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Abstract. Lettuce is one of the most important leafy vegetables in the United States,
and it is subjected to a decrease in edible quality when cultivated in environments
with hot temperatures and increased daylength. Specifically, bitter-tasting compounds
called sesquiterpene lactones (SLs) accumulate in certain cultivars and lettuce market
types, especially during the bolting stage. However, increased sugar accumulation
may offset bitterness, with high sugar:SL ratios reducing the bitter flavor perception.
Hence, it is important to determine the effect of seasonal temperatures on sugar, SL,
and sugar:SL accumulation in lettuce cultivars to predict the likelihood of perceived
bitterness. Twelve cultivars spread across four different commonly grown market
types (i.e., Romaine, Butterhead, Batavian, and SalanovaV

R

) were grown for four har-
vest seasons (Spring 2020, Fall 2020, early Summer 2021, and Winter 2021) in nutri-
ent flow technique hydroponic culture. Lettuces exhibited significant differences in
harvest seasons, cultivar, and their interaction for free SLs and total SLs, sucrose,
and sugar:SL ratio. Specifically, plant fresh weight and total SLs were greatest in
Spring 2020 and Fall 2020, respectively, and lowest in Winter 2021. Total sugars were
the same between harvests, and Winter 2021 had a significantly lower sugar:SL ratio
than that of the other three harvests. Cultivars included in this study within romaine
(Parris Island, Jericho, and Coastal Star) and Batavian market types (Nevada and Si-
erra, but excluding Cherokee) emerged as top candidates to grow during the summer
heat because of the higher plant weights, sugar concentrations, and lower sugar:SL
ratio, as well as decreased SL concentrations. Overall, SL and sugar concentrations
were notably low in the Winter 2021 harvest season for all cultivars and market
types. Growers can optimize their production and ensure better plant yield and qual-
ity by strategically choosing lettuce market types and cultivars that have better plant
growth and predicted flavor for different seasons in a greenhouse.

Lettuce (Lactuca sativa L.) is one of the
most significant leafy green vegetable crops
cultivated in the United States, accounts for
approximately $4.4 billion received in cash
receipts from its sales, and ranks as the most
widely consumed leafy green in the United
States (US Department of Agriculture 2023).
Adding to its popularity, lettuce encompasses
a diverse array of market types such as loose-
leaf, romaine, butterhead, Batavian, and pro-
prietary types like SalanovaV

R

. Each of these
types exhibits unique morphological and ge-
netic traits, such as variations in structure,
midrib formation, and levels of heat toler-
ance. Adaptability to heat is an increasingly
crucial characteristic in regions with hot

climates, such as Oklahoma (Thakulla et al.
2021). Research has shown that heat toler-
ance varies significantly among cultivars. In
addition, certain market types yield greater
fresh weights under elevated temperatures. For
example, cultivars like Nevada and Parris Is-
land have demonstrated higher yield in high-
temperature greenhouse environments com-
pared with that of others such as Buttercrunch
and Coastal Star (Holmes et al. 2019).

Lettuce is a cool season crop that prema-
turely bolts under heat stress, especially under
long light durations. Bolting is characterized
by the transition from vegetative to reproduc-
tive growth (Hao et al. 2018), which leads to
the redistribution of sugars from leaves to
reproductive tissues (Khan 2018; Lee and
Sugiyama 2006). Further, this transition trig-
gers the accumulation of bitter-tasting com-
pounds known as sesquiterpene lactones (SLs),
thereby negatively affecting edible quality.
Sugar and SL concentrations interact with each
other, and higher concentrations of sugar and
lower concentrations of SLs are associated

with an appealing and nonbitter flavor per-
ception. This highlights the importance of the
sugar:SL ratio in determining overall lettuce
quality (Chadwick et al. 2016).

Lettuce quality is influenced by seasonal
production factors, including maximum daily
temperature, light intensity and especially
light duration, and humidity, which fluctuate
throughout the year (Sublett et al. 2018).
Greenhouse cultivation offers a potential so-
lution to mitigate these seasonal effects by
providing a controlled environment that mod-
erates temperature variations. Lettuce produc-
tion in greenhouses is gaining popularity
worldwide because of its higher than average
field produced yields, year-round production
availability, and improved crop management
practices (Gargaro et al. 2023). Recent stud-
ies have demonstrated that controlled envi-
ronment agriculture can significantly enhance
crop quality and yield. Specifically, lettuce
grown in a climate-controlled setting exhib-
ited reduced bolting rates and improved taste
profiles compared with those of lettuce grown
outdoors (Hernandez et al. 2020; Wang et al.
2023). Greenhouse mechanical systems help
regulate high summer temperatures and low
winter temperatures, facilitating year-round
production (Lei and Engeseth 2021). How-
ever, seasonal microclimate differences in
terms of temperatures and humidity still
exist within greenhouses which could have
a significant influence on plant perfor-
mance, yield, and edible quality; however,
their severity, depends on the greenhouse
design, outside climate, and technology
available to control the environmental con-
ditions within the greenhouse, such as
heating, cooling, and ventilation systems
(�Salagovi�c et al. 2024). Furthermore, a
study by Li et al. (2023) highlighted the
genetic variability among lettuce cultivars
in response to environmental stresses, thus
emphasizing the need for cultivar selec-
tions that consider both seasonal variation
as well as macroclimate or microclimate
changes. Hence, it is important to select the
right cultivars suitable for different sea-
sonal variations within a greenhouse. How-
ever, there is little literature regarding the
effect on seasonal variations in greenhouses
on lettuce quality in terms of sugars, SL, and
sugar: SL ratio.

