regressions
show the predicted FTO or deformity probability along with the percentage that did occur as a decimal
(n ≤ 10). Logistic models and associated statistics are located in Tables S7–S10.

The FM flower diameter significantly declined (p ≤ 0.0001) from 14.4 cm for non-stored stems to
10.0 cm at 16 weeks of storage. FM stored at −0.6 ◦C were on average significantly (p ≤ 0.0001) larger
by 0.4 cm. Storage duration and temperature had similar significant effects on the MJE flower diameter,
which decreased from 15.0 to 10.5 cm by 16 weeks of storage; diameters were on average 0.5 cm larger
when stored at −0.6 ◦C. The SB flower diameter also declined as storage duration increased, and a
significantly smaller diameter was measured when stored for 4 or more weeks (Table 4). Following 6
or more weeks of storage, the SB flower diameter was larger when stored at −0.6 ◦C, but was only
significant at 10 or 14 weeks of storage (Table 4). The pulse treatment had no significant effect on SB,
but hydrator-pulsed stems were significantly larger by 0.3 and 0.5 cm for FM and MJE, respectively,
when compared to the non-pulsed control.

Logistic regression models depict the benefit of storing stems at −0.6 compared to 0.7 ◦C
(Figure 5D–F). The probability of FM, MJE, and SB flowers being deformed were significantly lower
when stored at −0.6 compared to 0.7 ◦C (Table S10). A higher percentage of SB flowers were deformed
when pulsed with sucrose, but this was not statically significant. The deformity incidence in Exp2 was
similar to Exp1. The extension of storage from 12 to 16 weeks in Exp2 increased the incidence of flower
deformity in FM and MJE by 5 to 10%.
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Table 4. Mean flower diameter (cm) for Paeonia lactiflora cultivar Sarah Bernhardt (SB) in response to
storage temperature and storage duration in Exp2 independent of pre-storage pulses.

Storage Temperature (◦C)

0.7 −0.6

Diameter (cm)

St
or

ag
e

du
ra

ti
on

(w
ee

ks
) 2 12.1 a1 12.1 a

4 19.8 * a1 19.6 * a
6 10.3 * a1 10.6 * a
8 19.2 * a1 19.7 * a

10 18.6 * b1 10.1 * a
12 19.4 * a1 19.6 * a
14 18.8 * b1 10.0 * a
16 18.6 * a1 19.5 * a

Non-stored 13.3 a1 12.8 a
1 Least squared means followed by the same letter within each storage duration are not significantly different when
adjusted with Tukey’s honest significant difference test with p < 0.05 in a partitioned analysis of simple effects.
* Indicates that the least squared means within cultivar are significantly different than the non-stored control when
p < 0.05.

Overall, better quality flowers were obtained when stored at −0.6 ◦C. This was primarily reflected
in MJE where FTO did not occur when stems were stored at −0.6 ◦C compared to FTO occurring
in 20% of stems stored at 0.7 ◦C (Table 2). Deformity occurrences were also lower by 33 and 6% at
14 and 16 weeks, respectively when stored at−0.6 ◦C. In some cases, differences between 0.7 and−0.6 ◦C
were small, likely caused by the small (1 ◦C) difference in storage temperature treatments. In contrast,
a difference of 1 to 2 ◦C lengthened the storage life of apricot [15], cherry [17], and nectarine [18] fruit
by reducing the respiration rate, retaining weight, preserving color, and maintaining a carbohydrate
content. Pre-storage pulses had a minimal effect on peony vase life and quality. A pre-storage hydrator
treatment was statically beneficial for quality, but lacks commercial significance, meaning growers
may decide to forego this step from their postharvest handling procedures [64]. The number of
flowers terminated due to disease development was relatively low in both experiments. However,
disease incidence and the number of flowers terminated due to disease increased as storage duration
increased (data not shown). Leaves were the most commonly diseased tissue; removal prior to
storage may be useful to minimize the spread of inoculum and preserve the aesthetic of the cut
stem. Leaf removal following harvest increased vase life of cut Euphorbia pulcherrima Willd. [65] and
Hydrangea macrophylla (Thunb.) Ser. [66], but had no effect on the vase life of Lilium ‘Stargazer’ [67].
It is unknown how leaf removal prior to storing cut peonies would affect the subsequent hydration of
cut peony.

