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Abstract. Sulfur (S) is an essential plant nutrient that regulates plant growth and me-
tabolism. However, S is often absent from certain one-bag hydroponic fertilizers de-
signed to provide a complete and balanced mixture of nutrients. We quantified the
effects of S supplementation on the growth, morphology, and photosynthesis of lettuce
grown in a deep-water culture hydroponic system. Two lettuce (Lactuca sativa) culti-
vars, green butterhead Rex and red oakleaf Rouxai, were grown using a prepackaged
fertilizer specially formulated for reverse osmosis (RO) and other low-alkalinity water
sources. The base nutrient solution was mixed using Jack’s FeED 12-4-16 fertilizer
and RO water at a nitrogen concentration of 100 mg-L™" (control). Three S supple-
mentation treatments were implemented over a 4-week production period: 10 mg-L™'
supplemental S (provided using MgSO,); 20 mg-L™" supplemental S (MgSO,); and a
treatment using H,SO, (instead of nitric acid) for pH adjustment. In both lettuce cul-
tivars, shoot fresh and dry mass, total leaf area, leaf photosynthetic rate, total chloro-
phyll content, and leaf S concentration with all three S supplementation treatments
increased significantly compared with those of the control. In contrast, the ratio of
shoot dry mass to fresh mass, root dry mass, and percentage of root dry mass (i.e.,
root dry mass/total shoot and root mass) were significantly higher with the control
treatment. Notably, ‘Rouxai’ lettuce grown in the control treatment had intense red
coloration with a 216.6% to 288.9% increase in the anthocyanin index. There were no
statistical differences in any of the growth and morphological parameters among the
three S supplementation treatments. Overall, we observed significantly enhanced let-
tuce growth and photosynthetic performance with S supplementation, resulting in a
144.0% to 215.9% increase in shoot fresh mass in the two cultivars compared with
the control. Thus, we recommend that at least 10 mg-L™! of S should be supple-
mented when growing lettuce hydroponically to ensure optimal plant growth, espe-
cially when S is absent or low in the fertilizer and water source.

Hydroponics is a technique used to grow
plants in nutrient solution without mineral
soil, often with the use of a soilless inert me-
dium (Sharma et al. 2018). Hydroponic crop
production is gaining popularity in the United
States, with a growth rate of 1.8% each year
over the past 5 years and an estimated reve-
nue of $807.9 million in 2023 (US Special-
ized Industry Report 2023). Compared with
conventional food crop production, hydro-
ponic production has many advantages, such
as high water and fertilizer use efficiency,
easy environmental and pest control, and
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high crop yield and crop quality (Lee and Lee
2015). Because of these advantages, an in-
creasing number of controlled environment
agriculture productions are using hydroponic
techniques. Hydroponic systems accounted
for 53.7% of controlled environment agricul-
ture production in the United States, as re-
ported by the USDA-National Agriculture
Statistics Service in 2019. Hydroponic sys-
tems can grow a wide range of crops, includ-
ing tomatoes, cucumbers, peppers, leafy
greens, and strawberries. Among these crops,
tomatoes are the most cultivated, followed by
lettuce (USDA-National Agriculture Statis-
tics Service 2019).

Proper nutrient solution formulation and
management are the cornerstones of success-
ful hydroponic production and can have a sig-
nificant impact on crop productivity and
quality (Levine and Mattson 2021). Because
the nutrient solution is the only source of
mineral nutrients in a hydroponic system, it
is of vital importance to provide all the essen-
tial mineral nutrients in optimal quantities
when preparing a nutrient solution. Electrical

conductivity (EC) of the nutrient solution is
commonly measured in hydroponics as an in-
dicator for the overall nutrient concentration.
However, EC does not provide information
regarding the concentrations of individual nu-
trients. It is not possible to determine whether
a specific nutrient is absent or deficient solely
by evaluating EC levels (Al Meselmani 2022).
Thus, hydroponic growers must ensure that
their nutrient solutions contain all required
mineral elements, especially when pure wa-
ter sources are used.

Commercial hydroponic growers often
formulate nutrient solutions by blending fer-
tilizer salts in-house or by using prepackaged
complete fertilizers (Penn State Extension
2021; Walters et al. 2020). One-bag hydro-
ponic fertilizers, designed to offer a complete
and balanced blend of essential nutrients, are
widely available on the market. These one-
bag complete fertilizers are particularly popu-
lar among beginner hydroponic growers and
hobbyists because of their ease of use (Penn
State Extension 2021). A survey based on
responses from 42 commercial hydroponic
growers across 19 states in the United States
found that 38% of growers used prepackaged
complete fertilizers (Walters et al. 2020).
However, a notable issue with one-bag com-
plete fertilizers is that they may lack sulfur
(S), an essential mineral nutrient.

