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Abstract. Drying of spinach (Spinacia oleracea L.) and kale (Brassica oleracea L. var.
acephala D.C.) is required to determine percentage of dry matter (%DM) and pigment
concentration of fresh leaves. ‘Melody’ spinach and ‘Winterbor’ kale were greenhouse-
grown in hydroponic nutrient solutions containing 13 or 105 mg�L–1 N. Using vacuum
freeze dryers and convection ovens, plant tissues were dried for 120 h at five different
temperature treatments: 1) freeze drying at –25 8C; 2) freeze drying at 0 8C; 3) vacuum
drying at +25 8C; 4) oven drying at +50 8C; and 5) oven drying at +75 8C. Spinach leaf
tissue %DM was affected, but kale %DM was unaffected by drying temperature.
Spinach and kale leaf tissue %DM were both affected by N level. The high N spinach
decreased from 7.3 to 6.4%DM when drying temperature increased from +25 to +75 8C.
The low N spinach decreased from 12.7 to 9.6%DM as the drying temperature increased
from –25 to +50 8C. Kale averaged from 14.8%DM for the high N treatment and from
21.8%DM for the low N treatment. However, drying temperature did not have a
significant impact on measured %DM in kale. Lutein, b-carotene, and chlorophyll levels
for both spinach and kale leaf tissue were affected by drying temperature. Measured
concentrations of all pigments decreased over 70% as the drying temperature increased
from –25 to 75 8C. The largest pigment fresh and dry weight concentrations for spinach
and kale were measured at drying temperatures below +25 8C. The spinach and kale
samples dried between –25 and +25 8C were not significantly different from each other in
%DM or pigment concentration measured on a dry or fresh weight basis. Thus, drying
leaf tissue for accurate pigment analysis requires temperatures below +25 8C using
vacuum or freeze drying technology.

Determination of carotenoid concentra-
tions in plant tissue requires dried samples for
analysis (Kopsell et al., 2004; Tai and Chen,
2000). However, the plant growth environ-
ment can have a significant impact on the
water content of the harvested plant (Lefsrud

et al., 2005, 2006). A number of methods are
used to remove tissue moisture before anal-
ysis, including convection oven drying,
freeze drying, vacuum drying, air drying,
and microwave drying (Diaz-Maroto et al.,
2004; Ingram et al., 2000; Karathanos, 1999;
Litvin et al., 1998; Stegen et al., 1998).

To determine the effect of drying temper-
ature on plant samples, Stegen et al. (1998)
compared the water content of a number of
plants using microwave, oven, and vacuum
drying (performed at 22 �C). Alfalfa (Medi-
cago sativa L.), onion (Allium cepa L.), corn
(Zea mays L.), and potato (Solanum tuber-
osum L.) had a final moisture content that was
not significantly different among the three
drying methods, but bean (Pinguicula vulga-
ris L.), bean shell, and garlic (Allium sativum
L.) were significantly different. The micro-
wave oven and vacuum drying of the latter
three plant samples did not significantly

affect the moisture measurement, but oven
drying resulted in a significant change in the
measured moisture content.

Moisture content within biological sam-
ples changes during drying and can result in
the release of organic compounds, volatile
organic compounds (VOCs), destruction of
pigments, and changes in chemical composi-
tion. The loss of VOC through drying of a
wide variety of plants has been reported
(Diaz-Maroto et al., 2002a, 2002b, 2004;
Ingram et al., 2000). However, the published
literature on release of organic compounds
not listed as VOC is limited. At temperatures
greater than 65 �C, Karathanos (1999) re-
ported that decomposition of low-molecular-
weight sugars (specifically fructose), in
addition to the evaporation of water, could
occur within the sample. An ASABE stan-
dard (ASABE, 2007) recommends that for
further analytical analysis of plant forages,
drying temperatures less than 65 �C should be
used. Diaz-Maroto et al. (2002a) found that
oven drying and air drying bay leaf (Laurus
nobilis L.) did not affect the aroma of the
fresh herb; however, freeze drying resulted
in a reduction. Diaz-Maroto et al. (2002b)
reported that oven drying and freeze drying
of parsley (Petroselinum crispum L.) resulted
in a decrease in VOC within the sample, but
air drying resulted in few losses. Oven-dried
and freeze-dried basil (Ocimum basilicum L.)
had a decrease in VOC, but air-dried basil
was not different compared with a fresh
sample (Diaz-Maroto et al., 2004).

