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Abstract. With the increase in dialysis patients worldwide, the demand for low-K
vegetables is growing. Thus, a type of lettuce with a low-K content has been marketed
in Japan. To learn more about low-K vegetables, information is needed on the physi-
ological differences between these vegetables and those with typical levels of potassium
(K). In this study, lettuces (Lactuca sativa L.) were cultivated using two low-K manage-
ment methods in an environment-controlled system. One method was based on electrical
conductivity (EC) management, and the K was replaced by sodium (Na) at the end of
cultivation. The other method was based on quantitative nutrient management, and the
nutrients required for low-K lettuce were quantitatively supplied, but no extra Na was
added. Meanwhile, lettuce with normal K concentration was cultivated with EC
management as the control. Plant growth indices, leaf photosynthesis traits, chlorophyll
fluorescence characteristics, concentrations of secondary metabolites (SMs), and anti-
oxidant activity were examined to investigate the physiological effects of low-K and high-
Na concentrations during low-K lettuce cultivation. Both low-K treatments significantly
restrained the growth of lettuce and increased the concentration of soluble sugar.
However, photosynthesis and fluorescence characteristics remained unchanged. This
indicates that the biomass reduction of low-K lettuce was due to the wasteful accumu-
lation of carbohydrates rather than the decline in photosynthesis. Concentrations of SMs
were increased in the low-K lettuce. In addition, higher concentrations of Na influenced
the concentration of SMs, indicating that SMs were more sensitive to environmental
stress.

In 2011, there were�2.16 million dialysis
patients worldwide (Ogawa et al., 2012), and
this number has increased. Dialysis pa-
tients have dysfunctional K excretion, which
makes them vulnerable to hyperkalemia
(Spital and Stems, 1988). Raw vegetables,
which are often rich in K, cannot be con-
sumed by dialysis patients (Ogawa et al.,
2012). Thus, there is a demand for the pro-
duction of healthy, fresh edible low-K vege-
tables.

Recently, a type of lettuce with low-K
content was marketed with a K concentration
below 100 mg·100 g–1 fresh weight (FW)
(Tsukagoshi et al., 2016). The cultivation
method used was the replacement of all
the K in the growing solution with Na in the
later stage of growth (Ogawa et al., 2012). In
this method, the later nutrient solution con-
tained a high concentration of Na, of nearly 4

mol·L–1, which caused the lettuce to accumu-
late Na. However, high-Na vegetables are
also unsuitable for dialysis patients (Kelly
et al., 2017; Mills et al., 2016). A new nutrient
solution management technology, called quan-
titative management (QM), is being widely
studied in Japan. This method quantifies and
supplies the specific nutrients required by
the plant, and thus no surplus of fertilizer
remains in the solution at the end of cultiva-
tion. This method can reduce the use of
fertilizers in production, and plants grown
using the QMmethod grow at the same speed
as those under EC control method in hydro-
ponics (Nakano et al., 2010). In addition, the
QM method can precisely control the nutri-
ent absorption in plants (Li et al., 2014).
Previous research has shown that the QM
method can reduce the Na concentration
in low-K lettuce compared with traditional
EC management, with no significant differ-
ence in the growth parameters (Xu et al., in
press).

Potassium is an essential macronutrient
for plant growth (Pettigrew, 2008; Schacht-
man and Liu, 1999). K deficiency affects ion
homeostasis, osmotic regulation, enzyme ac-
tivity, membrane polarization, and various
metabolic processes (Ch�erel et al., 2002; Lu
et al., 2016b). Sodium is not an essential

element in plants, but it is involved in
nonspecific functions, such as stimulation of
plant growth and osmotic regulation (Wakeel
et al., 2011). It is expected that the limited
supply of K and Na accumulation in low-K
lettuce could affect plant growth, but the
underlying physiological changes caused by
this remain unknown.

Photosynthesis and chlorophyll fluores-
cence are essential for plant growth and
development, which partially explains the
physiological response of plants after envi-
ronmental stress (Sun et al., 2016; Yamori
et al., 2016). Studies have shown that K
deficiency reduces mesophyll conductance,
thereby reducing plant photosynthesis (Lu
et al., 2016a, 2019). High concentrations of
salt decrease plant photosynthesis through
osmotic stress and changes in related enzyme
activities (Kong et al., 2017), but information
on the effects of low concentrations of Na is
limited. Changes in photosynthesis and chlo-
rophyll fluorescence could partially explain
how K and Na affect the physiological re-
sponse of low-K lettuce.