Sulfur is a macronutrient essential for
plant growth and metabolism (Shah et al.
2022). Deficiency in S during plant growth
can significantly affect plant morphology and
often leads to fewer and smaller leaves and
reduced plant biomass (Bashir et al. 2020;
Khalid et al. 2018; Resurreccion et al. 2001;
Shah et al. 2022). Sulfur plays a critical role
in the synthesis of amino acids (such as cyste-
ine), enzymes, chlorophyll, proteins, and vita-
mins. Consequently, it is integral to many
plant metabolic processes, including the regu-
lation of enzyme activities, antioxidant metab-
olism (i.e., removal of reactive oxygen species
through glutathione metabolism), photosynthe-
sis, and respiration (Davidian and Kopriva
2010; Kopriva et al. 2019; Mukwevho et al.
2014; Tiwari and Gupta 2006). A deficiency
of S in plants has been shown to reduce chlo-
rophyll content and photosynthetic activities in
various plant species (Astolfi et al. 2006; Ba-
shir et al. 2020; Fatma et al. 2014; Lencioni
et al. 1997; Lopez et al. 1996; Lunde et al.
2008; Sexton et al. 1997). Additionally, im-
provements in iron (Fe) translocation, phos-
phorous (P) and potassium (K) uptake, and
salinity/toxicity tolerance have also been re-
ported with an increased S supply in plants
(Astolfi et al. 2018; Freitas et al. 2019; Wu
et al. 2020). The effects of S supplementation
on hydroponically grown crops have been
moderately studied. For example, Chung
et al. (2022) recently compared the effects of
different S concentrations (64 mg-L~' and
0.5 mg-L™") on lettuce growth and metabolites
using hydroponics and found increased shoot
and root growth, chlorophyll and carotenoid
contents, and metabolites such as amino
acid and monosaccharides in lettuce treated
with higher S concentrations. Furthermore, the
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responses of different hydroponically grown
lettuce cultivars to S supplementation were
compared, with a red lettuce cultivar exhibit-
ing greater tolerance to S deprivation com-
pared with green cultivars (Abdalla et al.
2021). To date, limited studies have examined
plant responses to S supplementation to the
commercial one-bag complete fertilizers in hy-
droponic production. Because those fertilizers
are generally marketed as “complete” fertil-
izers, many growers may be unaware of the S
deficiency issue. Although S is likely to be
present in water sources such as municipal wa-
ter and well water, high salinity or alkalinity
in these water sources can be found in many
regions of the United States (Kaushal et al.
2018) and pose significant challenges to many
commercial hydroponic operations. Growers
often resort to using reverse osmosis (RO) wa-
ter when they do not have access to good-
quality water sources that meet the established
water quality standards for hydroponic pro-
duction (Van Os et al. 2016). In particular,
some of the one-bag fertilizers are specially
designed for use with pure water sources such
as RO or deionized water.

The objective of this study was to investi-
gate the responses of lettuce growth and quality
to S supplementation in a hydroponic system.
Specifically, this study aimed to quantify the ef-
fects of S supplementation to a commercial
one-bag hydroponic fertilizer on lettuce growth
and quality and identify the optimal level of S
supplementation for lettuce production. The re-
sults from this study can help develop guide-
lines for S supplementation for hydroponic
growers who use one-bag fertilizers that lack S.

Materials and Methods

Plant materials and growing conditions.
Two experiments were conducted to examine
the responses of two lettuce cultivars to S
supplementation treatments in a hydroponic
system. In Expt. 1, green butterhead lettuce
‘Rex’ seeds (Johnny’s Selected Seeds, Wins-
low, ME, USA) were sown in rockwool
cubes (AO 25/40 Starter Plugs; 200 plug cells
per 25.4 cm x 50.8 cm sheet; Grodan, Milton,
ON, Canada) on 2 Jan 2023. Before seeding,
the rockwool cubes were soaked in a dilute
nutrient solution containing (in mg-L™")
50 nitrogen (N), 7.3 P, 554 K, 29.2 calcium
(Ca), 8.5 magnesium (Mg), 0.085 boron (B),
0.085 copper (Cu), 0.625 Fe, 0.2 manganese
(Mn), 0.005 molybdenum (Mo), and 0.15 zinc
(Zn) that was prepared by mixing RO water and
a water-soluble fertilizer (12N-1.75P-13.3K;
Jack’s Nutrients FEED 12-4-16 RO; JR Peters,
Inc., Allentown, PA, USA). The pH of the fer-
tilizer solution was adjusted to 5.8 with nitric
acid. The seeded rockwool sheets were placed
in plastic trays and covered with humidity
domes during the first week of seed germination
and seedling growth. The seedlings were grown
in an air-conditioned growth room under a 16-h
photoperiod and a photosynthetic photon flux
density of 200 wmol-m 25" provided by
white light emitting diodes (LEDs) (Model
Ray 22; Fluence, Austin, TX, USA). The
blue (401-500 nm): green (501-600 nm): red
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(601-700 nm): far-red (701-800 nm) ratio of
the white LED light was 16:40:41:3. The
temperature in the growth room was 22°C
day/night, and the relative humidity was set
at 70%. The CO, concentration was at ambi-
ent levels. The seedlings were sub-irrigated
as needed with the same nutrient solution de-
scribed. Seedlings were then transplanted
into a deep-water culture hydroponic system
on 19 Jan 2023 in a polycarbonate-covered
greenhouse. A deep-water culture system was
used because it is one of the most common
hydroponic production systems for lettuce
and other leafy greens. Plants were grown
with different S supplementation treatments
and harvested on 13 Feb 2023.