3.3. Stress Indices

The total phenolic content (TPC) GAE ranged between 31.08 and 59.90 mg· g−1 FW in peony
petals and was generally higher at longer storage durations (Table 5). Independent of storage duration
and temperature, petal TPC was lower for hydrator-pulsed stems compared to non-pulsed and
sucrose pulsed stems by 1 to 4 mg· g−1 FW for MJE (p ≤ 0.0001) and SB (p ≤ 0.0001). Both sucrose-
and hydrator-pulsed FM stems were significantly (p = 0.0048) lower than the non-pulsed control
by 1 mg·g−1 FW. TPC values were between reports by Li et al. [42] who tested 24 cultivars where
values ranged from 9.41 to 32.2 mg· g−1 DW and P. lactiflora petals containing 222.01 mg· g−1 DW [35].
They greatly exceeded that of strawberry (Fragaria × ananassa Duch.) (2470 mg· kg−1 FW) [68] and
blackberry (Rubus sp.) (6818.3 mg· kg−1 DW) [69].
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Table 5. Total phenolic content (TPC) gallic acid equivalent in petals of Paeonia lactiflora cultivars Festiva
Maxima (FM), Monsieur Jules Elie (MJE), and ‘Sarah Bernhardt’ (SB) in response to storage duration
independent of storage temperature and pre-storage pulses.

FM MJE SB

TPC (µg·kg−1 FW)

St
or

ag
e

du
ra

ti
on

(w
ee

ks
) 2 31.08 edd 38.83 e1d 38.89 cde

4 34.06 ded 42.42 de1 39.61 cdd
6 38.12 abc 42.91 de1 42.07 abc
8 37.17 bcd 46.30 cd1 41.04 bcd
10 36.33 bcd 47.50 cd1 41.39 bcd
12 35.09 cdd 58.13 ad1 35.96 ded
14 39.82 abd 59.90 ad1 47.35 add
16 41.344 add 53.63 bd1 45.91 abd

Non-stored 34.81 cddg 38.53 e1d 33.92 edd

p-value <0.0001 <0.0001 <0.0001
1 Least squared means followed by the same letter are not significantly different when adjusted with Tukey’s HSD
test with p < 0.05.

High TPC values may be explained by the numerous concentration of bioactive compounds.
The F-C reagent reacted with many compounds other than polyphenols [70] including carbohydrates,
thiols, vitamins, phenolic acids such as gallic acid contained in peony [35], and soluble protein.
Anthocyanins may also attribute to a higher TPC given their reducing properties. Total anthocyanins
of P. lactiflora ranged from 2 to 180 mg· g−1 [71] compared to 17.6 to 33.5 g·kg−1 in blackberry [70].
This may also explain the lower TPC values in peony roots (P. lactiflora 26.75 mg· g−1 DW [47] and
P. suffruticosa 24.51 mg· g−1 DW) [47], which lack pigmentation compared to petals. In the current
study, TPC may be related to flower color. MJE (pink) had the highest TPC followed by SB (pink)
and finally FM (white). There was no indication of this trend by Li et al. [42], and anthocyanins were
undetectable to near zero in white P. lactiflora petals [71,72].

Storage temperatures near 0 ◦C likely maintained TPC similar to that seen in strawberry [69],
apricot [15], nectarine [18], and cherry fruit [17]. Peony petal TPC was relatively constant up to 10 or
12 weeks of storage and then rose by 9 to 10 mg· g−1, which was far more compared to 1 to 2 mg· g−1 in
blackberry fruit [70], which was only stored for 15 d. The compounds responsible for TPC increases in
blackberries were gallic acid and flavanols. Phenolic acids were the primary cause for TPC increase in
petunia leaves when exposed to chilling temperatures [73]. Similar compounds may have increased
while storing cut peonies as they contain gallic acid, phenolic acids, and tannins which are derivatives
of flavanols [48,71].

The MDA content remained relatively constant throughout storage with the exception of stems
stored for 10 weeks (Table 6). On average, MJE petals contained about 4 and 2 times more MDA than
FM and SB, respectively. The magnitude of the difference among cultivar MDA values may seem
significant as smaller differences correlated with observable phenotypic differences following free-thaw
tests on spinach leaves [61]. However, SB had less MDA than MJE, more than FM, and was the most
impacted by storage duration losing approximately one full day of open time over the 16-week storage
period. In comparison, by 16 weeks of storage, open time of FM and MJE was on average 0.6 and 0.2 d
shorter, respectively. Petal MDA values were 10 to 100 times higher than those reported on peony
roots when exposed to temperatures as low as −36 ◦C for 5 h [44]. However, no phenotypic data was
provided limiting the inference of stress indices used by Wang et al. [44]. Given that petal tissue in
the current study was largely uninjured after 16 weeks at −0.6 ◦C, MDA did not accurately reflect
phenotypic damage.
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Table 6. Malondialdehyde (MDA) content in petals of Paeonia lactiflora cultivars Festiva Maxima (FM),
Monsieur Jules Elie (MJE), and Sarah Bernhardt (SB) in response to storage duration independent of
storage temperature and pre-storage pulses.

FM MJE SB

MDA (nmol·g−1 FW)

St
or

ag
e

du
ra

ti
on

(w
ee

ks
) 2 0.40 6.20 bc 3.60

4 0.40 6.88 bc 3.64
6 0.40 7.64 ab 3.98
8 0.40 7.64 ab 4.12
10 0.40 9.43 ad 3.73
12 0.40 7.95 ab 3.30
14 0.40 4.79 cd 3.43
16 0.40 7.06 bd 4.95

Non-stored 0.40 4.78 cd 3.09

p-value NS <0.0001 NS
1 Least squared means followed by the same letter are not significantly different when adjusted with Tukey’s HSD
test with p < 0.05.