Soluble sugars are the primary metabo-
lites of photosynthesis. They play an impor-
tant role in osmotic regulation with K and
amino acids (Shabala and Cuin, 2007; Silva
et al., 2010). In addition, sucrose is the
carbohydrate that is translocated from photo-
synthesizing tissues to nonphotosynthetic
sinks for use in metabolism and biosynthesis
(Loka et al., 2018). The transport and distri-
bution of carbohydrates are important phys-
iological processes that affect plant growth.

Lettuce is a popular, healthy vegetable
because it contains many bioactive phyto-
chemicals (Vauzour et al., 2010), which are
called secondary metabolites (SMs). In let-
tuce, SMs are mainly phenolic compounds
and flavonoids. They possess the functions of
antioxidant, antimicrobial, antifungal, anti-
toxic, and radical scavenging properties and
affect the nutritional quality of plants (Hichri
et al., 2011). The influence of mineral nutri-
tion on concentrations of SMs in plants has
been widely studied, but most studies have
focused on N and P. Phenolic compounds and
flavonoids in lettuce are mainly the deriva-
tives of caffeic acid and quercetin, and dif-
ferent varieties vary in their content of these
compounds (Ouzounis et al., 2015; Yang
et al., 2018b), which have strong antioxidant
properties and are an important indicator of
lettuce quality.

In this study, two cultivation methods, the
EC control with Na replacing K at final stage
(LKEC) and the QM method without the
replacement of Na with K (LKQM), were
used to cultivate low-K lettuce to explore the
effects of K deficiency and Na accumulation
on photosynthesis and concentrations of pri-
mary metabolites and SMs.

Materials and Methods

Experimental design. Experiments were
conducted in an environment-controlled
chamber at Chiba University, Matsudo Cam-
pus, from 4 Mar. to 9 Apr. 2019. Lettuce
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(Lactuca sativa L. cv. Frillice; Snow Brand
Seed Co. Ltd., Sapporo, Japan) seeds were
sown in sponge blocks measuring 2.3 · 2.3 ·
2.7 cm and were transferred into a Nae
Terrace growth chamber (Mitsubishi Chem-
ical Agri Dream Co., Ltd., Tokyo, Japan) at a
16-h photoperiod with 300 ± 10 mmol·m–2·s–1

light intensity, 24 �C day/20 �C night tem-
perature, and 1000 ppm CO2 concentration
until the seventh day after seeding (DAS).
Next, lettuce seedlings with a uniform
morphology were transplanted into another
growth chamber with the same conditions as
the previous one. Seedlings were planted on
26-hole, floating foam boards measuring 60 ·
30 · 1 cm in 18-L containers measuring of
60 · 30 · 10 cm from 7 to 14 DAS. Uniform
lettuce plants were then moved to 60 · 30 · 1
cm foam boards with six holes, and the
boards were floated in the same containers.
Groundwater, with a mineral composition
of 0.8·mmol L–1 NO3–N, 0.006 mmol·L–1

PO4–P, 0.06 mmol·L–1 K, 1.0 mmol·L–1 Ca,
0.8 mmol·L–1 Mg, and 0.6 mmol·L–1 Na, was
used in this experiment. Fresh air was sup-
plied to the nutrient solution with an air
pump, and the growth period was 35 DAS.

The time setting of the low-K treatment
was as described by Ogawa et al. (2012),
starting 7 d before harvest. Lettuce plants
were cultivated using three nutrient solu-
tions: 1) The control (CK) plants were sup-
plied with half-strength Enshi formula
solution (8 mmol·L–1 NO3–N, 0.67 mmol·L–1