This study aimed to investigate the effects
of different seasons on specific lettuce culti-
vars grown in a nutrient flow technique
(NFT) greenhouse production environment.
Understanding the responses of cultivars to
changing greenhouse environmental condi-
tions throughout the year can enhance pro-
duction strategies and improve the quality of
lettuce. Hence, the current study investigated
the extent to which plant weight, SL, sugar,
and sugar:SL ratio in hydroponically grown
lettuce were influenced by seasonal variation
and cultivars within various market types.
The objective was to evaluate yield, expressed
as fresh plant weight, and quality indicators
(SL, sugar, and sugar:SL ratio) of 12 different
lettuce cultivars grown hydroponically across
four different seasons (i.e., spring, fall, summer,
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and winter) of production. The overall goal of
the study was to identify lettuce market types
and cultivars that perform well in terms of yield
and quality across seasons within a greenhouse
environment.

Materials and Methods

Plant material. Twelve lettuce cultivars,
including romaine, butterhead, Batavian, and
SalanovaV

R

market types, were grown in this
study. Seeds were purchased from Johnny’s
Selected Seed Company (Winslow, ME, USA)
as pelleted or nonpelleted dependent on com-
mercial availability of the pelleted form. Lettuce
market type, cultivar, and seed form (pelleted
or nonpelleted) information are included in
Table 1. Seedlings were germinated in 1.5-cm3

Oasis cubes (Oasis Grower Solutions, Kent,
OH, USA) at a density of one plant per cube on
a mist bench at the Greenhouse Learning Cen-
ter, Oklahoma State University Campus (Still-
water, OK, USA; lat. 36.125769861756694�N,
long. 97.07393133189352�W). Mist bench
emitters were turned on in 10-min intervals
for a duration of 5 s. Miracle Gro (200 ppm
solution of 24N–4.8P–9.6K; Scotts Miracle-
Gro Company, Marysville, OH, USA) was
applied in a single application 2 weeks after
placement on the mist bench. Seedlings were
held on the mist bench for 4 weeks before
transferring into hydroponic culture.

Hydroponic culture. Seedlings were trans-
planted into randomly assigned slots on Hydro-
cycle Pro NFT tables (Growers Supply,
Dyersville, IA, USA) in a randomized com-
plete block design with five plants per culti-
var per replication and four replications, with
a total of 20 plants per cultivar grown across
different seasons (Spring 2020, Fall 2020, early
Summer 2021, and Winter 2021) (Table 2).

Two NFT tables were used, and each ta-
ble included 10 troughs with 18 planting
holes per trough (180 planting holes per
table). Each trough measured 10 cm wide �
5 cm deep � 900 cm long, with 20-cm spac-
ing between planting holes. The tables had a
decline in slope of approximately 3% be-
tween the inlet and drainage ends. Hydroponic
solutions within each 150-L table reservoir
were initially started at 1.0 mS electrical conduc-
tivity (EC) using fertilizer (Jack’s Hydroponic

Special 5N–12P–26K; JR Peters Inc., Allen-
town, PA, USA) and at pH 6.0 using pH down
(General Hydroponics, Santa Rosa, CA, USA).
The EC was gradually increased to 2.0 mS over
the course of 2 weeks (0.5 mS EC/week). Solu-
tions were then maintained at 2.0 mS EC by
monitoring and adjusting daily. The EC and pH
were measured using a dual EC/pH meter (HI
9831-6; Hanna Instruments, Woonsocket, RI,
USA). The flowrate of nutrient solution was
1500 L�h�1 for each table. Dissolved oxygen
was maintained between 8 and 14 ppm using
an aquarium air pump (Hydrofarm; Active
Aqua AAPA15L, Petaluma, CA, USA). The
daily light integral (DLI), temperature, and hu-
midity readings were recorded using a TR-7Ui
multidata logger (T&D, Matsumoto City, Japan)
(Fig. 1 and Table 2).

Lettuce harvesting and processing. At har-
vest, the three (of five) representative lettuce
plants based on overall appearance in each
replication with adhering roots attached to
the Oasis cube were lifted out of the hydro-
ponic trough, placed in a labeled bag, trans-
ferred to laboratory facilities at the Noble
Research Center on the Oklahoma State Uni-
versity campus, and held in a cold room at
2 �C before further processing on the same
day. Lettuce plants were first cut at the Oasis
cube, and the cube and roots were discarded.
Damaged leaves were removed, and shoot
fresh weights for each lettuce head were re-
corded as yield. Samples were washed, head
cores were removed, and a final leaf weight
was determined. Samples were labeled, se-
cured in cheesecloth, placed in a freezer bag,
and held in a walk-in freezer at �20 �C be-
fore freeze-drying. Samples were freeze-dried
because it the most recommended method for
quality retention (Cal�ın-S�anchez et al. 2020)
using a Harvest Right freeze-dryer (HRFD-
PLrg-SS; Harvest Right, North Salt Lake,
UT, USA) with a final shelf temperature of
21.1 �C, pressure at 23 kPa, and cold trap
temperature of �40 �C for approximately
100 h. After completion of drying, lyophi-
lized samples were weighed and ground
into 120-mL brown bottles through a 1-mm
screen using a UDY Cyclone Mill (UDY Cor-
poration, Fort Collins, CO, USA). Immediately
after grinding, duplicate samples of approxi-
mately 150 mg were weighed for each lettuce
sample to undergo a moisture content analysis.
Samples were placed in an oven at 80 �C for
48 h. Moisture content of freeze-dried samples
was calculated as a percentage. The remainder
of the sample was used for sugar and SL ex-
traction and analyzed.