Carotenoids and other plant compounds
can also be affected by drying temperature. A
significant decrease in lutein and b-carotene
was measured in daylily (Hemerocallis dis-
ticha Donn ex Sweet) when oven dried at
48 �C compared with –53 �C freeze drying (Tai
and Chen, 2000). Cinar (2004) reported that
freeze drying reduced the losses of carotenoids
during storage in orange peel [Citrus sinensis
(L.) Osbeck], potato, and carrot (Daucus
carota L.). Alomar et al. (1999) reported that
oven drying of silage resulted in a reduction in
crude protein and an increase in crude fiber,
neutral detergent fiber, and acid detergent fiber
when compared with freeze drying.

Carotenoids are lipid-soluble, yellow,
orange, and red pigments produced by plants,
algae, and bacteria. In higher plants, carote-
noids function in photoprotection as light-
harvesting antennae pigments and free radi-
cal scavengers (Miki, 1991; Taiz and Zeiger,
1998; Tracewell et al., 2001). Two important
dietary carotenoids in human health mainte-
nance are lutein and b-carotene. Increased
intake of lutein and b-carotene has been
associated with reduced risk of lung cancer
and chronic eye diseases such as cataracts
and age-related macular degeneration (Ames
et al., 1995; Landrum and Bone, 2001; Le
Marchand et al., 1993; Semba and Dagnelie,
2003). Increasing the lutein and b-carotene
concentrations in vegetable crops through
cultural management techniques would be
beneficial to the health status of consumers.

Kale (Brassica oleracea L. var. acephala
D.C.) ranks highest and spinach (Spinacia
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oleracea L.) ranks second among vegetable
crops for lutein and b-carotene content
(Holden et al., 1999; U.S. Dept. Agr.,
2002). However, kale has low consumption
rates with per capita fresh intake of less than
0.33 kg/year in the United States (Lucier
and Plummer, 2003). Spinach has one of the
highest consumption rates among green,
leafy vegetables in the United States with
per capita intakes of 0.73, 0.09, and 0.36 kg/
year for fresh, canned, and frozen markets,
respectively (Lucier and Plummer, 2003).
With increased interest in dried plant material
for human health within supplement markets,
the purpose of this study was to determine the
effect of drying conditions on water content,
measured dry matter content, and stability of
pigments (carotenoids and chlorophylls) in
kale and spinach.

Material and Methods

Plant culture
‘Melody’ spinach and ‘Winterbor’ kale

(Johnny’s Selected Seed, Winslow, ME)
were seeded on 22 Feb. 2005 into rockwool
growing cubes (Grodan A/S, Dk-2640, Hede-
husene, Denmark). The seeds were germi-
nated and grown in a greenhouse (22 �C day/
14 �C night) under natural lighting conditions
(Knoxville, TN, lat. 35�57$N). Plants were
grown according to the method described
in Lefsrud et al. (2007). Peter’s 20N–6.9P–
16.6K water-soluble fertilizer (Scotts, Mar-
ysville, OH) was applied every 5 d at a rate of
200 mg�L–1. After 3 weeks, the plants were
transferred to containers (Rubbermaid Inc.,
Wooster, OH) holding 9 L of nutrient solu-
tion (Hoagland and Arnon, 1950) on three
independent benches. Six plants were trans-
ferred into 2-cm round holes arranged in a
10.6 · 9.5-cm spacing in each container lid.
Plants were grown under two nitrogen (N)
treatment levels of 13 and 105 mg�L–1. The
ratio of NO3-N to NH4-N was kept constant
at 3:1 and solutions were changed every 2
weeks. The experimental design was a ran-
domized complete block (benches) with three
replications of the two-way factorial (N
treatment and plant species).

Biomass determination
Plants were harvested after 4 weeks in

the hydroponic system on 12 Apr. 2005. At
harvest, shoot and root tissues were separated
and weighed. Shoot tissues were washed with
soap (Aquet; Bel-art Products, Pequannock,
NJ), rinsed, and blotted dry with paper
towels. The third through sixth true leaves
were removed from each plant, combined
from each N treatment, randomly separated
into �5-g samples, weighed, and assigned
one of the drying treatments. These samples
were stored at –80 �C before drying. The five
drying treatments (T) were: 1) freeze drying
at –25 �C; 2) freeze drying at 0 �C; 3) vacuum
drying at +25 �C; 4) oven drying at +50 �C;
and 5) oven drying at +75 �C. The freeze
dryer was a LabConCo (Kansas City, MO)
Freezezone 6 with the vacuum at 0.006 mbar,
the condenser at –40 �C, and the stoppering

tray dryer containing the samples set at the
treatment temperature. The convection oven
was a Fisher (Hampton, NH) Isotemp oven
300 series, model 338F. Drying treatments
were replicated three times per species and
per N treatment. For each treatment, the shoot
material was dried for 100 h, weighed, and
dried for another 20 h to confirm equilibrium
moisture content. Samples were stored at –80 �C
before further analysis.