PO4–P, 4 mmol·L–1 K, 2 mmol·L–1 Ca, 1
mmol·L–1 Mg, 3ppm Fe, 0.5 ppm B, 0.5 ppm
Mn, 0.05 ppm Zn, 0.02 ppm Cu, and 0.01
ppmMo; Zhang et al., 2017) during the entire
growth period with EC of 1.4 dS·m–1 and pH
of 7.0. 2) LKEC plants were supplied the
same nutrient solution as the CK for days 7 to
28 DAS, and all the K in the Enshi solution
was replaced with Na for the period of 28 to
35 DAS with an EC of 1.4 dS·m–1 and pH of
7.0. 3) LKQM plants were transplanted to the
groundwater, and at 7, 14, and 28 DAS,
quantitative chemical fertilizers were added
to the groundwater following the LKQM
recipe (Table 1) applied by Xu et al. (unpub-
lished data), and the pH was adjusted to 7.0.
The water level and EC of the nutrient solu-
tion in the container were adjusted every 3 d.
The EC values of the CK and LKEC treat-
ments were adjusted every 3 d using a por-
table CM-31P EC meter (DKK-TOA, Japan).
At the growth stage of 14 and 28 DAS, the
nutrient solution was changed. The microel-
ement concentrations in the nutrient solutions
of these three treatments were the same, and
each treatment was replicated three times.

Plant growth analysis. Six plants were
harvested from each treatment at 28 and 35

DAS. The number of leaves, total leaf area,
and FW of the plants were immediately
evaluated. Total leaf areas were determined
using an LI-300 leaf area meter (LI-COR
Inc., Lincoln, NE). Specific leaf FW was the
ratio of leaf FW to leaf area. Plant tissues
were then dried at 80 �C for at least 72 h, and
the DW of the plants were measured.

Potassium and sodium concentrations.
The K and Na concentrations in the samples
were determined based on the methodology
of Maillard et al. (2015). Plant dry samples
were ground to a fine powder with inox beads
in a grinder (Wonder Blender WB-1, Osaka
Chemical, Japan). Samples of 250 mg DW of
each plant were incinerated at 650 �C for 72 h
in a muffle oven (Muffle Furnace FO300,
Yamato Inc., Japan). Next, the ashes were
dissolved in 3 mL of 2 mol·L–1 HCl, and
deionized water was added to reach a fixed
volume of 50 mL. The filtered sample solu-
tions were then diluted 10 times and measured
using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, ICPE-9000,
Shimadzu Inc., Japan).

Chlorophyll and carotenoid concentrations.
Chlorophyll (Chl) and carotenoid (Car) con-
centrations were determined based on the
methodology of Shen (1988). A leaf disk
was taken from the third leaf from the outside
of each plant using a puncher at 35 DAS and
placed in a centrifuge tube, and then 10 mL
of a mixed extract (ethanol:acetone:water =
4.5:4.5:1) was added. The mixture was soaked
in the dark to extract the pigments until the
leaf disk was completely whitened. The ab-
sorption of the extract solution was measured
at 440 nm, 645 nm, and 663 nm. The concen-
trations of Chl a, Chl b, and Car were deter-
mined using three equations (mg·cm–2):

Chl a =ð12:7·D663 – 2:69 ·OD645Þ· 10V=A

Chl b = ð22:9 ·OD645 – 4:68 ·OD663Þ
· 10V=A

Car = ½4:7 ·OD440 – 0:27 · ðChl a + Chl bÞ�
· 10V=A;

where OD is the optical density, V is the
volume of the extracting solution (mL), and A
is the area of the leaf disk (cm2).

Gas exchange parameters. The measure-
ment of gas-exchange parameters conducted
is described by Yamori et al. (2011), using a
portable photosynthesis system (Li-6400XT,
LI-COR Inc.). The third leaf from the outside
was picked, and the net photosynthetic rate
(Pn), stomatal conductance (gS), transpiration
rate (Tr), and intercellular CO2 concentration
(Ci) were measured at 33 DAS. Light was

provided by red and blue light-emitting di-
odes (6400-02B, LI-COR Inc.). Photosyn-
thetic photon flux density was measured at
300 mmol·m–2·s–1, and the leaf temperature,
CO2 concentration, and relative humidity
were 20 �C ± 1 �C, 400 ± 5 mmol·mol–1,
and 65% ± 5%, respectively.

Chlorophyll fluorescence parameters.
Leaf chlorophyll fluorescence parameters
were simultaneously measured at 34 DAS,
using a portable photosynthesis system (Li-
6400XT, LI-COR Inc.), with an integrated
fluorescence fluorometer (Li 6400-40 leaf
chamber fluorometer, LI-COR Inc.), under
ambient CO2 concentration and 21% O2. The
maximum quantum yield of the PS2 primary
photochemistry (Fv/Fm), efficiency of exci-
tation energy capture by open PS2 reaction
centers (Fv#/Fm#), quantum yield of PS2
electron transport (PhiPS2), and photochem-
ical quenching (qP) were measured.