Sugar extraction and analysis. Sugar ex-
traction and preparation for analysis were
conducted according to Maness (2010) and
Davies (1988), with some modifications. Ap-
proximately 200 mg of each freeze-dried
sample was accurately weighed in duplicate
2-dram vials. Samples were extracted with
2 mL of 95% ethanol by boiling under reflux
at 85 �C using a digital dry block heater (Iso-
temp; Fisher Scientific, Waltham, MA, USA)
for 20 min, with mixing every 5 min. After
extraction, samples were centrifuged for
15 min at 3000 gn using a SpeedVacV

R

centri-
fuge (SPD-121P; Thermo-Savant, Waltham,
MA, USA) and filtered using Whatman 41
filter paper (Cole-Parmer, Vernon Hills, IL,
USA) into 10-mL volumetric flasks. Samples
were re-extracted three additional times, and
the combined supernatants were brought to
volume after rinsing the filter paper three
times with 95% ethanol. Sample solutions
were then transferred and stored in securely
capped brown bottles.

Duplicate 300 mL aliquots from each ex-
tract were placed in 2-dram vials, and 100 mg
of inositol (Sigma-Aldrich, St. Louis, MO,
USA) was added as an internal standard to
each sample. Samples were dried overnight
in a Speed Vac. To remove contaminants,
250 mg of a MB-1 ion-exchange resin
(UCW3600; generously provided by Purolite,
Philadelphia, PA, USA) and a micro stir-bar
were added to each sample. Deionized H2O
(1 mL) was added, and samples were stirred
on a modular multistir plate (Cole-Parmer,
Vernon Hills, IL) set at 680 rpm for 2 h.
Samples were then centrifuged for 10 min at
3000 gn, and the supernatant was decanted
into a new vial. The supernatant was dried
using a SpeedVac and placed in a desiccator
overnight with lids loosened. Then, nitrogen
and O-Bistrifluoroacetamide plus 1% trime-
thylsilyl (50 mL; Tokyo Chemical Industry,
Tokyo, Japan) was added. Samples were vor-
texed for 30 s and incubated at room temp for
1 h. Next, dimethylformamide (100 mL) was
added to the sample mixture, vortexed for 30 s,
and incubated for another hour at room temper-
ature before analysis. Samples appeared to be
stable for at least 6 h after the addition of dime-
thylformamide. Multiple samples were pre-
pared for morning injections, and new batches
were prepared for afternoon injections onto a
gas chromatograph.

Sugars were quantitated by injection onto
a Varian 3400 gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA). Sam-
ples were vortexed for 30 s, and 0.5 mL was

Table 1. Lettuce market type, cultivari, and seed
form (pelleted or nonpelleted).

Type Cultivar Seed formii

Romaine Parris Island NP
Jericho NP
Coastal Star P

Butterhead Buttercrunch NP
Nancy P

Batavian Nevada P
Cherokee P
Sierra NP

SalanovaV
R

Butter Red P
Butter Green P
Sweet Crisp Red P
Sweet Crisp Green P

i Seeds were purchased from Johnny’s Selected
Seed Company (Winslow, ME, USA).
ii Seed form: NP 5 nonpelleted; P 5 pelleted.

Table 2. Seeding, transplanting, harvest date, total days elapsedi, and average daily light interval for
lettuce growth during each season at the Greenhouse Learning Center in Stillwater, OK, USA.

Total days Average
Season Seeding date Transplanting date Harvest date elapsedi DLI (mol)
Spring 2020 4 Mar 2020 30 Mar 2020 (26)ii 4 May 2020 (35) 61 15.4 ± 4.1
Fall 2020 29 Jul 2020 27 Aug 2020 (29) 28 Sep 2020 (32) 61 23.7 ± 3.2
Early Summer 2021 2 Jun 2021 7 Jul 2021 (35) 2 Aug 2021 (26) 61 24.1 ± 3.0
Winter 2021 14 Oct 2021 12 Nov 2021 (29) 20 Dec 2021 (38) 67 12.8 ± 2.6
i Total days elapsed since the seeding date.
ii Numbers in parentheses denote elapsed time since the previous stage.
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injected onto a DB-5 capillary column (col-
umn length, 30 m; diameter, 0.25 mm; film
thickness, 0.25 mm; Agilent Technologies)
equipped with a splitless injector held at
260 �C. The column temperature was ini-
tially held at 140 �C for 2 min, followed by
a ramp of 20 �C/min until reaching 280 �C,
and held for 9 min. Peaks were detected using
a flame ionization detector held at 300 �C.
Chromatographic data from the flame ioniza-
tion detector signal was collected using Dionex
Peak Net (Dionex Corporation, Sunnyvale, CA,
USA) software. Sugars (glucose, fructose, and
sucrose) were identified according to coelution
with authentic standards and quantitated using
inositol as the internal standard.

Sesquiterpene lactone extraction and anal-
ysis. The modified procedure of Ferioli and
D’Antuono (2012) was used to extract SLs.
Approximately 200 mg of ground freeze-
dried plant material was accurately weighed
in duplicate for free and bound SL determina-
tions of each sample. Before extraction of the
quadruplicate samples, 20 mg of santonin
(Sigma-Aldrich, St. Louis, MO, USA) was
added as the internal standard, followed by
the addition of 3 mL of extraction solvent
[MeOH, H2O (4:1 v/v) 12% formic acid].
The samples were mixed for 15 s using a
Vortex Genie stirrer (Scientific Industries,
Bohemia, NY, USA) set at maximum speed

and incubated at 60 �C for 30 min, with stir-
ring every 10 min. After incubation, the sam-
ples were centrifuged at 3000 gn for 20 min
using a Speed Vac centrifuge. The supernatant
was transferred into a separate vial, and ex-
traction was repeated. Because of cloudiness,
the combined supernatants were centrifuged
again, decanted into a clean vial, and dried in
a Speed Vac Centrifuge overnight (SVC-
100H; Savant, Farmingdale, NY, USA).

