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ABSTRACT

STOCK PLANT AND PROPAGATION PHOTOSYNTHETIC DAILY LIGHT
INTEGRAL AND STORAGE INFLUENCE POSTHARVEST PERFORMANCE OF
HERBACEOUS CUTTINGS
By
Roberto Gerardo Lopez

Herbaceous shoot-tip cuttings of ornamental plants are commonly harvested from
stock plants in equatorial countries and then packaged, stored, shipped, and subsequently
rooted by greenhouse growers in the United States and Europe. The effects of
environmental conditions during this supply chain process on cutting yield,
acclimatization, morphology, physiology, rooting, and subsequent growth and
development of nonrooted cuttings are unknown on most species. The objectives of this
research were: (1) to quantify how photosynthetic daily light integral (DLI) provided to
stock plants and during propagation and (2) how post-harvest storage temperature and
duration influence the physiology and morphology of six vegetatively propagated
herbaceous species. Stock plants of bacopa [Jamesbrittenia grandiflora (Galpin)
Hilliard], heliotrope (Heliotropium arborescens L.), petunia (Petunia xhybrida hort.
Vilm.-Andr.), thunbergia (Thunbergia alata Bojer ex Sims), and verbena (Verbena
xhybrida Groenl. & Ruempl) were grown at 20 °C under DLI treatments ranging from a
mean of 4 to 15 mol-m™>d™". New guinea impatiens (Impatiens hawkeri Bull.) ‘Harmony
Magenta’, ‘Harmony White’, and ‘Celebrette Red’ were grown at 23 °C under DLI
treatments ranging from 6 to 18 mol-m>d™. After 12 weeks of treatments, the light
saturated maximum photosynthesis, dark respiration, relative chlorophyll content, cutting

dry mass, stem caliper, leaf thickness, and cutting yield of bacopa, heliotrope, thunbergia,



and verbena increased as stock plant DLI increased from 4 to 14 mol-m>-d”. Cuttings
were subsequently harvested and stored for 0, 2,4, or 6 d at 5, 10, or 15 °C followed by 2
d in darkness at 20 °C to simulate shipping. Cuttings were subsequently rooted in a
controlled greenhouse environment with overhead mist, a vapor-pressure deficit of 0.3
kPa, and air and media temperatures of =25 °C. The percentage of stored bacopa,
heliotrope, and verbena cuttings that had initiated roots after 7 or 10 d of propagation was
reduced by up to 23% when harvested from stock plants provided with a mean DLI >15
mol'm?-d”". Regardless of stock plant DLI, chlorophyll fluorescence, photosynthesis, and
rooting of new guinea impatiens ‘Harmony Magenta’ were reduced when cuttings were
stored >2 d at 5 °C. In a separate experiment, three cultivars of petunia and new guinea
impatiens were propagated under DLI treatments ranging from 1.2 to 10.7 mol-m2-d”.
Root dry mass of new guinea impatiens ‘Harmony White’, ‘Harmony Magenta’, and
‘Celebrette Red’ increased linearly and by 867%, 604%, and 580%, respectively, as
propagation DLI increased from 1.3 to 6.1 mol'm?-d”". In petunia ‘Tiny Tunia Violet
Ice’ and ‘Supertunia Mini Purple’, subsequent time to flower at 20 °C decreased by 3
weeks as the DLI during propagation increased from 1.4 to 10.7 mol'm™>d™.

Collectively, these experiments quantify the importance of controlling shipping and
storage temperature and managing the DLI during stock plant production and propagation

when producing high-quality herbaceous ornamental cuttings.
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Introduction

In 2005, U.S. greenhouse growers imported 868 million non-rooted shoot-tip
cuttings of ornamental annuals and herbaceous perennials with a reported wholesale
value of US $60 million (USDA, 2006). The three largest exporting countries of cuttings
to the United States are Costa Rica, Guatemala, and Mexico, with 299, 287, and 111
million cuttings, respectively (USDA, 2006). Mexico and countries in Central America
currently dominate stock plant production for several economic and environmental
reasons, including: availability of low-wage labor, proximity to U.S. markets, minimal
growing structural investment due to their mild climates, and moderate temperature and
light environments (Donnelly and Fisher, 2002).