Soluble sugar concentration. Total solu-
ble sugar was measured using the method
described by Ibrahim et al. (2012), with
modifications. Samples of 50 mg leaf DW
were placed in a test tube, to which 10 mL of
80% ethanol was added. This was placed in
an 80 �Cwater bath for 30 min and allowed to
cool. Next, the supernatant was centrifuged at
4000 gn for 3 min. This step was repeated
twice, and the supernatant was combined. A
measure of 10 mg of activated carbon was
added to the supernatant and decolorized at
80 �C for 30 min, and the volume was then
adjusted to 25mL. After filtration, the soluble
sugar concentration was determined using
the anthrone-sulfuric acid method at 620 nm.

Concentrations of total phenols and
flavonoids. At 35 DAS, the third leaf from
the outside was selected in this experiment. A
sample of 0.5 g of lettuce sprouts was ground
with liquid nitrogen, and 10 mL of 80%
methanol was used for extraction. All sam-
ples were extracted in darkness for at least
90 min and then filtered and stored at –20 �C
for the next determination.

The concentration of total phenols (CTP)
was determined using the Folin-Ciocalteu
colorimetric assay according to the method-
ology proposed by Singleton et al. (1999),
with modifications. A 0.5-mL extract was
added to 2.5 mL of reaction solution, which
contained 0.4 mL of Folin phenol, and
reacted for 3 min. Then, 10 mL of 10% Na2
CO3 was added, and the absorption at 765 nm
was measured. The results were expressed as
milligrams chlorogenic acid equivalents
(CGE) per gram FW.

The concentration of total flavonoids (CTF)
was determined using the methods described
by Zhishen et al. (1999). First, 0.5 mL of
extract was added to 1 mL of 5% NaNO2, 1
mL of 10% Al(NO3)3, and 4 mL of 2 mol·L–1

NaOH and mixed and reacted for 15 min.
Then, the absorption at 510 nmwas measured.
The CTF was expressed as milligrams of rutin
equivalents (RTE) per gram FW.

DPPH (2,2-diphenyl-1-picryl-hydrazyl-
hydrate) assay. Antioxidant activity using
the DPPH radical was determined based on
the methodology of Viacava et al. (2015). A

Table 1. Nutrient amount required by low-K lettuce at different growth stages.

Days after seeding

Nutrient amount (mmol/plant/period)

N P K Ca Mg
7–14 0.66 0.06 0.28 0.10 0.02
14–28 5.06 0.42 2.35 0.72 0.21
28–35 5.71 0.51 0.35 1.75 0.57
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0.25-mL sample of extract was mixed with 1
mL of 100 mM methanol DPPH solution. The
mixtures were immediately shaken and allowed
to stand at a refrigeration temperature of 2 �C in
the dark. The decrease in absorption at 517 nm
was measured after 60 min, and DPPH radical
scavenging activity was expressed as mg of
Trolox equivalents per 100 g FW.

Secondary metabolite concentrations. At
35 DAS, the third leaves from the outside were
freeze-dried at 10 �C for 5 d in a freeze-dry
machine (DRC-1000, FDU-2100; EYELA
Inc., Tokyo, Japan). The dried samples were
crushed into powder and filtered through a
sieve (1 mm). A 200-mg sample of a dry leaf
was weighed and transferred to a 5-mL
Eppendorf tube (Hamburg, Germany). Then,
2.5 mL of methanol was added, mixed for
15 min at 1000 rpm at 20 �C using an
Eppendorf ThermoMixer C, and centrifuged
for 5 min. Next, 2.5 mL of methanol was
added to the residue, and the same extract
procedure was performed. The combined ex-
tracts were transferred to a 5-mL volumetric
flask and diluted with methanol to a 5 mL total
volume. The solution was then filtered through
a 0.22-mmnylon syringe filter (ShimadzuGLC
Ltd., Tokyo, Japan).