The dried quadruplicate samples were re-
constituted into deionized H2O (3 mL) using
vortex stirring for 20 s. To determine bound
SLs, cellulase enzyme (Aspergillus niger,
25 mg, 1.1 units/mg; Sigma-Aldrich) was
added to one duplicate set of the samples.
Then, both free and bound duplicate sets of
samples were vortexed and incubated at 40 �C
for 2 h. Then, SLs were recovered into 2 mL
of ethyl acetate by vortexing for 15 s, and
samples were centrifuged at 3000 gn in a
Speed Vac centrifuge for 10 min to accommo-
date phase separation. The upper ethyl acetate
phase was recovered, and the ethyl acetate SL
recovery process was repeated twice. Com-
bined ethyl acetate phases were evaporated to
dryness for 3 h using a Speed Vac. The resi-
dues for both free and bound samples were
dissolved again in 1 mL of methanol (>99%;
EMD Millipore Corporation, Billerica, MA,

USA) and overlaid with 5 mL of dichlorome-
thane for further processing.

Both free and bound SL-containing frac-
tions were processed by SPE according to Fer-
ioli and D’Antuono (2012) using Extract-Clean
silica columns (2.8 mL reservoir/500 mg silica
sorbent; Alltech Associates Inc., Deerfield, IL,
USA). The columns were preconditioned with
6 mL of dichloromethane/isopropanol (1:1 v/v)
and equilibrated with 6 mL of dichloromethane.
Samples were gravity-fed through the columns,
and the eluate was dried for 2 h using a Speed
Vac. Columns were reconditioned with 6 mL
of dichloromethane/ethyl acetate (3:2 v/v), and
the eluate was discarded.

Before high-performance liquid chromatog-
raphy (HPLC) injection, samples were dis-
solved in 1 mL HPLC H2O/MeOH (1:1 v/v),
vortexed until the pellet was dissolved again,
and filtered using a stainless-steel Millipore Fil-
ter apparatus (Millipore Corporation, Billerica,
MA, USA) with a 0.45-mm nylon 66 filter (Su-
pelco, Bellefonte, PA, USA) and Whatman 41
prefilter (Whatman International, Maidstone,
England). The HPLC analyses were performed
using a Thermo-Dionex Ultimate-3000 (Ther-
moFisher Scientific, Waltham, MA, USA)
system with a gradient pump, autosampler,
and PDA-1 diode array detector. Specifically,
SLs were detected at 264 nm, and injection
volumes were set for 10 mL. Separations were
conducted using a Kinetex XB C18 column
(5 mm; 250 � 4.6 mm) equipped with a C18
(4 � 3.0 mm) pre-column with cartridges
placed in a Security Guard apparatus (Phe-
nomenex, Torrance, CA, USA). Flow rate was
set to 1.0 mL·min�1, and elution solvents
were 10% and 55% acetonitrile in HPLC H2O
for solvent A and solvent B, respectively. The
following eluent gradient program of 48 min
was established: 100% solvent A for 5 min,
followed by a linear gradient to 85% solvent
B by 35 min, and then to 100% solvent B at
36 min. Solvent B was held at 100% for 8 min
and then returned to 100% solvent A over
1 min. Initial conditions of 100% solvent
A were held for 3 min before the next injection.
Chromatograms were analyzed using a chroma-
tography data system (Chromeleon 7; Thermo-
Dionex, Waltham, MA, USA). The SLs were
identified according to coelution with authentic
standards (lactucin, 8-deoxylactucin, and lactu-
copicrin) and quantitated relative to santonin as
an internal standard. Bound SLs were deter-
mined by subtracting bound SL samples (the
cellulase-treated samples) from free SLs for
lactucin, 8-deoxylactucin, and lactucopicrin.

Statistical analysis. Data were analyzed
with SAS 9.4 (SAS Inc., Cary, NC, USA) us-
ing the PROC GLIMMIX procedure. The
study included harvest season, cultivar, and the
harvest season � cultivar interaction in four
replications. When appropriate, differences
among treatment means were determined using
Tukey’s least significant difference (P# 0.05).

Results

Effect of harvest season and lettuce culti-
vars on plant yield. The results showed that
plant fresh weight was not significantly affected
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by the harvest season � cultivar interaction.
However, fresh weight was significantly differ-
ent between seasons (P < 0.001) (Table 3),
with the average plant fresh weight being great-
est during both Spring 2020 and Fall 2020, fol-
lowed by both Summer 2021 and Winter 2021
(Fig. 2A). Similarly, plant fresh weight varied
significantly between cultivars (P < 0.001)
(Table 3). The greatest plant fresh weight was
found in romaine and Batavian market types,
with romaine ‘Jericho’ showing the greatest
plant fresh weight, and SalanovaV

R

‘Butter Red’

and ‘Butter Green’ showing the lowest plant
fresh weight (Fig. 2B). Notably, ‘Summer
Crisp Green’ was the only SalanovaV

R

cultivar
in the study that fell into the higher statistical
grouping for plant weight.

Effect of harvest seasons, lettuce cultivars,
and their interaction on lettuce quality. The
results showed that there was a significant
harvest season � cultivar interaction for all
three free SLs (lactucin, 8-deoxylactucin,
and lactucopicrin), total SLs, sucrose and
sugar:SL ratio (Table 3). Furthermore, bound

SLs, fructose, glucose, and total sugars were
not significantly affected by the harvest sea-
son � cultivar interaction. Alternatively, free
SLs, bound 8-deoxylactucin, fructose, su-
crose, and sugar:SL ratio were significantly
different for harvest seasons and cultivars.
Bound lactucin was not significantly affected
by either harvest season or cultivar. Bound
lactucopicrin, glucose, and total sugars varied
significantly between harvest seasons, but not
between cultivars (Table 3).