In Expt. 2, red oakleaf lettuce ‘Rouxai’
seeds (Johnny’s Selected Seeds) were sown in
the same type of rockwool substrate on 17 Feb
2023, and seedlings were grown under the same
fertilization and environmental conditions as de-
scribed in Expt. 1. Seedlings were transplanted
into the same hydroponic system on 7 Mar
2023, and mature plants were harvested on
5 Apr 2023.

In both experiments, the hydroponic system
consisted of 12 growing units. In each growing
unit, 36 lettuce plants were transplanted into
a 36-cell raft (0.6 x 1.22 m; Beaver Plastics,
Acheson, AB, Canada) floating in a 100-L res-
ervoir (1.33 x 0.72 x 0.19 m; Active Aqua
AAHR24W; Hydrofarm, Petaluma, CA, USA)
that was filled with a base nutrient solution con-
taining (in mg-L™") 100 N (1.67% ammoniacal,
98.33% nitrate), 14.6 P, 110.8 K, 58.3 Ca, 17
Mg, 0.17 B, 0.17 Cu, 1.25 Fe, 0.4 Mn, 0.01
Mo, and 0.3 Zn mixed with RO water and
a water-soluble fertilizer (12N-1.75P-13.3K;
Jack’s Nutrients FeED 12-4-16 RO) according
to the manufacturer’s instructions. The nutrient
solution in each reservoir was oxygenated using
a circular air stone (diameter, 20 cm; Active
Aqua ASSRD; Hydrofarm) and an air pump
(60-W; Active Aqua AAPA70L; Hydrofarm).
A quantum sensor (SQ-500; Apogee Instru-
ments, Logan, UT) and a temperature and rela-
tive humidity sensor (Model EE08-SS; Apogee
Instruments) were installed and connected to a
data logger (CR1000X; Campbell Scientific,
Logan, UT, USA) to measure photosynthetic
photon flux density, air temperature, and relative
humidity inside the greenhouse every 1 s. The
vapor pressure deficit was calculated from air
temperature and relative humidity measure-
ments. Additionally, a total of three type-J ther-
mocouples were connected to the data logger.
One thermocouple was inserted in a randomly
selected reservoir tank in each of the three
treatment blocks (see Experimental design) to
continuously monitor the nutrient solution tem-
perature. The data logger calculated both hourly
and daily averages of the data. The average
daily light integral, air temperature, relative hu-
midity, and vapor pressure deficit in the green-
house were 9.4 + 5.68 mol-m 2-d~! (mean
SD), 18.6 + 3.63°C, 50.1 £ 12.97%, and
1.18 + 0.411 kPa, respectively, in Expt. 1,
and 14.6 + 633 molm >d ', 23.0 =+
1.83°C, 59.1 + 18.18%, and 1.17 + 0.438
kPa, respectively, in Expt. 2. The average nu-
trient solution temperatures were 17.8 + 3.15

and 23.2 + 1.95°C, respectively, in Expts.
1 and 2.

S supplementation treatments. The com-
mercial hydroponic fertilizer used in this
study is designed and marketed as a complete
fertilizer for crops grown in low-alkalinity
water such as RO water, rainwater, and dis-
tilled water. The fertilizer provides most of
the essential plants nutrients such as plant N,
P, K, Ca, Mg, B, Cu, Fe, Mn, Mo, and Zn.
However, it notably lacks S. To quantify the
effects of this fertilizer on plant growth and
the potential benefits of S supplementation,
we grew plants in a base fertilizer solution
containing (in mg-L™") 100 N, 14.6 P, 110.8 K,
58.3 Ca, 17 Mg, 0.17 B, 0.17 Cu, 1.25 Fe,
0.4 Mn, 0.01 Mo, and 0.3 Zn (control), and
in two treatments with S supplementation at
10 mg-L™' S and 20 mg- L' S, respectively,
by adding magnesium sulfate (MgSO,) to the
base fertilizer solution during the initial fill of
nutrient solution. Nitric acid (HNO3z) was
used for pH adjustment in those three treat-
ments throughout the course of the study. Ad-
ditionally, we included a fourth treatment in
which plants received the same base nutrient
solution as the control, but sulfuric acid
(H,S0,4) was used for pH adjustment in place
of nitric acid throughout the study. The H,SO4
added during pH adjustment served as a source
of S in this treatment. EC and pH were mea-
sured using an EC/pH meter (HI9814; GroLine
Waterproof Portable pH/EC/TDS meter Hanna
Instruments, Smithfield, RI, USA) every 2 d.