Analysis of chicoric acid (CC) concentra-
tion was conducted using high-performance
liquid chromatography (HPLC). The HPLC
system was composed of a Shimadzu LC-
20A Prominence system equipped with a
SIL-20AC autosampler and an SPD-20A
PDA detector using LabSolutions software
(Shimadzu, Kyoto, Japan). Specific HPLC
conditions were followed for the analysis of
CC: a 5-mm, 4.6 · 150 mm TSKgel ODS-
80TM column (Tosoh, Tokyo, Japan) was
used, at a temperature of 40 �C, flow rate of
1.0 mL·min–1, run time of 15 min, detector
wavelength of 330 nm, mobile phase of 15%
acetonitrile/0.1% formic acid, and injection
volume of 10 mL.

The concentrations of caffeic acid (CF),
chlorogenic acid (CG), rutin (RT), and iso-
quercitrin (IQ) were measured using liquid
chromatography-mass spectrometry (LC–
MS), which was conducted according to
Nguyen et al. (2019), with modifications.
An LC–MS-2020 mass spectrometer equip-
ped with an electrospray ionization (ESI)
source, operating in negative mode, was used
for the identification and quantification of
CF, CG, RT, and IQ. The HPLC analysis of
CF, CG, RT, and IQ was conducted using an
XBridge BEH C18 column (3.5 mm, 2.1 ·
150 mm, Waters, MA) at a temperature of
35 �C, flow rate of 0.2 mL·min–1, and an
injection volume of 1 mL. The elution was
conducted with a mobile phase consisting of
solvent A (0.1% formic acid, v/v) and solvent
B (100% acetonitrile) using a gradient flow of
10% to 20% B at 0 to 5 min, 20% B at 5 to 10
min, and 10% B at 10 to 20 min. The eluent
was passed to the ESI source, and a capillary
voltage of 3.5 kVwas used in the negative ion
mode. Nitrogen was used as the drying gas
with a flow rate of 15 L·min–1 and nebulizing
gas with a flow rate of 1.5 L·min–1. The
desolvation line temperature was set at

250 �C. The ion trap was operated in full
scan mode from m/z 50 to 1000 and selected
ion monitoring mode with m/z 179, 353, 609,
and 463 for a molecular ion [M–H]– of CF,
CG, RT, and IQ, respectively.

Statistical analysis. A one-way analysis
of variance was calculated using SPSS 17.0
software (SPSS Inc., Chicago, IL), and the
mean values were compared using Tukey’s
honestly significant difference test (P < 0.05).
Data were represented as the mean ± standard
errors (SE). Graphics were created using
GraphPad Prism 5 (GraphPad, San Diego,
CA).

Results

Plant growth. Both LKEC and LKQM
treatments exerted negative effects on plant
growth. However, no significant difference
was found between the LKEC and LKQM
treatments in measurements of plant growth.
Compared with CK, the LKEC and LKQM
treatments decreased plant FW, DW, and leaf
area by nearly 24%, 22%, and 21%, respec-
tively (Table 2). The number of leaves and
specific leaf area were unaffected by the two
low-K treatments.

Potassium and sodium concentrations. At
28 DAS, there was no significant difference
in concentrations of K and Na between CK,
LKEC, and LKQM treatments. At 35 DAS,
there was no change in concentrations of K
and Na in the CK, compared with the 28
DAS, whereas in the lettuce with LKEC and
LKQM treatments, the K concentration de-
creased and Na concentration increased.

At 35 DAS, the K concentration in the
plants with LKEC and LKQM treatments

decreased by 65% compared with the CK
about. No significant difference was found in
the K levels between the two K treatments
(Fig. 1A). Compared with the CK, the LKEC
and LKQM treatments increased the Na con-
centration by 245% and 103%, respectively
(Fig. 1B).

Photosynthesis-related characteristics.
The two low-K treatments did not affect the
photosynthesis parameters, such as the Pn, gS,
Ci, and Tr (Table 3). In addition, there was no
significant difference between the three treat-
ments in chlorophyll fluorescence parame-
ters, including Fv/Fm, Fv#/Fm#, PhiPS2, and
qP (Table 4).

Chl a and b concentrations and the Chl a to
Chl b ratio were also unaffected by LKEC and
LKQM treatments, whereas the Car concen-
tration was increased compared with the CK.
No significant difference was found between
the LKEC and LKQM treatments for photo-
synthetic pigment concentrations (Table 5).

Compared with CK, LKEC and LKQM
treatments increased the soluble sugar concen-
tration by nearly 110%, whereas no significant
difference appeared between them (Fig. 2).