Effect of harvest season on bound SL and
sugar concentrations. Significant main effects
within harvest season were noted for bound
SL concentrations (i.e., 8-deoxylactucin and
lactucopicrin) and sugar concentrations (i.e.,
fructose, glucose, total sugars) (Table 4). In
general, bound SL concentrations were almost
a magnitude lower than their free counterparts
(Tables 4� 6). Specifically, bound 8-deoxy-
lactucin was greatest in Spring 2020 and least
in Fall 2020 and Winter 2021; bound lactuco-
picrin was greatest in Spring 2020, Summer
2021, and Fall 2020, and it was lowest in Win-
ter 2021 (Table 4). However, fructose, glu-
cose, and total sugar were greater in summer
harvest seasons than in spring. Additionally,
the fructose content was greatest in Fall 2020
and Summer 2021 and lowest in Spring 2020
and Winter 2021. Glucose was greatest in
Summer 2021, followed by Fall 2021; both
Spring 2020 and Winter 2021 showed similar
concentrations. The total sugar content was
greatest in Summer 2021 and lowest in Spring
2020.

Effect of lettuce type and cultivars on SL
and sugar concentrations. Cultivar signifi-
cantly affected the concentrations of bound
8-deoxylactucin and fructose (Table 5).
Bound 8-deoxylactucin was greater for Bata-
vian Cherokee than any other cultivar, includ-
ing the other two Batavian types (i.e., Nevada
and Sierra) (Table 5). Fructose concentrations
were highest in two Batavian cultivars (Ne-
vada and Sierra) and lowest in SalanovaV

R

Butter Red.
Effect of harvest seasons and lettuce culti-

vars on the free SL and sugar concentrations
and sugar:SL ratio. Specifically, free lactucin
was only different between cultivars in the
summer season, with butterhead ‘Buttercrunch’
and SalanovaV

R

‘Butter Red’ exhibiting the
highest concentration (Fig. 2B). The concentra-
tion of free lactucopicrin predominated among
the three SL in all cultivars except Batavian
‘Cherokee’, which had the greatest concentra-
tion of free 8-deoxylactucin among all cultivars
and across all seasons. Additionally, total SLs
appeared to be lower in the winter harvest
across all cultivars. Predominantly, both Sala-
novaV

R

Butter cultivars appeared in the highest
statistical groupings for total SLs in all seasons,
whereas both SalanovaV

R

Sweet Crisp Green
and Batavian Cherokee had the highest statisti-
cal grouping only once during the spring har-
vest. Alternatively, at least one cultivar within
the romaine market type was in the lowest sta-
tistical grouping for total SLs in all seasons
(i.e., Jericho in the spring and winter harvests,
Parris Island in the summer and fall harvests,
and Coastal Star in the summer harvest).

Table 3. Effects of harvest season and cultivar on sesquiterpene lactone content, sugar content, and
plant fresh weight of lettuce grown in nutrient flow technique hydroponics systems.

Harvest seasoni Cultivarii Harvest season � cultivar
Free SLs Lactucin ***iii ** *

8-Deoxylactucin *** *** ***
Lactucopicrin *** *** **

Bound SLs Lactucin NS NS NS
8-Deoxylactucin * *** NS
Lactucopicrin ** NS NS

Total SLs Total SLs *** *** *
Soluble sugars Fructose *** * NS

Glucose *** NS NS
Sucrose *** *** *

Total sugar Total sugar *** NS NS
Sugar:SL ratio *** *** **
Plant fresh wt *** *** NS

i Harvest seasons included Spring 2020, Fall 2020, early Summer 2021, and Winter 2021.
ii Twelve cultivars in this study were Jericho, Coastal Star, Parris Island, Buttercrunch, Nancy,
Nevada, Cherokee, Sierra, Butter Red, Butter Green, Sweet Crisp Red, and Sweet Crisp Green.
iii NS, *, **, *** Nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively.
SLs 5 sesquiterpene lactones.
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Fig. 2. Effects of (A) harvest season and (B) cultivar on plant fresh weight of lettuce. Lettuce cultivars:
BC 5 Buttercrunch; BG 5 Butter Green; BR 5 Butter Red; CHR 5 Cherokee; CS 5 Coastal
Star; JER 5 Jericho; NAN 5 Nancy; NEV 5 Nevada; PI 5 Parris Island; SCG 5 Sweet Crisp
Green; SCR 5 Sweet Crisp Red; SIE 5 Sierra.
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Batavian cultivars exhibited total SLs in the
lowest statistical grouping three times (Sierra in
summer and fall and Nevada in summer). The
butterhead and SalanovaV

R

cultivars were in the
lowest statistical grouping in only one season
(butterhead Buttercrunch in the fall harvest and
SalanovaV

R

Sweet Crisp Green in the summer
harvest). Also, cultivars only differed in the su-
crose concentration in the summer harvest,
with butterhead Nancy equivalent to Batavian
Nevada and Sierra, all of which had a greater
sucrose concentration than that of other culti-
vars. However, the sugar:SL ratio was only dif-
ferent among cultivars in the winter harvest,
with romaine Jerricho exhibiting a greater ratio
than that of butterhead Nancy, Batavian Chero-
kee, and all of the SalanovaV

R

cultivars.

Discussion

Within greenhouses, seasonal variations
occur as a result of interactions between ex-
ternal weather patterns and how these pat-
terns engage with the greenhouse’s internal
environment and existing passive heating and
cooling systems (Santosh et al. 2017). These
internal environmental fluctuations within a
greenhouse affect plant growth, water uptake,
overall plant health, and produce quality
(Gruda 2005). Only a few other studies have
established the seasonal influence on plant
growth of hydroponically grown lettuce