Carotenoid and chlorophyll
determination

Tissue extraction. The dried tissues sam-
ples were ground with dry ice in a kitchen
grinder (Handy Chopper Plus, HC 3000;
Household Products, Shelton, CT). Pigments
were extracted and separated according to
Kopsell et al. (2004). A 0.1-g subsample was
placed into a Potter-Elvehjem tissue grinder
tube (Kontes, Vineland, NJ) and hydrated
with 0.8 mL of deionized water. The sample
was placed in a water bath at 40 �C for 20
min. After hydration, 0.8 mL of the internal
standard, ethyl-b-apo-8#-carotenoate (Sigma
Chemical Co., St. Louis) and 2.5 mL of
tetrahydrofuran (THF) stabilized with 25
mg�L–1 2,6-Di-tert-butyl-4-methoxyphenol
were added. The sample was homogenized
in the tube with 25 insertions of the grinder
pestle attached to a drill press (Model Crafts-
man 15 inch Drill Press; Sears Co., Hoffman
Estates, IL) at 540 rpm while immersed in
ice. The tube was placed into a clinical
centrifuge for 3 min at 500 gn. The superna-
tant was removed with a Pasteur pipet, placed
into a conical 15-mL test tube, capped, and
held on ice. The sediment was resuspended in
2 mL THF and homogenized and centrifuged
again. The supernatant was collected and
combined with the first extracted supernatant.
The extraction procedure was repeated twice
more until the supernatant was colorless. The
sediment was discarded and the combined
four supernatants were reduced to 0.5 mL
using N gas (Model N-EVAP 111; Organo-
mation, Berlin, ME). A total of 2.5 mL of
MeOH and 2 mL of THF were added to the
0.5-mL sample, vortexed, and filtered through
a 0.2-mm polytetrafluoroethylene (PTFE) fil-
ter (Model Econofilter PTFE 25/20; Agilent
Technologies, Palo Alto, CA) using a 5-mL
syringe (Becton, Dickinson and Company,
Franklin Lakes, NJ) before high-performance
liquid chromatography (HPLC) analysis.

High-performance liquid chromatography
analysis. A HPLC unit with photodiode array
detector (Agilent 1100; Agilent Technolo-
gies, Palo Alto, CA) was used for pigment
separation. Chromatographic separations were
achieved using a 250 · 4.6 mm i.d., 5-mm
analytical scale polymeric C30 reverse-phase
column (ProntoSIL; MAC-MOD Analytical,
Chadds Ford, PA), which allowed for effec-
tive separation of chemically similar carot-
enoid compounds. The column was equipped
with a 10 · 4.0 mm i.d. guard cartridge and
holder (ProntoSIL) and was maintained at
30 �C using a thermostatted column com-
partment. All separations were achieved iso-
cratically using a binary mobile phase of 11%

methyl tert-butyl ethanol, 88.9% MeOH, and
0.1% triethylamine (v/v). The flow rate was
1.0 mL�min with a run time of 55 min fol-
lowed by a 5-min equilibration before the
next injection. Eluted compounds from a
10-mL injection were detected at 453 (car-
otenoids and internal standard), 652 [chloro-
phyll a (Chl a)], and 665 [chlorophyll b (Chl
b)] nm and data were collected, recorded, and
integrated using ChemStation Software (Agi-
lent Technologies). Internal standard recov-
ery ranged from 62% to 100% with a mean
for all samples at 80%. Peak assignment for
individual pigments was performed by com-
paring retention times and line spectra
obtained from photodiode array detection
using external standards of lutein (Carotena-
ture, Lupsingen, Switzerland), b-carotene,
Chl a, and Chl b (Sigma Chemical Co.).
The concentration of the external pigment
standards were determined spectrophotomet-
rically using methods described by Davies
and Köst (1988). Slurried Spinach 2385
standard reference material (National Insti-
tute of Science and Technology, Gaithers-
burg, MD) was used for method validation.

Statistical analysis
Data sets were analyzed by a split plot,

GLM procedure using SPSS (Chicago).
Analysis of variance was used to determine
the significance of the main effects of N
treatments and drying temperature and of
their interactions. The relationship between
experimental dependent variables and N
treatments was determined by regression
analysis using SPSS (Steel and Torrie, 1980).

Results

The moisture content of the tissue sam-
ples did not change significantly between the
first 100 h of drying when compared with the
final 20 h. Equilibrium moisture content was
confirmed for all drying methods using this
two-step drying process.