Concentrations of total phenols and
flavonoids. CTP was increased by the low-K
treatments. The LKEC treatment showed a
more substantial increase, of �20%, com-
pared with CK, whereas CTP of the LKQM
treatment increased by�11% (Fig. 3A). CTF
showed the same trend as CTP, with a higher
gain: the LKEC treatment increased by 82%,
and the LKQM treatment increased by 68%
(Fig. 3B).

Secondary metabolite concentrations.
The lettuce under the LKEC treatment con-
sistently contained the highest concentration

Table 2. Effects of the LKEC and LKQM treatments on the lettuce plant FW, DW, number of leaves, leaf
area and specific leaf area.

Treatments Plant FW (g) Plant DW (g) No. of leaves Leaf area (dm2)
Specific leaf
area (g·dm–2)

CK 106.8 ± 8.3 az 4.01 ± 0.50 a 13.0 ± 0.8 a 10.64 ± 0.55 a 9.11 ± 0.80 a
LKEC 81.2 ± 6.3 b 3.41 ± 0.30 b 13.7 ± 0.5 a 8.44 ± 0.38 b 8.94 ± 0.65 a
LKQM 81.1 ± 4.4 b 3.40 ± 0.17 b 13.6 ± 0.5 a 8.32 ± 0.43 b 8.85 ± 0.66 a
zEach value is themean ± SE of three replicates. Different letters indicate significant differences atP < 0.05,
according to Tukey’s honestly significant difference test.
CK = control; DW = dry weight; FW = fresh weight; LKEC = low potassium with K replaced by Na;
LKQM = low potassium treatment based on quantitative nutrient management.

Fig. 1. Effects of the LKEC and LKQM treatments on the K (A) and Na (B) concentrations of lettuce plants
at 28 and 35 DAS. Data represent themean ± SE (n = 3). Different letters indicate significant differences
at P < 0.05, according to Tukey’s honestly significant difference test. CK = control; LKEC = low
potassium with K replaced by Na; LKQM = low potassium treatment based on quantitative nutrient
management.
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of SMs, which were 67%, 92%, 23%, 32%,
and 152% higher for RT, CG, CF, IQ, and
CC, respectively, than the control. The RT,
CG, and CC concentrations in the LKQM
plants were also higher than the control by
36%, 28%, and 121%, respectively. The CF
and IQ concentrations between the LKQM
and CK treatments showed no significant
difference (Table 6).

Antioxidant activity. Compared with CK,
the antioxidant activity of the plants was
significantly enhanced by the LKEC and
LKQM treatments (Fig. 4). The Trolox

equivalents in the LKEC treatment were
61% higher than the control, whereas in the
LKQM treatment, they were 45% higher than
the control.

Discussion

Effects of low-K treatments on photosynthesis
and plant growth. The K concentration of
lettuce treated with both LKEC and LKQM
was close to 100 mg·g–1 FW (Fig. 1), which
met the criteria for low-K lettuce. However,
the FW, DW, and leaf area of lettuce plant
was decrease in these two treatments com-
pared with the CK (Table 2). Ogawa et al.
(2012) found that with the LKQMmethod, K
concentration in leaf vegetable decreased to
30% to 40% compared with CK. Other sim-
ilar experiments found that different low-K
treatment methods and lettuce varieties af-
fect the yield and quality of low-K lettuce
(Chang and Fang, 2019; Ogawa et al., 2014;
Renna et al., 2018; Yoshida et al., 2016;
Zhang et al., 2016). Thus, the growth limi-
tation of low-K lettuce in this study was
understandable.

The absence of significant differences in
the growth indicators, photosynthetic indica-
tors, and soluble sugars between the LKEC
and LKQM treatments indicates that the two
low-K treatments had the same effect on the
growth of the studied lettuce plants. Com-
pared with CK, the yield and K concentration
in the lettuces from the two low-K treatments