(Djidonou and Leskovar 2019; Fallovo
et al. 2009). The current study found that
head weight was greater in spring and fall
production seasons than in the winter sea-
son (Fig. 2A). However, Djidonou and Le-
skovar (2019) observed greater head weight
in hydroponically grown lettuce only in the
spring season compared with that in the fall
and winter growing seasons. The increased
head weight was a product of a higher rate of
leaf appearance under the favorable spring
conditions of moderate temperature under op-
timal increasing light durations (Djidonou
and Leskovar 2019). Alternatively, the cur-
rent study with different cultivars observed a
substantial decrease in head weight of lettuce
harvested during summer and winter com-
pared with that of lettuce harvested during
spring and fall. The decrease in lettuce head
weight in summer months could be attributable
to the increasing hydroponic water tempera-
ture, which is a critical factor in hydroponic
growth environments (Thakulla et al. 2021),
caused by equilibrium of the uninsulated hy-
droponic table reservoir with the prevailing
air temperature during the summer season.
Additionally, lettuce is a long-day plant that
produces undesirable flowers when exposed to
light durations exceeding 12 h per day (i.e.,
summer months). Still, insufficient light du-
rations in the winter can slow plant growth,
leading to a low growth rate (Djidonou and

Leskovar 2019). In the current study, longer
light durations and higher water tempera-
tures during summer months and shorter
light durations and lower air and water tem-
peratures during winter production seasons
could have affected photosynthesis and res-
piration rates and ultimately resulted in re-
duced plant growth and yield.

Cultivar differences also have been noted
in terms of plant fresh weight, highlighting
the importance of cultivar selection to maxi-
mize plant growth, especially when growing
in limited spaces such as greenhouses. Ro-
maine market types were the greatest plant
fresh weight group compared with other market
types (Fig. 2B). Similarly, Afton et al. (2020)
showed that romaine market types were heavi-
est compared with butterhead, crisphead, and
loose leaf market types. Alternatively, the
current study suggests that most romaine,
butterhead, and Batavian lettuce heads were
comparable in weight, with the exception of
romaine ‘Jericho’, which yielded significantly
more than butterhead ‘Nancy’ (Fig. 2B). Dif-
ferences in weight between cultivars within a
market type exist (Afton et al. 2020), indicat-
ing that while lettuce yield may be loosely
categorized by market type, substantial differ-
ences in performance of individual cultivars
must be considered when making production
decisions for improved yield.

A significant cultivar � harvest season in-
teraction in all free SLs, total SLs, and the sug-
ar:SL ratio, but not for total sugars (Table 3),
may indicate that any seasonal influence on
lettuce flavor across cultivars depended more
on SL concentrations than on total sugars for
the lettuce market types and cultivars studied.
According to Chadwick et al. (2016), a high
sugar:SL ratio for lettuce correlated to less
bitter perception by taste panelists and higher
overall acceptance of the lettuce. Addition-
ally, significant differences in the sugar:SL
ratio occurred between cultivars in Summer
2021 and Winter 2021, with Winter 2021 ex-
hibiting greater ratios (presumably less bitter
flavor) than those of the Summer 2021 har-
vest (Table 4). The Winter 2021 increase in
the sugar:SL ratio was related to total SL con-
centrations being approximately three-times
lower while total sugar concentrations across
cultivars were only less than two-times lower
(Table 4). These data further support our
findings that, compared to the sugar concen-
tration, the SL concentration of lettuce may
exert a larger influence on the sugar:SL ratio,
which was not directly investigated during
previous research. However, some caution
may also be warranted when individual sugar
concentrations are considered. Because plants
from the Summer 2021 harvest season were
significantly greater in fructose compared
with those form the Winter 2021 harvest sea-
son, and because fructose is perceived to be
twice as sweet as glucose (Chadwick et al.
2016; Gilbert et al. 2015), the summer lettu-
ces may not have been perceived as bitter on
the same scale as the winter lettuces despite
exhibiting lower sugar:SL ratios (Table 4).

Table 4. Means, standard error, and mean separations for significant main effects within harvest season
(Spring 2020, Fall 2020, early Summer 2021, Winter 2021) in nutrient flow technique hydroponic
systems.

SL concn (mg�g�1) Sugar concn (mg�g�1)

Harvest season
Bound

8-deoxylactucin
Bound

lactucopicrin Fructose Glucose
Total
sugar

Spring 2020i 3 ± 1 aii 15 ± 2 a 25 ± 3 b 35 ± 3 c 67 ± 6 c
Fall 2020 2 ± 0 b 9 ± 4 ab 43 ± 5 a 57 ± 4 b 106 ± 9 b
Early Summer 2021 2 ± 1 ab 17 ± 2 a 45 ± 3 a 76 ± 2 a 149 ± 7 a
Winter 2021 1 ± 1 b 4 ± 1 b 21 ± 2 b 35 ± 1 c 92 ± 4 b
i Spring 2020 means do not include ‘Butter Green’ (n 5 45).
ii Means (n 5 48) within a column followed by the same lowercase letter are not significantly different
according to the pairwise comparison in the model (P # 0.05).
SLs 5 sesquiterpene lactones.

Table 5. Means, standard error, and mean separations for significant main effects within cultivar
(four market types) in nutrient flow technique hydroponic systems.

SL concn (mg�g�1) Sugar concn (mg�g�1)
Type Cultivar Bound 8-deoxylactucin Fructose
Romaine PIi 0 ± 0 bii 37 ± 8 ab