Spinach biomass accumulation. The mea-
sured percent dry matter (%DM) for spinach
was influenced by N treatment level (P #
0.01). The measured %DM for spinach was
influenced by drying temperature (P =
0.011). No significant variation was ac-
counted for by the interaction between N
treatment level and drying temperature (P =
0.081). Average %DM for the spinach
increased from 7.0% for the high N treatment
to 10.7% for the low N treatment (Table 1;
Fig. 1). The average %DM for the high N
spinach treatment varied among the drying
temperature treatments and resulted in an
increase from 6.4% for the +75 �C convec-
tion oven to 7.3% for the +25 �C vacuum
dryer. The average %DM for the low N
spinach treatment increased from 9.6% for
the +50 �C convection oven to 12.7% for the
–25 �C freeze dryer. Spinach leaf tissue
%DM decreased linearly with increases in
drying temperature for both the high N
[%DM = 7.2 to 0.008 (T), r2 = 0.27, P =
0.05] and low N treatments [%DM = 11.4 to
0.02 (T), r2 = 0.49, P = 0.004].

1732 HORTSCIENCE VOL. 43(6) OCTOBER 2008

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



Spinach carotenoid and chlorophyll
pigment accumulation. Maximum spinach
tissue lutein accumulation expressed on a
fresh weight (FM) basis was 9.8 mg/100 g–1

for the low N treatment at the –25 �C drying
temperature (Table 1). Spinach leaf tissue
lutein concentrations responded to drying
temperature (P # 0.001) but not to N treat-
ment (P = 0.273) nor their interaction (P =
0.203). Spinach leaf tissue lutein decreased
linearly with increases in drying temperature
for both the high N [lutein FM = 8.4 to 0.07 (T),
r2 = 0.84, P # 0.001] and low N level [lutein
FM = 8.1 to 0.07 (T), r2 = 0.76, P # 0.001].

Maximum spinach tissue b-carotene
accumulation expressed on a FM basis was
4.9 mg/100 g–1 under the high N treatment at
the –25 �C drying temperature (Table 1).
Spinach leaf tissue b-carotene concentrations

responded to drying temperature (P # 0.001)
and to N treatment (P # 0.001), but not to
their interaction (P = 0.06). Spinach leaf
tissue b-carotene decreased linearly with
increases in drying temperature for both the
high N [b-carotene FM = 4.3 to 0.04 (T), r2 =
0.89, P # 0.001] and low N level [b-carotene
FM = 3.3 to 0.03 (T), r2 = 0.66, P # 0.001].

Spinach leaf tissue Chl a FM concentra-
tions responded to drying temperature (P #
0.001), N treatment (P # 0.01), and to the
interaction between N treatment and drying
temperature (P = 0.01). Spinach leaf tissue
Chl b concentrations also responded to drying
temperature (P # 0.001), N treatment (P #
0.001), and to the interaction between N treat-
ment and drying temperature (P = 0.012).
Spinach leaf tissue Chl a decreased linearly
with increases in drying temperature for both

the high N [Chl a FM = 79.3 to 1.0 (T), r2 =
0.83, P # 0.001] and low N treatments [Chl a
FM = 57.7 to 0.8 (T), r2 = 0.78, P # 0.001;
Table 1]. Spinach leaf tissue Chl b also
decreased linearly with increases in drying
temperature for both the high N [Chl b FM =
28.7 to 0.4 (T), r2 = 0.82, P # 0.001] and low
N treatments [Chl b FM = 21.6 to 0.3 (T), r2 =
0.77, P # 0.001; Table 1].

Maximum spinach tissue lutein accumu-
lation expressed on a dry weight (DM) basis
was 1.3 mg�g–1 for the high N treatment and
the –25 �C drying temperature (Table 2).
Spinach leaf tissue lutein concentrations
responded to drying temperature (P #
0.001), N treatment (P # 0.001), and to the
interaction between N treatment and drying
temperature (P = 0.008). Spinach leaf tissue
lutein decreased linearly with increases in
drying temperature for both the high N [lutein
DM = 1.16 to 0.01 (T), r2 = 0.84, P # 0.001]
and low N treatment [lutein DM = 0.70 to
0.01 (T), r2 = 0.78, P # 0.001].

Maximum spinach tissue b-carotene
accumulation expressed on a DM basis was
0.67 mg�g–1 for the high N treatment and the –
25 �C drying temperature (Table 2). Spinach
leaf tissue b-carotene concentrations re-
sponded to drying temperature (P # 0.001),
N treatment (P # 0.001), and to the interac-
tion between N treatment and drying temper-
ature (P # 0.001). Spinach leaf tissue b-
carotene decreased linearly with increases in
drying temperature for both the high N [b-
carotene DM = 0.60 to 0.01 (T), r2 = 0.89, P
# 0.001] and low N treatments [b-carotene
DM = 0.30 to 0.001 (T), r2 = 0.74, P # 0.001].