Knowledge of species-specific cultural and environmental management of stock
plants has not always advanced with the rapid transition from seed to cutting production
and propagation in the floriculture industry. According to Faust et al. (2005), successful
plant production and profitability requires management of the growing environment
based on individual species’ responses to daily light integral (DLI). Irradiance or DLI
can be manipulated for specific crops with supplemental lighting, shading materials, and
retractable roofs. Based on the time of the year and location, DLI can range from 5 to 60
mol-m™2-d” outdoors and 1 to 25 mol'm2-d”! in a greenhouse (Korczynski et al. 2002).
However, DLI, temperature, and photoperiod are not commonly controlled in many
equatorial stock plant production facilities. In most instances, DLI is the only
environmental factor that can be manipulated in these facilities by adjusting the amount
of shade. Light intensity or DLI during herbaceous stock plant production (Kadner,

2005; Moe, 1977; Rapaka et al., 2007a; 2007b) and supplemental lighting (Bertram et al.,



1989; Donnelly and Fisher, 2002) can influence cutting production, quality, stress
tolerance, and subsequent performance. For example, as DLI increased from 1.2 to 8.2
mol'm2-d”, cutting yield, dry mass, and root number of bell flower (Campanula
isophylla Moretti) stock plants increased by 188%, 33%, 67%, respectively (Moe, 1977).
Donnelly and Fisher (2002) reported that the number of viable cuttings harvested
increased by as much as 73% when fan flower (Scaevola aemula R. Br.) stock plants
were provided with supplemental lighting of 2.8 mol-m2-d” from high-pressure sodium
(HPS) lamps in addition to ambient light (6.2 mol'm>-d™). In Portulaca grandiflora

- Hook. and Lantana camara L., as the pre-harvest stock plant DLI increased, the initial
carbohydrate status of cuttings increased and subsequent post-harvest leaf abscission
decreased (Rapaka et al., 2007a, 2007b).

The ability of plants to change their morphology, anatomy, and physiology to
environmental conditions such as DLI is termed plasticity. The extent of plasticity and
acclimation varies among species. Plants exposed to a range of DLIs can also exhibit
differences in growth, development, and stress response. Chlorophyll fluorescence
(F\/Fy) quantifies the quantum yield efficiency of photosystem II and has been used to
determine photosynthetic potential, stress, and damage to the photosynthetic system. The
acclimatization and physiological response to light intensity and DLI can be described
with photosynthetic-light response curves and F,/Fp, measurements (Calatayud et al.,
2007; Callan and Kennedy, 1995; Funnell et al., 2002; Nemali and van lersel, 2004;
Poulson et al., 2006; Rapaka et al., 2005). For example, estimated quantum yield, dark
respiration, and maximum gross photosynthesis per square meter ground area increased

by 86%, 162%, and 87% as DLI increased from 5.3 to 19.4 mol'm™-d”! in wax begonia



(Begonia semperflorens-cultorum Hort.) (Nemali and van lersel, 2004). However,
exposure to excessively high light can inhibit F,/Fn; Arabidopsis thaliana (L.) Heynh.
‘Columbia’ exposed to a 4-h high light treatment (2000 pmol'm>s™") reduced F,/Fp by
13% compared to pre-stress values (Poulson et al., 2006). In geranium (Pelargonium
xhortorum L.H. Bail.), the photosynthetic efficiency of nonstored cuttings increased as
stock plant photosynthetic photon flux (PPF) increased from 82 to 359 pmol'-m™s’
(Rapaka et al., 2005). To our knowledge, no studies have been published on the
morphological, and physiological, responses of herbaceous ornamental stock plants in
response to DLI.

We performed experiments to determine how DLI during stock plant production
influenced acclimatization, morphology, physiology, stress response, and yield of eight
vegetatively propagated annual species. The specific objectives of this study were (1) to
quantify the photosynthetic light response (4/Q) curves and F,/Fy, of stock plants grown
under different mean DLIs (2) to determine species-specific light compensation and
saturations points, (3) to determine the effect of DLI on stock plant morphology and
cutting quality, and (4) to identify a greenhouse DLI that maximizes stock plant
photosynthesis, cutting quality, and yield. We postulate that stock plants grown under

higher DLI will have higher photosynthetic rates and produce higher quality cuttings.

Materials and Methods
Stock plant management and culture. Vegetatively propagated stock plants of
bacopa ‘Breeze Upright White’ [Jamesbrittenia grandiflora (Galpin) Hilliard], heliotrope

‘Baby Blue’ (Heliotropium arborescens L.), petunia ‘Tiny Tunia Violet Ice’(Petunia



xhybrida hort. Vilm.-Andr.), thunbergia ‘Sunny Lemon Star’(Thunbergia alata Bojer ex
Sims), and verbena ‘Aztec Red Velvet’(Verbena xhybrida Groenl. & Ruempl) were
maintained at 20.9 + 1.7 °C (mean daily temperature + standard deviation) under a 12-h
photoperiod in greenhouses in East Lansing, MI (43 °N lat.). The photoperiod consisted
of a truncated 9-h natural day achieved using blackout cloth from 1700 to 0800 HR and
day-extension lighting (=2 umol'm2-s at canopy level) from 1700 to 2000 HR with
incandescent lamps.