The average EC values for the control treat-
ment, 10 mg-L™" supplemental S, 20 mg-L~"
supplemental S, and the treatment with H,SO,
for pH adjustment (averaged from measure-
ments taken every 2 d among three repli-
cates per treatment) were 1.22, 1.22, 1.30,
and 1.33 dS-m ™!, respectively, in Expt. 1, and
1.58, 1.54, 1.53, and 1.45 dS'm ), respec-
tively, in Expt. 2. The average pH values were
5.78, 5.64, 5.79, and 5.68, respectively, in
Expt. 1, and 5.83, 5.90, 5.88, and 5.80, respec-
tively, in Expt. 2.

Throughout the course of the study, the
cumulative amounts of added N from pH
adjustment using HNOj in the control treat-
ment, 10 mg-L™" S, and 20 mg-L™" S sup-
plementation treatment were 4.21, 4.44,
and 4.58 g, respectively, in Expt. 1. This
would have increased the N level by 42.1
mgL~', 444 mgL™", and 45.8 mg-L~", re-
spectively, if all the N had been added to a
100-L nutrient solution at once. In Expt. 2, the
cumulative amounts of added N were 7.12,
7.64, and 7.62 g, respectively. This would
have increased the N level by 71.2, 76.4, and
76.2 mg-L ™", respectively, if added to a 100-
L nutrient solution at once.

In the H,SO,4 adjustment treatment, the
cumulative amounts of added S were 4.33 g
in Expt. 1 and 5.21 g in Expt. 2, which would
have increased the S level by 43.3 and 52.1
mg~L’1, respectively, if the total amount of S
was added to a 100-L nutrient solution at
once.
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Growth, pigmentation, and photosynthesis
measurements. Lettuce shoot fresh mass
(g/plant), shoot dry mass (g/plant), root dry
mass (g/plant), and total leaf area (cmz/plant)
were measured in both experiments. The
shoot fresh mass, shoot dry mass, and root
dry mass were calculated as the average of all
36 plants from each growing unit. At harvest,
six representative plants from the middle of
each growing unit were randomly selected
to determine the total leaf area using a leaf
area meter (LI-3000; LI-COR, Lincoln, NE,
USA). The shoot dry mass and total root dry
mass were measured after the shoots and
roots were dried at 60 °C in a drying oven for
7 d. The ratio of shoot dry mass to fresh mass
(shoot dry mass/fresh mass ratio) was calcu-
lated as the ratio of shoot dry mass to shoot
fresh mass. The percentage of the root dry
mass (%oroot dry mass) was calculated as root
dry mass/(root dry mass + shoot dry mass) x
100. On the day of harvest, the leaf chlorophyll
content (wmol-m~2) was estimated for six
plants that were randomly selected from the
middle of each growing unit by measuring the
mature leaves with three averaged measure-
ments per plant (MC-100 chlorophyll meter;
Apogee Instruments, Logan, UT, USA).

To quantify the leaf anthocyanin content
of the red oakleaf lettuce, measurements
were performed for four randomly selected
plants from each growing unit on the day of
harvest. Five representative leaf disks were
sampled from each plant using a cork borer
with a diameter of 9.41 mm. These disks
were submerged in 5 mL of extraction solution
(5% 3M HCI + 15% H,O + 80% C,HgO)
(Gould et al. 2000) and placed in a refrigerator
at 6 °C for 16 h. Subsequently, 3 mL of solu-
tion in each sample was transferred to a spec-
trophotometer vial (10-mm path length), and
light absorbance of the extracted solution was
measured at 530 nm and 653 nm using a
spectrophotometer (GENESYS™ 180 ultra-
violet-Visible Light; Thermo Fisher Scientific,
Waltham, MA, USA). The anthocyanin index
was determined using the equation described
by Gould et al. (2000):

Anthocyanin index=As30ym — Ags3nm X 0.24
(1]

Leaf photosynthesis measurements were
conducted with a portable photosynthesis sys-
tem equipped with a fluorometer (LI-6800;
LI-COR Biosciences, Lincoln, NE, USA) 1 d
before harvest. Light-response curves were
constructed for plants grown in each growing
unit, except for the 20 mg-L™" S supplemen-
tation treatment because of time limitations.
Recently mature lettuce leaves were exposed
to eight light intensities in descending order, rang-
ing from 1500 to 0 wmol-m~2-s~" (1500, 1250,
1000, 750, 500, 250, 50, 0 wmol-m s~ "),
provided by a built-in LED module of the fiuo-
rometer. The LED light was composed of 20%
blue light and 80% red light. The temperature in
the chamber was set at 25 °C, and the vapor pres-
sure deficit was maintained at 1.0 kPa. The CO,
concentration within the leaf cuvette (C,) was
maintained at 400 wmol-m s '. Data were
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Fig. 1. Shoot fresh mass (A, B), shoot dry mass (C, D), and ratio of the shoot dry mass to fresh mass
(E, F) of lettuce ‘Rex’ (A, C, E) and lettuce ‘Rouxai’ (B, D, F) grown in the control treatment,
10 mg-L™" supplemental sulfur (S) (10 ppm S MgSO,) treatment, 20 mg-L~' supplemental S
(20 ppm S MgSO,) treatment, and the treatment with H,SO, for pH adjustment (H,SO4 pH adjustment).
Data represent the means + SE of three independent replications (n = 3; individual plants in each treat-
ment were treated as subsamples and averaged before the statistical analysis). Different letters indicate a
significant difference (P = 0.05, Tukey’s honest significance difference test) among the treatments.

recorded after the leaves were provided with
3 min at each light level.