Spinach leaf tissue DM Chl a and b
concentrations responded to drying tempera-
ture (P # 0.001), N treatment (P # 0.001),
and to the interaction between N treatment
and drying temperature (P # 0.001). Spinach
leaf tissue Chl a decreased linearly with
increases in drying temperature for both the
high N [Chl a = 11.0 to 0.1 (T), r2 = 0.83, P #
0.001] and low N treatments [Chl a DM = 4.9
to 0.07 (T), r2 = 0.80, P # 0.001; Table 2].
Spinach leaf tissue Chl b decreased linearly
with increases in drying temperature for
both the high N [Chl b DM = 4.0 to 0.05
(T), r2 = 0.82, P # 0.001] and low N treat-
ments [Chl b = 1.9 to 0.07 (T), r2 = 0.79, P #
0.001; Table 2].

Kale biomass accumulation. Percent dry
matter for kale was influenced by N treatment
level (P # 0.01). No significant influence was
measured for the kale drying temperature
(P = 0.63) or for the interaction between
N treatment and drying temperature (P =
0.90). Average %DM for the kale increased
from 14.8% for the high N treatment to
21.8% for the low N treatment (Table 3).
The average %DM for the high N kale treat-
ment increased from 13.2% for the +75 �C
convection oven to 15.9% for the +25 �C
vacuum dryer. The average %DM for the low
N kale treatment increased from 21.4% for
the –25 �C freeze dryer to 22.5% for the
+25 �C vacuum dryer. No trend was mea-
sured for the kale %DM for either the high or
low N treatment.

Table 1. Mean pigment concentrationsz expressed on a fresh weight (FM) basis in the leaf tissues of
‘Melody’ spinach grown with two nitrogen levels and five drying temperatures.

Drying
temperature (�C) %DM

Pigment concn (mg/100 g–1 FM)

Lutein b-carotene Chl ay Chl by

Spinach high nitrogen (105 mg�L–1)
+75 6.4 ± 0.1 2.2 ± 0.1 1.1 ± 0.1 0.8 ± 0.3 0.4 ± 0.1
+50 6.9 ± 0.2 5.1 ± 0.5 2.1 ± 0.2 9.5 ± 2.3 5.7 ± 1.3
+25 7.3 ± 0.1 8.0 ± 0.5 4.0 ± 0.3 79.2 ± 4.6 29.2 ± 1.6

0 7.2 ± 0.1 8.8 ± 0.6 4.5 ± 0.2 86.0 ± 5.6 31.8 ± 1.3
–25 7.2 ± 0.2 9.0 ± 0.1 4.9 ± 0.1 91.6 ± 3.1 31.9 ± 0.8
Contrasts
Linear ** *** *** *** ***
Quadratic ** *** *** *** ***

Spinach low nitrogen (13 mg�L–1)
+75 10.5 ± 0.5 2.2 ± 0.4 1.3 ± 0.2 3.1 ± 1.7 1.5 ± 0.2
+50 9.6 ± 0.7 3.8 ± 0.2 1.2 ± 0.1 1.6 ± 0.6 2.2 ± 0.1
+25 11.4 ± 0.7 8.2 ± 0.6 3.2 ± 0.3 59.1 ± 6.2 22.3 ± 0.3

0 10.3 ± 0.1 7.0 ± 0.4 2.7 ± 0.2 51.5 ± 2.8 18.8 ± 0.3
–25 12.7 ± 0.9 9.8 ± 1.4 4.2 ± 0.7 75.8 ± 9.9 28.3 ± 0.4
Contrasts
Linear * *** *** *** ***
Quadratic NS *** *** *** ***
zMean composition of leaf tissue (pooled six-plant subsample) of three replications ± SE.
yChl a = chlorophyll a; Chl b = chlorophyll b.
NS, *,**, ***Nonsignificant or significant at P # 0.05, 0.01, 0.001, respectively.
%DM = percentage of dry matter.

Fig. 1. Effect of drying temperature on dry matter of shoot tissue in kale and spinach grown under high (105
mg�L–1) and low (13 mg�L–1) nitrogen levels. Five drying temperatures: –25 �C freeze drying, 0 �C
freeze drying, +25 �C vacuum drying, +50 �C convection oven, and +75 �C convection oven.
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Kale carotenoid and chlorophyll pigment
accumulation. The largest lutein accumula-
tion FM in kale was 13.1 mg/100 g–1 for the
high N treatment and the +25 �C drying
temperature (Table 3). Kale leaf tissue lutein
concentrations responded to N treatment
(P # 0.001), drying temperature (P # 0.001),
and to the interaction between N treatment and
drying temperature (P = 0.04). Kale leaf
tissue lutein decreased linearly with increases
in drying temperature for both the high N
[lutein FM = 12.1 to 0.09 (T), r2 = 0.60, P #
0.001] and low N treatment [lutein FM = 9.0
to 0.08 (T), r2 = 0.68, P # 0.001].