Three DLI environments were created on 23 Jan. 2006 using no shade or
permanent woven shade cloth with an open-weave design that reduced light by =30% and
55% (OLS 30 and 50; Ludvig Svensson, Charlotte, N.C.) that surrounded individual
benches. In addition, whitewash was applied to the greenhouse glazing to moderate the
DLI during experiment repetitions. Line quantum sensors containing 10 photodiodes
(Apogee Instruments, Inc., Logan, UT) were placed directly above stock plants in each
DLI treatment to measure the PPF. From 0800 to 1700 HR, HPS lamps provided a
supplemental PPF of 10, 35, and 65 umol'm?2-s” at plant height when the ambient
greenhouse PPF was <140 pmol'm™s™ for the 55%, 30% and 0% shade treatments,
respectively. Air temperature was measured on each bench by an aspirated and enclosed
thermocouple (TT-E-36; Omega Engineering Inc., Stamford, CT). Temperature and light
intensity were measured every 10 s and hourly averages were recorded by a CR-10
datalogger (Campbell Scientific, Logan, UT). To help provide uniform night
temperatures of 20 °C, a data logger controlled a 1500-W electric heater, which provided
supplemental heat under each bench as needed. The mean DLIs for the three DLI

treatments during two-week periods prior to cutting harvests were 7.4, 10.5, and 14.4



mol-m-d" for replication 1 and 4.5, 8.1, and 12.0 mol'-md for replication 2. Ethephon
(Florel; Rhone-Poulenc Ag Company, Research Triangle Park, N.C.) with a surfactant
(Capsil; Aquatrols, Paulsboro, N.J.) was applied every four weeks as a foliar spray at a
concentration of 150 or 200 mg-L™! and a volume of =0.2 L'm™ to abort flower buds.

New guinea impatiens (/mpatiens hawkeri Bull.) ‘Harmony White’, ‘Harmony
Magenta,’ and ‘Celebrette Red’ stock plants were maintained at 24.5 + 1.1 °C under a 16-
h photoperiod that consisted of natural daylengths with day-extension lighting from HPS
lamps from 0600 to 2200 HR as previously described. DLI treatments were as described
previously and two-week means prior to cutting harvests for replications 1 and 2 were
6.1, 10.9, and 17.3 mol-m™>-d"* for replication 1 and 6.7, 11.4 and 17.2 mol-m>-d"* for
replication 2. Ethephon was applied to new guinea impatiens as described previously but
at a concentration of 500 to 750 mg-L™" every two weeks to abort flower buds.

Bacopa, heliotrope, petunia, thunbergia, and verbena stock plants were grown in
15-cm (1.3-L) and new guinea impatiens in 16-cm (2.4-L) round plastic containers filled
with a mix containing 70% peat moss, 21% perlite, and 9% vermiculite (Sure-Mix;
Michigan Grower Products, Galesburg, MI). Plants were irrigated as necessary with
reverse osmosis water supplemented with water-soluble fertilizer to provide the following
(mg-L™"): 125N, 12 P, 100 K, 65 Ca, 1.0 Fe and Cu, 0.5 Mn and Zn, 0.3 B, and 0.1 Mo
(MSU Special; Greencare Fertilizers, Chicago, IL).

Effect of stock plant DLI on photosynthetic light response. After at least twelve
weeks under the DLI treatments, four stock plants were randomly selected from each
treatment for shoot or leaf gas exchange measurements. Measurements were performed

in the greenhouses between 900 and 1400 HR and were blocked by DLI treatment to



reduce time of day effects. Shoots or leaves were selected at random from sun-exposed
shoots in the upper one-third of the stock plant. Photosynthesis (4), dark respiration,
stomatal conductance, and transpiration measurements were conducted using a portable
photosynthesis system (LI-6400, LI-Cor, Lincoln, NE) fitted to a leaf chamber with an
LED light source (6400-02B; red at 665 nm and blue at 470 nm) to control the light
intensity. The reference CO, concentration inside the leaf chamber was 400 pmol-mol™
and the flow of air into the chamber was 250 pmol's”. Leaf temperature inside the leaf
chamber was maintained at 24 + 1 °C and 21 + 1 °C for new guinea impatiens and all
other species, respectively, using dual Peltier devices that heated or cooled the air
circulating through the chamber. For each DLI treatment, the 4 of leaves was determined
at PPF levels of 0, 15, 30, 45, 60, 90, 100, 250, 500, 1000, 1250, 1500, 1750, and 2000
umol'm?s”. Leaves were allowed to adapt to each PPF for three minutes before each
data point was recorded. Immediately after measurements were recorded, shoots or
leaves inside the 6 cm® chamber were excised, placed in plastic packages and stored at 5
°C. Shoot or leaf area was determined by scanning the shoot or leaf through a leaf area
meter (LI-3000, Li-Cor, Lincoln, NE) three times and recording the average. Maximum
photosynthetic rates expressed in terms of shoot or leaf area were fitted to the following