The photosynthetic “light response curve”
data were fitted by nonlinear regression using
SigmaPlot software (SigmaPlot 12.5; Systat
Software Inc., Palo Alto, CA, USA). The fol-
lowing nonlinear exponential equation was
fitted to photosynthetic light response data to
estimate several photosynthetic parameters:

Ay =Agmax x (1 — & %ner) — R, [2]

where A, is the net CO, assimilation rate, Ry
is the dark respiration rate (expressed as a
positive value), o is the maximum quantum
yield (calculated as the slope of the curve
when photosynthetic photon flux density was
zero), and Ay, is the maximum gross pho-
tosynthetic rate.

Plant tissue analysis. Newly matured
leaves of the harvested plants (30-50 g in
fresh weight) were sampled from each exper-
imental unit, oven-dried at 60 °C, and sent to
a commercial laboratory at the Texas A&M
University (https://soiltesting.tamu.edu) for a
tissue elemental concentration analysis.

Experimental design and statistical analysis.
Two separate experiments were conducted to

quantify the effects of S supplementation on
the growth and quality of two lettuce cultivars,
and both experiments used a randomized com-
plete block design with three blocks and four
treatments. Three greenhouse benches were
used in each experiment, with each serving as
a block containing four hydroponic growing
units. Three S supplementation treatments and
the control treatment were randomly assigned
to the growing units within each block. An ex-
perimental unit consisted of a hydroponic
growing unit with 36 plants. Data from each
experiment were analyzed separately. Individ-
ual plants in each treatment were treated as
subsamples and averaged before the statistical
analysis. Data were analyzed using an analysis
of variance (ANOVA) and SAS software
(SAS 9.4; SAS Inc., Cary, NC, USA). Means
were separated and compared among the treat-
ments using Tukey’s honest significance dif-
ference test. A predetermined o value of 5%
(P < 0.05) was considered statistically signifi-
cant for all analyses.

Results

Plant growth responses. The shoot fresh
mass and dry mass in all three of the S
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supplementation treatments (i.e., 10 mg-L™"
S provided by MgSO,, 20 mgL™' S pro-
vided by MgSO,, and H,SO, for pH adjust-
ment) were significantly higher than those in
the control treatment for both lettuce ‘Rex’
(Fig. 1A and C) and ‘Rouxai’ (Fig. 1B and D).
Specifically, the shoot fresh mass in the S sup-
plementation treatments increased by 144.0%
to 169.4% in ‘Rex’ and by 209.7% to 215.9%
in ‘Rouxai’ compared with their respective con-
trols. There were no significant differences
among the three S supplementation treatments.
In contrast, the ratio of the shoot dry mass to
fresh mass was significantly higher in the con-
trol than in the S supplementation treatments in
both lettuce cultivars. In lettuce ‘Rex’, the ratio
of shoot dry mass to fresh mass decreased from
0.06 in the control to 0.04 in all three S supple-
mentation treatments (Fig. 1E). Similarly, in
lettuce ‘Rouxai’, the ratio of shoot dry mass to
fresh mass decreased from 0.05 in the control
to 0.029 to 0.03 in the S supplementation treat-
ments (Fig. 1F). Both lettuce cultivars produced
high root mass in the control treatment (Fig. 2A
and B). The percentage of root dry mass was
18.7% in the control treatment, but it was 7.2%
to 8.1% in the S supplementation treatments in
lettuce ‘Rex’ (Fig. 2C); additionally, it was
20% in the control treatment, but it was 5.4%
to 5.9% in the S supplementation treatments in
lettuce ‘Rouxai’ (Fig. 2D). The total leaf areca
showed a similar trend as those of the shoot
fresh mass and dry mass. The total leaf area
was 136.5% to 167.6% higher in the S supple-
mentation treatments than in the control of
both lettuce cultivars (Fig. 3A and B). The leaf
mass per area was the highest in the control

Lettuce 'Rex'

0.35

treatment and lowest in the S supplementation
treatments in lettuce ‘Rex’ (Fig. 3C). However,
there were no statistical significant differences
in leaf mass per area in lettuce ‘Rouxai’ (P =
0.077) (Fig. 3D). Overall, lettuce plants grown
in the S supplementation treatments exhibited
increased shoot mass and total leaf area but de-
creased root mass compared with the control
plants. However, no significant differences in
biomass, leaf area, and other growth parame-
ters were found among the 10 mg-L™"' S
MgSO0,, 20 mg-L~" S MgSO,, and H,SO,
pH adjustment treatments.