The largest kale b-carotene FM was 5.6
mg/100 g–1 with the high N treatment and the
–25 �C drying temperature (Table 3). Kale
leaf tissue b-carotene concentrations re-

sponded to N treatment (P # 0.001), drying
temperature (P # 0.001), but not to their
interaction (P = 0.30). Kale leaf tissue b-
carotene decreased linearly with increases in
drying temperature for both the high N [b-
carotene FM = 5.1 to 0.04 (T), r2 = 0.71, P #
0.001] and low N treatment [b-carotene FM =
3.1 + 0.03 (T), r2 = 0.56, P # 0.001].

Kale leaf tissue FM Chl a concentrations
responded to N treatment (P # 0.001), drying
temperature (P # 0.001), and to the interac-
tion between N treatment and drying temper-
ature (P = 0.028). Kale leaf tissue Chl b
concentrations responded to N treatment
(P # 0.001), drying temperature (P # 0.001),
and to the interaction between N treatment and
drying temperature (P # 0.001). Kale leaf
tissue Chl a decreased linearly with increases

in drying temperature for both the high N
[Chl a FM = 109.9 to 1.2 (T), r2 = 0.80, P #
0.001] and low N treatments [Chl a FM =
68.2 to 0.9 (T), r2 = 0.83, P # 0.001; Table 3].
Kale leaf tissue Chl b decreased linearly with
increases in drying temperature for both the
high N [Chl b FM = 43.7 to 0.4 (T), r2 = 0.67,
P # 0.001] and low N treatments [Chl b FM =
29.9 to 0.3 (T), r2 = 0.84, P # 0.001; Table 3].

The kale maximum lutein DM was 0.84
mg�g–1 with the high N treatment and the –25
�C drying temperature (Table 4). Kale leaf
tissue lutein concentrations responded to N
treatment (P # 0.001), drying temperature
(P # 0.001), and to the interaction between
N treatment and drying temperature (P =
0.003). Kale leaf tissue lutein decreased
linearly with increases in drying temperature
for both the high N [lutein DM = 0.81 to 0.01
(T), r2 = 0.62, P # 0.001] and low N treat-
ments [lutein DM = 0.42 to 0.01 (T), r2 =
0.71, P # 0.001].

The kale maximum b-carotene DM was
0.37 mg�g–1 with the high N treatment and the
–25 �C drying temperature (Table 4). Kale
leaf tissue b-carotene concentrations
responded to N treatment (P # 0.001), drying
temperature (P # 0.001), and to the inter-
action between N treatment and drying tem-
perature (P = 0.011). Kale leaf tissue
b-carotene decreased linearly with increases
in drying temperature for both the high N
[b-carotene DM = 0.34 to 0.002 (T), r2 =
0.74, P # 0.001] and low N treatments [b-
carotene DM = 0.14 + 0.001 (T), r2 = 0.61,
P # 0.001].

Kale leaf tissue DM Chl a and b concen-
trations responded to N treatment (P #
0.001), drying temperature (P # 0.001), and
to the interaction between N treatment and
drying temperature (P # 0.001). Kale leaf
tissue Chl a decreased linearly with increases
in drying temperature for both the high N
[Chl a = 6.3 to 0.05 (T), r2 = 0.67, P # 0.001]
and low N treatments [Chl a DM = 3.1 to 0.03
(T), r2 = 0.87, P # 0.001; Table 4]. Kale leaf
tissue Chl b decreased linearly with increases
in drying temperature for both the high N
[Chl b DM = 6.3 to 0.05 (T), r2 = 0.67, P #
0.001] and low N treatments [Chl b = 3.1 to
0.03 (T), r2 = 0.87, P # 0.001; Table 4].

Discussion

A consistent drying time of 120 h was
determined for this study based on drying
results of the –50 �C freeze drying procedure.
This method was based on the ASABE
Standard (ASABE, 2007) for drying of for-
ages, which requires a 25-g sample be dried
at 60 �C for 72 h. For further chemical
analysis of the samples, the ASABE standard
does not recommend drying at temperatures
above 65 �C. From observations and analyt-
ical measurement, a minimum of 100 h was
required for the –50 �C freeze-dried samples
and was confirmed after another 20 h. To
maintain a consistent drying time and reduce
possible loss of organic compounds and
VOC, the drying time was standardized
across the experiment. From observations

Table 2. Mean pigment concentrationsz expressed on a dry weight (DM) basis in the leaf tissues of
‘Melody’ spinach grown with two nitrogen levels and five drying temperatures.