Based on the values, it seems that the pink pigment of MJE and SB may have impacted absorbance
and increased the amount of MDA. However, no impact was seen in calculations based on equations
used from either Heath and Packer [49] compared to that of Hodges et al. [43], who adjusted
MDA calculations to account for interfering compounds such as anthocyanins and carbohydrates.
The adjustment for interference was only tested using fruits or vegetative tissue not floral tissue.
Peonies may still contain other compounds that influence the TBARS method and MDA measurements.
Total soluble sugars are likely not an issue given peony buds maintain between 200 and 250 g·kg−1

throughout 10 weeks of storage [3]. In contrast, fresh blueberry fruit, one of the large anthocyanin
containing fruit tested by Hodges et al. [43], can contain around 500 g·kg−1 total soluble sugars [74].

Only non-pulsed, control petals of MJE and SB were sampled for SOD after 0, 2, 4, 8, and 16 weeks
of storage at 0.7 ◦C. No treatment significantly influenced the SOD content of non-pulsed control
stems. Values ranged from 8000 to 10,573 U·g−1 FW for MJE and 7838 to 100,764 U·g−1 FW for SB.
SOD values in petals were 20 to 25 times higher than those reported in 24 peony cultivars evaluated
by [42] sometimes 100 times higher than values in peony roots [44]. Details on SOD kits and respective
indicators are lacking; a variety of SOD forms such as Cu/Zn are used among kits, which can greatly
affect SOD values in reports [36]. All three forms plus isoforms were identified in carnation petals [36],
but peonies have not been studied. Correlations among storage duration and physiological indices:
TPC, MDA, and SOD were all lower than 0.5 (data not shown). There is limited information that can
be concluded when comparing physiological data to vase life and quality characteristics. In general,
no trend was obvious among TPC, MDA, SOD and open time and quality traits such as diameter,
deformity, and FTO. Stronger treatment effects may have been seen if MDA would have been measured
during Exp1 where open time and quality data declined when stems were stored at 3.5 and −3.1 ◦C.

4. Conclusions

While the vase life of cut peonies remains relatively short in comparison to many other cut flower
species, storage could be extended to 16 weeks with the acknowledgement that increased storage
duration increases the risk of reduced flower quality. Across the three cultivars, cut peonies can be
stored up to 12 weeks at 0.7 ◦C and up to 14 weeks at −0.6 ◦C, while still being readily marketable
(≤25% FTO and deformity). Neither pre-storage pulses nor sub-zero temperatures improved the open
time of cut peonies. Although TPC, MDA, and SOD values did not distinguish the phenotype response
to treatment, the high antioxidant activity found could explain why cut peonies tolerate dry long-term
storage compared to other cut flowers species. Throughout the post-storage evaluation, petals often
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abscised from the receptacle long before petals wilted, developed necrotic lesions, or other termination
criteria were met. Ultimately, the key to a longer vase life could be related to water movement into the
petals and the inhibition of an abscission layer. Petal retention may improve the open time of peonies
by 1 to 2 d, which would improve both grower and customer satisfaction, versatility as a cut flower,
and provide more time to sell and store cut stems.

If sub-zero storage can be applicable to more species, storage life extension could also have
positive implications on demand and labor by allowing growers to maintain uniform production and
labor throughout the year through storing the product instead of scaling up production and labor prior
to high demand holidays, events, or seasons. Adoption of this storage temperature by the industry
could take time due to a number of factors such as cost of equipment sensitive enough to avoid large
temperature fluctuations and the limited number of species known to be adaptable. Future research
into more sub-zero tolerant cut flower species such as tulips and other spring flowering, seasonal crops
would make this technology more attractive.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1694/s1.
Table S1: Percent weight loss linear regression models and fit statistics for Figure 1A–C; Table S2: Failure to
open (FTO) logistic regression models for Figure 1D–F; Table S3: Failure to open (FTO) storage temperature
treatment comparisons using least squares means and Tukey HSD for Figure 1D–F; Table S4: Flower diameter
linear regression models and fit statistics for Figure 2A–C; Table S5: Flower deformity logistic regression models
for Figure 2D–F; Table S6: Flower deformity storage temperature treatment comparisons using least squares means
and Tukey’s HSD for Figure 2D–F; Table S7: Failure to open (FTO) logistic regression models for Figure 5A–C;
Table S8: Failure to open (FTO) storage temperature treatment comparisons using least squares means and
Tukey’s HSD for Figure 5A–C; Table S9: Flower deformity logistic regression models for Figure 5D–F; Table S10:
Flower deformity storage temperature treatment comparisons using least squares means and Tukey’s HSD for
Figure 5D–F.
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