JER 0 ± 0 b 33 ± 7 ab
CS 1 ± 1 b 37 ± 4 ab

Butterhead BC 2 ± 1 b 34 ± 5 ab
NAN 0 ± 0 b 31 ± 5 ab

Batavian NEV 3 ± 1 b 46 ± 8 a
CHR 12 ± 2 a 28 ± 5 ab
SIE 2 ± 1 b 44 ± 9 a

SalanovaV
R

BR 1 ± 1 b 17 ± 4 b
BGiii 0 ± 0 b 34 ± 4 ab
SCR 0 ± 0 b 35 ± 7 ab
SCG 0 ± 0 b 28 ± 4 ab

i Lettuce cultivars: BC 5 Buttercrunch; BG 5 Butter Green; BR 5 Butter Red; CS 5 Coastal Star;
JER 5 Jericho; NAN 5 Nancy; PI 5 Parris Island; SCG 5 Sweet Crisp Green; SCR 5 Sweet Crisp Red.
ii Means (n 5 12) within a column followed by the same lowercase letter are not significantly differ-
ent according to the pairwise comparison in the model (P # 0.05).
iii ‘Butter Green’ is missing Spring 2020 data.
SLs 5 sesquiterpene lactones.
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Romaine and Batavian cultivars (with the
exception of Cherokee) consistently performed
in lower statistical groupings for the concen-
tration of the most abundant SLs found in the
lettuce (i.e., lactucopicrin) (Table 5). Because
lactucopicrin predominated in concentration
among the other SLs evaluated in this study,

with the exception of ‘Cherokee’ (in which 8-
deoxylactucin predominated), a lower abun-
dance of lactucopicrin among cultivars may
decrease the assumed comparative perception
of bitterness. Hence, romaine and Batavian
(except ‘Cherokee’) market types may have
less assumed bitterness than that of other

cultivars in the study. Likewise, Seo et al.
(2009) used that bitterness score and con-
cluded that lactucopicrin exerted the greatest
influence on lettuce bitter off-flavor in Korean
lettuces, in which lactucopicrin was also a
major SL. The significant harvest season �
cultivar interactions for free lactucopicrin and

Table 6. Lettuce quality means and standard error for interactions between cultivar and harvest seasons.

SL concn (mg�g�1) Sugar concn (mg�g�1)

Type Cultivar Lactucini 8-Deoxylactucini Lactucopicrini Total SLs Sucrose Sugar:SL
Spring 2020

Rii PIiii 30 ± 12iv 0 ± 0 bv 72 ± 4 abciv 115 ± 17 ab 4 ± 1 519 ± 119
JER 9 ± 5 0 ± 0 b 31 ± 12 c 46 ± 17 b 5 ± 1 1219 ± 642
CS 28 ± 1 5 ± 1 b 44 ± 10 bc 104 ± 20 ab 8 ± 2 1111 ± 242

BH BC 17 ± 4 10 ± 3 b 51 ± 18 bc 96 ± 29 ab 13 ± 7 1497 ± 831
NAN 17 ± 7 1 ± 0 b 112 ± 19 ab 124 ± 18 ab 11 ± 2 527 ± 212

BV NEV 8 ± 0 9 ± 2 b 49 ± 9 bc 80 ± 12 ab 8 ± 2 1022 ± 306
CHR 9 ± 2 78 ± 14 a 46 ± 4 bc 162 ± 16 a 5 ± 2 287 ± 82
SIE 8 ± 1 11 ± 2 b 63 ± 5 bc 100 ± 3 ab 7 ± 3 762 ± 275

S BR 18 ± 2 1 ± 0 b 105 ± 9 abc 154 ± 12 a 9 ± 5 582 ± 303
BG NAv NA NA NA NA NA
SCR 21 ± 10 0 ± 0 b 76 ± 48 abc 112 ± 32 ab 9 ± 3 742 ± 229
SCG 23 ± 10 1 ± 0 b 131 ± 11 a 146 ± 21 a 6 ± 4 618 ± 265

Fall 2020

R PI 5 ± 2 0 ± 0 c 41 ± 9 cd 50 ± 11 b 8 ± 5 2392 ± 969
JER 21 ± 14 0 ± 0 c 31 ± 6 d 67 ± 31 ab 5 ± 1 2175 ± 1053
CS 18 ± 5 2 ± 1 c 48 ± 8 bcd 79 ± 19 ab 6 ± 2 1905 ± 767

BH BC 14 ± 5 2 ± 2 c 40 ± 8 d 62 ± 12 b 5 ± 2 1643 ± 273
NAN 18 ± 9 1 ± 1 c 93 ± 19 abc 118 ± 24 ab 6 ± 1 1116 ± 262

BV NEV 11 ± 6 4 ± 1 c 41 ± 4 cd 66 ± 11 ab 9 ± 2 2387 ± 884
CHR 7 ± 2 46 ± 1 a 49 ± 7 bcd 123 ± 6 ab 5 ± 1 1050 ± 384
SIE 6 ± 3 3 ± 0 c 37 ± 3 d 51 ± 4 b 9 ± 3 3202 ± 1290

S BR 29 ± 8 0 ± 0 c 94 ± 15 ab 129 ± 23 ab 4 ± 0 479 ± 29
BG 41 ± 29 12 ± 2 b 130 ± 20 a 194 ± 46 a 5 ± 1 520 ± 79
SCR 25 ± 12 0 ± 0 c 48 ± 7 bcd 137 ± 66 ab 5 ± 1 941 ± 276
SCG 24 ± 4 1 ± 1 c 103 ± 9 a 136 ± 8 ab 4 ± 1 675 ± 147

Early Summer 2021

R PI 11 ± 0 ef 0 ± 0 c 93 ± 11 c 118 ± 11 c 16 ± 2 c 1091 ± 278 ab
JER 36 ± 4 bc 1 ± 1 c 97 ± 11 bc 144 ± 11 bc 23 ± 3 bc 1052 ± 142 ab
CS 13 ± 1 def 2 ± 1 c 76 ± 6 c 108 ± 7 c 23 ± 4 bc 1439 ± 381 ab

BH BC 53 ± 5 a 14 ± 1 b 108 ± 9 abc 202 ± 25 abc 16 ± 1 c 576 ± 74 b
NAN 17 ± 6 def 1 ± 1 c 106 ± 3 bc 167 ± 10 abc 53 ± 8 a 1068 ± 107 ab

BV NEV 13 ± 3 def 7 ± 1 bc 74 ± 9 c 115 ± 8 c 40 ± 8 ab 2004 ± 339 ab
CHR 7 ± 4 f 50 ± 8 a 58 ± 7 c 141 ± 20 bc 22 ± 0 bc 889 ± 79 b
SIE 11 ± 2 ef 8 ± 1 bc 75 ± 5 c 113 ± 4 c 39 ± 5 abc 1519 ± 164 ab