Drying
temperature (�C)

Pigment concn (mg�g–1 DM)

Lutein b-carotene Chl ay Chl by

Spinach high nitrogen (105 mg�L–1)
+75 0.34 ± 0.01 0.16 ± 0.01 0.1 ± 0.1 0.1 ± 0.1
+50 0.73 ± 0.04 0.31 ± 0.01 1.4 ± 0.3 0.8 ± 0.2
+25 1.10 ± 0.08 0.55 ± 0.05 10.9 ± 0.8 4.0 ± 0.3

0 1.22 ± 0.07 0.62 ± 0.02 11.9 ± 0.6 4.4 ± 0.1
–25 1.25 ± 0.05 0.67 ± 0.03 12.7 ± 0.5 4.4 ± 0.2
Contrasts
Linear *** *** *** ***
Quadratic *** *** *** ***

Spinach low nitrogen (13 mg�L–1)
+75 0.20 ± 0.03 0.12 ± 0.01 0.3 ± 0.2 0.1 ± 0.1
+50 0.40 ± 0.04 0.12 ± 0.01 0.2 ± 0.1 0.2 ± 0.1
+25 0.72 ± 0.04 0.28 ± 0.02 5.1 ± 0.3 2.0 ± 0.1

0 0.68 ± 0.03 0.26 ± 0.02 5.0 ± 0.3 1.8 ± 0.1
–25 0.77 ± 0.06 0.33 ± 0.03 5.9 ± 0.4 2.2 ± 0.2
Contrasts
Linear *** *** *** ***
Quadratic *** *** *** ***
zMean composition of leaf tissue (pooled six-plant subsample) of three replications ± SE.
yChl a = chlorophyll a; Chl b = chlorophyll b.
***Significant at P # 0.001.

Table 3. Mean pigments concentrationsz expressed on a fresh weight (FM) basis in the leaf tissues of
‘Winterbor’ kale grown with two nitrogen levels and five drying temperatures.

Drying
temperature (�C) %DM

Pigment concn (mg/100 g–1 FM)

Lutein b-carotene Chl ay Chl by

Kale high nitrogen (105 mg�L–1)
+75 13.2 ± 0.5 2.1 ± 0.3 1.4 ± 0.1 6.5 ± 1.8 5.3 ± 1.2
+50 15.0 ± 1.4 10.0 ± 0.2 3.6 ± 0.2 42.1 ± 1.0 31.9 ± 1.4
+25 15.9 ± 0.4 13.1 ± 0.4 5.4 ± 0.2 112.5 ± 12.4 46.9 ± 2.3

0 14.7 ± 1.8 11.6 ± 0.8 4.8 ± 0.4 118.4 ± 8.2 44.0 ± 2.4
–25 15.0 ± 0.5 12.5 ± 0.7 5.6 ± 0.3 119.2 ± 4.6 44.8 ± 1.8
Contrasts
Linear NS *** *** *** ***
Quadratic NS *** *** *** ***

Kale low nitrogen (13 mg�L–1)
+75 21.7 ± 0.7 0.9 ± 0.2 0.5 ± 0.1 1.9 ± 0.9 2.6 ± 0.5
+50 22.0 ± 1.5 5.9 ± 0.3 1.9 ± 0.2 10.0 ± 2.4 11.1 ± 1.7
+25 22.5 ± 1.7 9.8 ± 0.7 3.6 ± 0.3 62.0 ± 12.7 28.4 ± 2.4

0 21.4 ± 1.0 9.3 ± 0.3 2.7 ± 0.8 75.0 ± 5.2 33.0 ± 2.0
–25 21.4 ± 0.1 9.2 ± 0.3 3.4 ± 0.1 80.7 ± 4.3 32.9 ± 1.5
Contrasts
Linear NS *** *** *** ***
Quadratic NS *** *** *** ***
zMean composition of leaf tissue (pooled six-plant subsample) of three replications ± SE.
yChl a = chlorophyll a; Chl b = chlorophyll b.
NS, ***Nonsignificant or significant at P # 0.001, respectively.
%DM = percentage of dry matter.
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and previous experiments, drying time of the
samples in the convection oven (+50 �C)
required at least 72 h to reach moisture
equilibrium. From previous personal experi-
ence, no differences were noticed when
measuring pigment concentrations between
freeze-dried samples between 0 and –50 �C.
However, no tests were performed on sam-
ples dried in the convection oven until this
experiment. The stability of these pigments
(lutein, b-carotene, and chlorophyll) has been
reported to be very stable in darkness for
2 weeks below +45 �C with measurable
changes only occurring after 4 weeks (Daood
et al., 2006; Tang and Chen, 2000).