Photosynthetic responses. The leaf net
photosynthetic rate of lettuce ‘Rex’ was sig-
nificantly higher in both the 10 mg-L™" sup-
plemental S treatment and the treatment with
H,S0, for pH adjustment compared with the
control, and the photosynthetic rate was similar
between these two S supplementation treat-
ments (Fig. 4A). Photosynthetic responses in
plants grown under 20 mg-L™" supplemental S
treatment were not measured because of time
constraints. The dark respiration rate was sig-
nificantly higher in the 10 mg-L™" supplemen-
tal S treatment than that in the control, which
had the lowest dark respiration rate (Fig. 4A
magnified). Similar photosynthetic responses
were observed in lettuce ‘Rouxai’ (Fig. 4B
magnified).

Pigmentation and leaf mineral element
concentrations. The total chlorophyll concen-
tration was significantly increased in the S
supplementation treatments compared with
the control in both lettuce ‘Rex’ (Fig. 5A)
and ‘Rouxai’ (Fig. SB). However, there were
no differences among the S supplementation

treatments. In contrast, the anthocyanin index
was significantly reduced in the S supplementa-
tion treatments in red oakleaf lettuce ‘Rouxai’
(Fig. 5C). The anthocyanin index was reduced
by 69.9%, 68.4%, and 74.3% in plants grown
in the 10 mgL™" S MgSO,4, 20 mgL™"' S
MgSO,, and H,SO, pH adjustment treatments,
respectively, compared with the control.

The leaf S concentration was significantly
increased in the S supplementation treatments
in both lettuce ‘Rex’ and ‘Rouxai’ (Fig. 6). Spe-
cifically, the S concentration was 0.785 mg-g ™"
in the control treatment, which was increased
by 269.8%, 216.6%, and 187.3% in the
10 mg-L™" S MgSO,, 20 mg-L™' S MgSOy,,
and H,SO,4 pH adjustment treatments, re-
spectively, in ‘Rex’ lettuce (Fig. 6A). In
‘Rouxai’ lettuce, the S concentration in the
control was 0.746 mg-g~ !, and it was in-
creased by 332.7%, 298.2%, and 308.0% in
the same respective treatments (Fig. 6B).

In addition to S, the leaf N concentration dif-
fered among the four treatments. In lettuce
‘Rex’, the leaf N concentrations were 5.15% in
the control treatment and 6.73%, 6.77%, and
6.68% in the 10 mg-L™" S MgSO,, 20 mg-L ™"
S MgSO,, and H,SO4 pH adjustment treat-
ments, respectively (Supplemental Table 1). In
lettuce ‘Rouxai’, however, the N concentration
was significantly higher in the control (5.8%)
than in the 10 mgL™' S MgSO, (4.74%),
20 mgL™' S MgSO, (4.86%), and H,SO, pH
adjustment treatments (4.94%), respectively
(Supplemental Table 2). Other mineral ele-
ments, including P, K, Ca, Mg, Na, Zn, Fe, Cu,
and B, showed no significant differences among
the four treatments in either lettuce cultivar.

Lettuce 'Rouxai'
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Fig. 2. Root dry mass and percentage of root dry mass of lettuce ‘Rex’ (A, C) and lettuce ‘Rouxai’ (B, D) grown in the control treatment, 10 mg-L ™" supple-
mental sulfur (S) (10 ppm S MgSO,) treatment, 20 mg-L ™" supplemental S (20 ppm S MgSO,) treatment, and the treatment with H,SO, for pH adjust-
ment (H,SO,4 pH adjustment). Data represent the means + SE of three independent replications (n = 3; individual plants in each treatment were treated as
subsamples and averaged before the statistical analysis). Different letters indicate a significant difference (P = 0.05, Tukey’s honest significance differ-

ence test) among the treatments.
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Fig. 3. Leaf area (A, B) and leaf mass per area (C, D) of lettuce ‘Rex’ (A, C) and lettuce ‘Rouxai’ (B, D) grown in the control treatment, 10 mg-L ™" supple-
mental sulfur (S) (10 ppm S MgSO,) treatment, 20 mg-L~" supplemental S (20 ppm S MgSO,) treatment, and the treatment with H,SO, for pH adjust-
ment (H,SO4 pH adjustment). Data represent the mean + SE of three independent replications (n = 3; individual plants in each treatment were treated as
subsamples and averaged before the statistical analysis). Different letters indicate a significant difference (P =< 0.05, Tukey’s honest significance differ-

ence test) among the treatments.

Discussion

Lettuce biomass was enhanced by S sup-
plementation. In this study, two lettuce culti-
vars, green butterhead Rex and red oakleaf
Rouxai, were grown hydroponically using a
nutrient solution mixed from one-bag hydro-
ponic fertilizer and RO water. Three different
S supplementation treatments (10 mg-L™' S