equation
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using Photosyn Assistant 1.1 (Dundee Scientific, Dundee, England) where Q is light
intensity (pmol-m'2 -s"), ¢ is the apparent quantum efficiency, Anay is light saturated

maximum photosynthesis, k is the convexity, Ry is dark respiration, and A is shoot or leaf



photosynthesis (Prioul and Chartier, 1977). After determining light response values, light
saturation ranges (LSR) for each species and DLI treatment were estimated at 95% of
mean Apma at a light intensity of 2000 pmol'm?'s™ (Landh&usser and Lieffers, 2001).

The F,/Fr, of a fully expanded leaf was measured using a portable chlorophyll
fluorescence system (Plant Efficiency Analyzer; Hansatech Instruments Ltd., Norfolk,
England). Leaves were dark-acclimated for 15 min using the manufacturer’s plastic and

foam clips before measurements were recorded.

Effect of stock plant DLI on cutting yield and quality. Terminal and internode
cuttings of all species were harvested from stock plants under each DLI treatment on 25
Apr. 2006 and 5 June 2006. The number of uniform and harvestable vegetative and
reproductive cuttings from individual stock plants were recorded. Terminal cuttings of
bacopa, heliotrope, petunia, verbena, and new guinea impatiens each had 4 leaves and a
3-cm stem length; internode thunbergia cuttings had 2 nodes and a 4-cm stem length.
Ten cuttings from each DLI treatment were randomly sampled for each of the following
measurements. Cutting stem caliper was measured using a digital caliper (Mitutoyo
Corp., Aurora, IL). Total chlorophyll (a+b) content was estimated using a SPAD
chlorophyll meter (Model 502, Minolta Co., Japan). For each cutting, three SPAD
measurements were taken from different positions on the largest fully expanded leaf and
the mean was recorded as the value for the cutting. Leaf area of the largest fully
expanded basal leaf of a cutting was determined by scanning it through the leaf area
meter three times and recording the average. Leaf thickness was measured by examining

leaf cross-sections from the center of the largest fully expanded basal leaf under a



microscope at 30x magnification. Cutting dry mass was recorded after drying in an oven
at 70 °C for one week.

Data analysis. Data were analyzed using SAS (SAS Institute, Cary, N.C.) mixed
model procedure (PROC MIXED) for analysis of variance and regression analysis was

performed using Sigma Plot 8.0 (Systat Software, Inc., San Jose, CA).

Results

Bacopa. As the stock plant mean DLI increased from 4.4 to 12.7 mol-m'z-d", R4,
Amax, and ¢ using shoot area increased by 128%, 110% and 69%, respectively (Table
1.1). In addition, the estimated LCP and LSR increased from 41 to 76 and from 1400—
1600 to 1650—1850 pmol'm™s™, respectively (Fig. 1.1A). The efficiency of photosystem
I expressed as F,/Fy, was not influenced by DLI. Net photosynthesis (P,) was
consistently higher for stock plants grown under a high DLI compared to those under a
low DLI when the PPF exceeded 250 pmol-m?s™.

Relative leaf chlorophyll content increased from 32 to 42 as stock plant DLI
increased from 8.1 to 14.4 mol-m2.d™" (Fig. 1.2A). Cutting leaf thickness, stem caliper,
and dry mass increased linearly by 78%, 49%, and 122%, respectively, and area of the
largest fully expanded leaf on a cutting decreased linearly by 45% as stock plant mean
DLI increased from 4.5 to 14.4 mol-m™.d"! (Fig. 1.2B, C, D, and E). The number of
cuttings harvested increased at a decreasing rate as DLI increased (Fig. 1.2F).

Petunia. R4, Amax, LSR, and ¢ increased as the mean DLI increased from 4.6 to
9.7 mol-m2-d”" and then decreased with a further increase in DLI (Table 1.1; Fig. 1.1B).

The LCP increased from 34 to 76 pmol-m'z's", as DLI increased from 4.6 to 13.5 mol-m’
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2.d" (Table 1.1). DLI did not have a significant effect on F,/F,,. P, was consistently
higher at PPF >100 pmol-m™s™" when stock plants were grown under a mean DLI of 8.1
mol-m™-d" compared to a mean DLI of 4.6 or 12.1 mol-m™2.d™".