S BR 44 ± 7 ab 0 ± 0 c 174 ± 18 a 254 ± 31 a 16 ± 2 c 504 ± 120 b
BG 27 ± 2 cd 1 ± 1 c 164 ± 34 ab 224 ± 44 ab 31 ± 5 bc 799 ± 229 b
SCR 26 ± 3 cde 0 ± 0 c 99 ± 11 bc 134 ± 13 bc 29 ± 5 bc 1190 ± 147 ab
SCG 20 ± 2 cdef 0 ± 0 c 86 ± 8 c 124 ± 13 c 28 ± 2 bc 1194 ± 60 ab

Winter 2021

R PI 3 ± 1 1 ± 1 b 20 ± 4 abc 25 ± 5 bc 36 ± 2 4357 ± 1049 ab
JER 2 ± 1 0 ± 0 b 7 ± 1 c 12 ± 1 c 43 ± 3 8966 ± 517 a
CS 4 ± 1 0 ± 0 b 11 ± 1 bc 22 ± 3 bc 34 ± 3 5696 ± 854 ab

BH BC 2 ± 1 0 ± 0 b 10 ± 1 c 18 ± 1 bc 33 ± 6 5239 ± 1345 ab
NAN 10 ± 6 1 ± 1 b 29 ± 2 ab 44 ± 9 ab 39 ± 9 1858 ± 564 b

BV NEV 2 ± 1 1 ± 0 b 14 ± 3 ab 28 ± 8 bc 43 ± 4 4991 ± 1131 ab
CHR 12 ± 4 11 ± 0 a 9 ± 1 c 44 ± 3 ab 36 ± 6 2986 ± 556 b
SIE 3 ± 1 2 ± 2 b 16 ± 3 abc 24 ± 4 bc 46 ± 6 5088 ± 1474 ab

S BR 10 ± 4 0 ± 0 b 24 ± 2 abc 45 ± 7 ab 30 ± 7 1431 ± 202 b
BG 22 ± 11 1 ± 1 b 30 ± 9 a 61 ± 7a 38 ± 5 1356 ± 124 b
SCR 16 ± 11 1 ± 1 b 14 ± 3 bc 37 ± 9 abc 37 ± 7 3261 ± 970 b
SCG 5 ± 1 0 ± 0 b 21 ± 6 abc 29 ± 7 bc 28 ± 5 3989 ± 1598 b

i All individual SLs were free, and the total SLs comprised the cumulative total of all free and bound SLs.
ii Lettuce market types: R 5 Romaine; BH 5 Butterhead; BV 5 Batavian; S 5 SalanovaV

R

.
iii Lettuce cultivars: BC 5 Buttercrunch; BG 5 Butter Green; BR 5 Butter Red; CS 5 Coastal Star; JER 5 Jericho; NAN 5 Nancy; PI 5 Parris Island;
SCG 5 Sweet Crisp Green; SCR 5 Sweet Crisp Red.
iv Values without an adjacent lowercase letter indicate nonsignificant effects for the variable. Means (n 5 5) within a column separated by different letters
are significantly different at P # 0.05.
v NA 5 not analyzed.
SLs 5 sesquiterpene lactones.
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total SL suggest that environmental factors
such as temperature and daylength can affect
SL production in lettuce (Hao et al. 2018).

Seasonal effects influenced SLs in most
cultivars in this study that appear to be af-
fected by increased stress associated with the
summer heat and longer daylengths (Table 6),
with the exception of Butter Red and Butter
Green in the SalanovaV

R

market class. SalanovaV
R

market types recorded the highest total SL
groupings compared with those of most cul-
tivars, regardless of the production season.
However, very little is known about puta-
tive flavor characteristics for the SalanovaV

R

lettuce market class. Specifically, substantially
higher free and total SLs and corresponding
lower sugar:SL ratios were recorded for the
Butter Red and Butter Green SalanovaV

R

culti-
vars compared with those of other market
types (Table 6), which might indicate a greater
tendency toward bitter flavor perception for
these cultivars. Alternatively, the Summer
Crisp SalanovaV

R

cultivars exhibited numer-
ically higher (but not significantly) sug-
ar:SL ratios compared with those of the
Butter cultivars, perhaps indicating that cer-
tain cultivars within this market type may
have differences in bitter flavor perception.

Conclusion

Cultivar selection within market type is crit-
ical because cultivar performance and taste
vary within different cultivars in a market type
with varying seasons. Generally, lettuces with
lower SL concentrations and/or higher sugar
concentration have less perceived bitterness,
and a greater sugar:SL ratio is associated with
increased lettuce palatability because sweetness
from sugars can mask bitterness from SL.
Hence, romaine and Batavian market types (ex-
cluding ‘Cherokee’) were considered to be the
best performers in the summer in a greenhouse
setting, with the greatest plant fresh weight,
lowest SL concentration, and greater sug-
ar:SL ratio; butterhead cultivars performed
similarly in spring. The differences in putative
flavor were less pronounced between different
cultivars in winter because of lower concentra-
tions of SL and sugars. The current study will
help growers select cultivars that yield higher
plant fresh weight and have a better perception
of flavor for different production seasons in
greenhouse environments. Because of greater
plant fresh weight, low SL concentrations, and
greater sugar:SL ratio, we recommend ro-
maine and Batavian market types (except
‘Cherokee’) during the summer months in hy-
droponic crop culture. In addition to cultivars,
sugar and SL concentrations are affected by
environmental conditions. Hence, future re-
search should focus on strategies to mitigate
bitterness compounds production and increase
accumulation of sugars in different lettuce
market types and cultivars.
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