MgS0,, 20 mg-L™' S MgS0O,, and H,SO,
pH adjustment) were applied, and the nutrient
solution without S supplementation was set
as a control. Biomass production of both cul-
tivars was significantly increased with S sup-
plementations compared with the control
(Fig. 1). This is consistent with a previous
study in which lettuce growth was promoted
by the supplementation of S in a hydroponic

production system (Abdalla et al. 2021). Sul-
fur is an essential plant macronutrient, and
the deficiency of S can negatively affect crop
growth (Hawkesford 2000; Kopriva et al.
2016; Resurreccion et al. 2001). Chung et al.
(2022) found that hydroponically grown let-
tuce (‘Cheongchima’) treated with a high
S concentration (2 mM or 64 mg-L™") had a
significantly higher fresh weight than that
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Fig. 4. Leaf net photosynthetic rate of lettuce ‘Rex’ (A) and lettuce ‘Rouxai’ (B) grown in the control treatment, 10 mg-L ™' supplemental sulfur (S) (10 ppm
S MgSO,) treatment, and the treatment with H,SO,4 for pH adjustment (H,SO4 pH adjustment) under different photosynthetic photon flux densities
(0 to 1500 wmol-m—2-s~"). Data represent the mean + SE of three independent replications (n = 3). Different letters indicate a significant difference
(P = 0.05, Tukey’s honest significance difference test) among the treatments.
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Fig. 5. Total chlorophyll contents of lettuce ‘Rex’ (A) and lettuce ‘Rouxai’ (B) and anthocyanin index
of lettuce ‘Rouxai’ (C) grown in the control treatment, 10 mg-L ™" supplemental sulfur (S) (10 ppm
S MgS0,) treatment, 20 mg-L ™" supplemental S (20 ppm S MgSO,) treatment, and the treatment
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pendent replications (n = 3). Data were averaged using six subsamples (chlorophyll content) and
four subsamples (anthocyanin index) in each of the three replicates. Different letters indicate a sig-
nificant difference (P = 0.05, Tukey’s honest significance difference test) among the treatments.

grown in a low S concentration (16 uM or
0.5 mg-L™"), which indicated that 0.5 mg-L ™"
of S was not sufficient for lettuce growth. We
found that there were no significant differ-
ences in plant growth among the three S sup-
plementation treatments in which S was
provided at a rate of 10 to 52.1 mg-L™". This
suggests that an S supplementation rate of
10 mg-L™" was adequate for lettuce ‘Rex’ and
‘Rouxai’. The ratio of shoot dry mass to fresh
mass was significantly reduced in the S sup-
plementation treatments compared with the
control (Fig. 1E and F). The ratio of shoot dry
mass to fresh mass is an indicator of the leaf

HorTSciENCE VoL. 59(3) MarcH 2024

water status, and a lower ratio represents a
higher relative water content of the plant. Sup-
plementation of S has been reported to in-
crease the plant relative water content (Aziz
et al. 2019; Namvar and Khandan 2015).
Bouranis et al. (2003) similarly found an in-
creased plant relative water content and re-
duced ratio of dry mass to fresh mass when S
was added, which was consistent with our
study.

In contrast to the lettuce shoot biomass,
the root dry mass values of both lettuce culti-
vars were significantly higher in the control
treatment than those in the S supplementation

treatments (Fig. 2). The enhanced root growth
might be a result of plant acclimation under
S deficiency conditions to improve the abil-
ity of acquiring more nutrients from the nu-
trient solution, which is a response similar to
that observed with N and P deficiencies
(Hermans et al. 2006). The N-deficient and
P-deficient plants were found to have a re-
duced shoot to root ratio, whereas this ratio
was rarely altered in K-deficient and Mg-
deficient plants (Hermans and Verbruggen
2005; Scheible et al. 2004). This indicated
that the plant root growth response to differ-
ent nutrient deficiencies is nutrient-specific.
Hermans et al. (2006) further suggested that
the reduction in the shoot-to-root ratio under
N and P deficiencies was linked to altera-
tions in the carbohydrate metabolism with
the increased transport of sucrose from the
shoot to the root. This could help explain the
increases in root growth under S deficiency
observed during our study. Additionally, plants
adopt several metabolic pathways to adapt to S
deficiency, including through the S metabolic
pathway or interaction with the metabolic path-
ways of other nutrients (Kopriva et al. 2015;
Lewandowska and Sirko 2008). For example,
the breakdown of indole glucosinolates to form
auxin in roots under S-deficient conditions,
which results in physiological and morphologi-
cal changes in roots, such as increased an root
length, root-to-shoot ratio, and enhanced root
biomass to improve the S uptake (Falk et al.
2007, Pariasca-Tanaka et al. 2020).

Sulfur supplementation increased the let-
tuce total leaf area in both lettuce cultivars
(Fig. 3A and B). Sulfur deficiency often re-
sulted in a reduced plant leaf area (Bouranis
et al. 2003; Burke et al. 1986 Kastori et al.
2000; Riffat and Ahmad 2020), which was
consistent with our findings (Fig. 3A and B).
However, the leaf mass per area of lettuce
‘Rex’ was significantly reduced in the S sup-
plementation treatments (Fig. 3C), indicating
reduced leaf thickness and/or density. A simi-
lar trend in leaf mass per area was observed
in lettuce ‘Rouxai’, although the data were
not statistically significant (Fig. 3D). In gen-
eral, changes in leaf mass per area caused by
nutrient limitations are more of an alteration
in the leaf density than in the thickness
(Poorter et al. 2009). Therefore, the higher
leaf mass per area of ‘Rex’ lettuce grown
in the control treatment was most likely a
result of increased leaf density caused by S
deficiency.