Relative leaf chlorophyll content gradually increased from 24 to 37 as DLI
increased from 8.1 to 14.4 mol-m™2.d”! (F ig. 1.2A). Significant linear relationships were
observed between DLI and cutting leaf thickness, stem caliper, area of a single leaf, dry
mass, and number of viable cuttings harvested (Fig. 1.2B, C, D, E, and F). For example,
as mean DLI increased above 4.5 mol-m™.d™! (providing an additional 3.6 and 7.5 mol-m’
2.d") increased cutting stem caliper by 31 and 43%, dry mass by 67% and 106% and
number of cuttings increased by 59 and 136%, respectively.

Verbena. As stock plant mean DLI increased from 4.6 to 14.2 mol-m’z-d", Amax,
R4, and ¢ increased by 1.6, 2.5 and 3.0-fold, respectively (Table 1.1, Fig. 1.1C). The
F\/Fn, was positively influenced by DLI and increased from 0.836 to 0.853. There was an
increase in the LCP of stock plants with increasing DLI and it ranged between 60 and 95
pmol-m™s™". Photosynthesis of stock plants saturated at a higher PPF when plants were
grown at a higher DLI compared to plants grown at a lower DLI.

All parameters of cutting quality increased linearly with DLI except leaf area
(Fig. 1.2A, B, C, D, and E). For example, for every 1 mol-m2-d"! increase in DLI, cutting
chlorophyll content, leaf thickness, stem caliper, dry mass, and number of viable cuttings
harvested increased by 1.1, 0.02 mm, 0.03 mm, 1.9 mg and 3.2 cuttings, respectively, and
area of the largest leaf decreased by 0.20 cm®.

New guinea impatiens ‘Celebrette Red’. As mean DLI increased from 6.6 to 17.0

mol-m2-d”, Ap. and Ry increased by 8.1 and 1.0 pmol CO;m™s™, respectively (Table
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1.1, Fig. 1.1D). There was no consistent effect of DLI on ¢. As DLI increased from 6.6
to 18.2 mol-m'z-d", F\/F, decreased from 0.821 to 0.771. The LCP and LSR were
relatively low and generally increased from 14 to 27 and 950 to 1350 pmol-m?s’!,
respectively, as DLI increased from 6.6 to 17.0 mol-m>d™. Above a PPF of 250
pmol-m™2-s”, P, was consistently higher for stock plants grown under a mean DLI of 18.2
mol-m™-d” compared to plants under a lower mean DLI (Fig. 1.1D).

The relationships between cutting chlorophyll content, dry mass, and number of
harvested cuttings and DLI were quadratic and increased at a decreasing rate as DLI
increased from 6.1 to 17.3 mol-m2.d’! (Fig. 1.2G, K, and L). As DLI increased from 6 to
17 mol-m™2.d”", leaf thickness and stem caliper increased linearly by 69% and 26%,
respectively, and leaf area decreased linearly by 21% (Fig. 1.2H, I, and J).

New guinea impatiens ‘Harmony White'. Anax, Fv/Fm, and the LCP were not
significantly different when stock plants were grown under a mean DLI ranging from 6.1
to 11.1 mol-m™2.d™ (Table 1.1). Ry was similar when the mean DLI ranged from 10.9 to
17.3 mol-m™>.d"". However, further increases in DLI significantly increased Amax, Fv/Fm,
and LCP. The ¢ was not influenced by DLI. The estimated LSR occurred at a PPF of
1400 to 1800 pmol-m™-s™ within the mean DLIs provided (Fig. 1.1E). The P, of stock
plants increased with mean DLI when exposed to a PPF of >500 pmol-m™2-s (Fig. 1.1E).

As DLI increased from 6.1 to 17.3 mol-m™2-d”', chlorophyll content, stem caliper,
dry mass, leaf thickness, and number of harvested cuttings increased by 12 (24%), 0.6
mm (21%), 78 mg (79%), 0.37 mm (100%) and 17 cuttings (57%), respectively (Fig.
1.2G, H, J, K, and L). Additionally, leaf area decreased linearly by 29% from 7.7 to 5.5

cm? (Fig. 1.21).
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New guinea impatiens 'Harmony Magenta’. An increase in the mean DLI from
5.9 10 16.7 mol-m™>-d”! increased R4 from 1.3 to 2.3 pmol COz-m'z-s'], ¢ from 0.077 to
0.105 pmol CO,-pmol™, and LSR from 200 to 400 to 775 to 995 pmol'm™-s™, while Amax
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