Tissue N and chlorophyll content has
been correlated in a number of studies with
lower N levels resulting in less chlorophyll
production. Under limited N, both Chl a and
b pigments are reduced, resulting in potential
leaf tissue chlorosis (Taiz and Zeiger, 1998).
In the current study, the spinach chlorophyll
FM concentrations decreased 17% and 11%
and the kale decreased 32% and 26% for
Chl a and b, respectively, with decreased N.
Lefsrud et al. (2007) reported no significant
increases in total chlorophyll concentration
for ‘Melody’ spinach; however, ‘Springer’
spinach chlorophyll FM increased 23% when
N rates were increased from 13 to 105
mg�L–1. Grunwald et al. (1977) reported field
tobacco (Nicotiana tabacuin L.) grown with
limited N had a reduction in chlorophyll of
51% when N rates were reduced from 336 to
112 kg�ha–1.

In the current study, the FM lutein and
b-carotene decreased as the N treatments
increased. When measured as a function of
DM, lutein concentrations increased as the N
level increased. These results are similar to
Lefsrud et al. (2007). Hochmuth et al. (1999)
reported a quadratic response in carrot (Dau-
cus carota L.) tissue carotenoids as N rates
increased with maximum carotenoid produc-
tion occurring at 160 kg�ha–1 N.

Lefsrud et al. (2007) reported that ‘Mel-
ody’ spinach tissue lutein, as a function of
FM, did not change in response to increasing
N treatment concentrations. However, when
lutein was measured on a DM basis for
‘Melody’ spinach, lutein increased 80% as
the N level was increased by a factor of eight
times. Lefsrud et al. (2007) reported that
%DM was negatively correlated with N
concentration when growing spinach in nutri-
ent solution culture. In that study, spinach
%DM varied from 9.6% at 13 mg�L–1 N to
6.9% at 105 mg�L–1 N when the leaf tissue of
the plant was oven dried at +50 �C. In the
current study, the %DM of the spinach
samples varied from 6.4% to 12.7% for the
high and low N treatments, respectively. The
%DM for the kale varied from 13.2% to
22.5% for the high and low N treatments,
respectively. It has been reported for many
years that plants with elevated N fertilizer
generally possess unusually high water con-
tent (Pearsall and Ewing, 1929). This
increased water content in addition to
increases in the accumulation of other
organic compounds (Grunwald et al., 1977;
Lefsrud et al., 2007) can affect the loss of
organic compounds during drying. The loss
of these organic compounds during drying
can result in a discrepancy in the calculated
pigment concentrations based on either the FM
or DM calculations and has been attributed
to a dilution effect (Lefsrud et al., 2006, 2007).

Karathanos (1999) and Stegen et al.
(1998) reported decreases in %DM when
oven drying temperatures were greater than
+65 �C. Karathanos (1999) suggested that the
decrease in %DM was the result of decom-
position of low-molecular-weight sugars dur-
ing water evaporation. Other researchers
working on plants with a high content of
essential oils report the loss of VOC as drying
temperature increases (Diaz-Maroto et al.,
2002a, 2002b, 2004). These results suggest
that changes in %DM resulting from drying

temperature and method can be expected in
plants with a high content of essential oils,
but may also occur with plants without high
contents of essential oils.

Lutein, b-carotene, and chlorophyll levels
for both spinach and kale leaf tissues were
affected by drying temperature in the current
study. Concentrations of all four pigments
decreased �70% as the drying temperature
increased from –25 to +75 �C. Tai and Chen
(2000) reported that oven drying resulted in
concentration decreases of 42% for lutein and
48% for b-carotene when compared with
freeze drying. Daood et al. (2006) did not
report any changes in lutein when red peppers
(Capsicum annuum L.) were dried at temper-
atures less than 50 �C. King et al. (2001)
reported that chlorophyll concentrations of
vacuum-dried spinach samples (condenser at
–50 �C) remained higher than spinach that
was dried at +1 �C. In the current study, the
largest spinach pigment FM and DM levels
were measured at the –25 �C freeze dryer
treatment. The largest kale pigment FM and
DM levels were split between the –25 �C
freeze dryer and +25 �C vacuum dryer treat-
ments. Comparing data from samples dried
between –25 and +25 �C resulted in no
statistical difference between these drying
temperatures. However, a linear decrease
was observed in data for drying temperature
of +25, +50, and +75 �C. The FM spinach b-
carotene did not follow this trend and de-
creased as drying temperature increased from
–25 to +25 �C. To limit possible degradation
of pigments within kale and spinach tissue,
samples should be dried at temperatures
below +25 �C. Hence, the use of vacuum or
freeze drying technology is suggested.
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