Chlorophyll and anthocyanins content.
The S supplementation significantly affected
both chlorophyll and anthocyanin contents in
lettuce. The total chlorophyll content was sig-
nificantly increased by the addition of S in
nutrient solution in both lettuce cultivars
(Fig. 5A and B). Sulfur deprivation has been
reported to reduce the chlorophyll content in
plants (Bouranis et al. 2003; Burke et al.
1986; Chung et al. 2022; Namvar and Khan-
dan 2015; Resurreccion et al. 2001). A direct
cause of the reduced chlorophyll content
might be the deficiency in the biosynthesis of
the Fe-S cluster (essential for chlorophyll
biosynthesis) under S-deficient conditions
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ence test) among the treatments.

(Hu et al. 2017). Interestingly, in red oakleaf
lettuce ‘Rouxai’, a significantly higher antho-
cyanin content was observed in the control
treatment than in the S supplementation treat-
ments (Fig. 5C). A previous study found
that S deficiency could activate the expression
of phenylpropanoid and flavonoid pathway
genes. The accumulation of anthocyanins un-
der S-deficient conditions was probably a
mechanism to protect the plant from stress
conditions such as high light because plants
become more sensitive to high light stress un-
der S-deficient conditions (Nikiforova et al.
2003). Consistent with our findings, Gao et al.
(2016), Lunde et al. (2008), and Zhou et al.
(2013) also found an increased anthocyanins
level in S-deficient plants.

Photosynthesis was improved by S supple-
mentation. Reduced photosynthesis under S
deficiency have been reported by many stud-
ies (Ahmad et al. 2005; Kastori et al. 2000;
Resurreccion et al. 2001; Waraich et al.
2022). Similarly, we found that the leaf pho-
tosynthetic rate increased significantly in the
S supplementation treatments compared with
the control (Fig. 4). Additionally, the light re-
sponse curve indicated that the maximum
photosynthetic rate of lettuce was signifi-
cantly higher in the S supplementation treat-
ments than in the control (Fig. 4). Sulfur
plays a key role in photosynthesis and the
electron transport system (Shah et al. 2022).
The deficiency of S leads to lower contents
of chlorophyll and carboxylation enzyme
Rubisco, which are key factors directly
involved in the photosynthetic processes
(Akmouche et al. 2019; Khan et al. 2015;
Masood et al. 2012). Particularly, Lunde
et al. (2008) found that the chlorophyll con-
tent and Rubisco content reduced by two-
fold and six-fold, respectively, in S-deficient
rice plants. A lower Rubisco content can
generally cause a reduced photosynthetic
rate. Sulfur deficiency was also found to re-
duce the photosystem I activity and electron
transport capacity of photosystem I (Lunde
et al. 2008), which resulted in a limited cy-
clic electron transport rate; furthermore, a
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25% to 30% higher nonphotochemical quench-
ing was found in S-deficient plants that mainly
originated from high ApH caused by fewer
electrons leaving the thylakoid lumen. Overall,
the lower photosynthetic rate of the lettuce
plants grown in the control treatment was prob-
ably a result of the reduced capacity to harvest
and use light energy because of reductions in
chlorophyll, Rubisco content, and photosystem
I activity. Additionally, we observed that the
dark respiration rate increased in the S supple-
mentation treatments compared with the con-
trol (Fig. 4 magnified), which was consistent
with previous findings that S deficiency led
to a reduction in the dark respiration rate in
bean plants and sugar beet (Juszczuk and
Ostaszewska 2011; Kastori et al. 2000; Sexton
et al. 1997).

Optimizing nutrient formulation for hydro-
ponic lettuce production. In hydroponics, the
nutrient solution is the sole source of S. A
lack of S in the hydroponic fertilizer was
found to significantly reduce lettuce growth
in our study. Because S deficiency appears to
be a prevalent issue in one-bag complete
fertilizers, it is necessary for fertilizer manu-
facturers to recognize the need for S supple-
mentation and provide comprehensive fertilizer
application directions, especially if pure water
sources like RO and deionized water are used.
Based on our study, we recommend that S
should be supplemented at a concentration of
10 mg-L™" for hydroponic lettuce production.
However, additional studies may be needed for
specific crops with different S requirements
such as cruciferous and allium vegetables (kale,
arugula, and onions).

Conclusions

During this study, we supplemented S to nu-
trient solution mixed from a one-bag complete
water-soluble fertilizer and RO water in hydro-
ponic lettuce production. Our results indicated
that supplementing S significantly improved
biomass and photosynthetic responses in let-
tuce ‘Rex’ and ‘Rouxai’, and that 10 mg-L ™~
of S supplementation is adequate for enhancing

lettuce growth. We recommend that hydro-
ponic growers should use one-bag complete
fertilizers, and that growers using pure water
sources should supplement S if it is lacking.
Considering that some of the one-bag fertil-
izers are marketed as “complete” sources for
all essential mineral nutrients, we strongly rec-
ommend that fertilizer manufacturers should
include comprehensive fertilizer application in-
structions including guidelines for S supple-
mentation as appropriate.
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