decreased by 20% and 65%, respectively,
whereas the mean of Pn did not decline.
However, the soluble sugar concentration in
low-K treatments increased by 110% com-
pared with CK. Plants per unit mass fixed an
equal amount of CO2 through photosynthesis,
and a large amount of soluble sugars existed
in the low-K lettuce, resulting in carbon not
being fully used for cell growth, division, and
differentiation. This might explain why the
biomass of low-K lettuce decreased with
constant photosynthesis. A possible reason
for soluble sugar accumulation in low-K
lettuce is that soluble sugars could have
compensated for the osmotic pressure gap
after K deficiency because K is the main
osmotic adjustment substance of plants
(Cakmak et al., 1994; Hafsi et al., 2014;
Talbott and Zeiger, 1996). In rice, when
the K transporter–related gene OsHAK1 is
knocked out, the synthesis and transport of
sucrose are reduced, but the concentration of
sucrose in leaves was increased (Chen et al.,
2018). In cotton, K deficiency also causes an
increase in sucrose and starch in leaves (Hu
et al., 2018). Therefore, the accumulation of
soluble sugar might slow the growth of low-K
lettuce. In addition to soluble sugars, amino
acids and other cations are also important
components in maintaining plant vacuolar
osmotic pressure, and they compensate for
reduced osmotic pressure in the absence of K
(Hu et al., 2018; Wakeel et al., 2011; Wang
et al., 2012b). The increased Na concentra-
tion in lettuce leaves in the LKEC and LKQM
treatments indicated that Na was also in-
volved in the compensation of osmotic pres-
sure.

The leaf Pn can also be affected by K (Lu
et al., 2016a, 2019). However, in this study,
the mean Pn did not decline. Other critical
components of photosynthesis, such as gS, Ci,
Tr, Fv/Fm, Fv#/Fm#, PhiPS2, qP, and the
chlorophyll concentration, were also unaf-
fected (Tables 3 and 4). This finding might be
because the reduced osmotic pressure, as a
result of less K, was compensated for by
substances such as soluble sugars, whereas K,
which was controlled by gS and related
enzyme activity, was unaffected. This phe-
nomenon can be determined by the degree
of K deficiency. Quantitative limitation anal-
ysis found that 0.98% K did not affect the net
CO2 assimilation rate, compared with 1.66%
of K in the control treatment in Brassica
napus L. (Lu et al., 2016b). In soybean (cv.
Spencer), K deficiency limited growth traits
rather than the photosynthetic processes at a
moderate K deficiency of 1% K concentra-
tion in the leaf (Singh and Reddy, 2017).
These results were consistent with our finding
that growth of low-K lettuce was limited
while photosynthesis was constant. This
might be because the decline of assimilation
accumulation and biomass had already oc-
curred before leaf photosynthesis was af-
fected by K deficiency (Edward et al., 2010;
Wang et al., 2012a).

Here we propose a hypothesis about the
physiological response of low-K lettuce. The
K intake was decreased but photosynthesis

Table 3. Effects of the LKEC and LKQM treatments on leaf photosynthesis.

Treatments Pn (mmol CO2/m
2/s) gS (mol H2O/m

2/s) Ci (mmol CO2/mol) Tr (mol H2O/m
2/s)

CK 5.54 ± 0.27 az 0.201 ± 0.007 a 350 ± 5 a 1.74 ± 0.11 a
LKEC 5.47 ± 0.23 a 0.191 ± 0.009 a 355 ± 7 a 1.70 ± 0.06 a
LKQM 5.43 ± 0.10 a 0.189 ± 0.013 a 350 ± 2 a 1.68 ± 0.12 a
zEach value is the mean ± SE of three replicates. Different letters indicate significant differences atP < 0.05,
according to Tukey’s honestly significant difference test.
CK = control; LKEC = low potassium with K replaced by Na; LKQM = low potassium treatment based on
quantitative nutrient management; Pn = net photosynthetic rate; gS = stomatal conductance; Ci =
intercellular CO2 concentration; Tr = transpiration rate.

Table 4. Effects of the LKEC and LKQM treatments on leaf chlorophyll fluorescence.

Treatments Fv/Fm Fv#/Fm# PhiPS2 qP

CK 0.811 ± 0.013 az 0.569 ± 0.021 a 0.222 ± 0.010 a 0.343 ± 0.010 a
LKEC 0.820 ± 0.005 a 0.565 ± 0.009 a 0.228 ± 0.007 a 0.349 ± 0.012 a
LKQM 0.823 ± 0.004 a 0.558 ± 0.033 a 0.211 ± 0.007 a 0.341 ± 0.018 a
zEach value is the mean ± SE of three replicates. Different letters indicate significant differences atP < 0.05,
according to Tukey’s honestly significant difference test.
CK = control; DW = dry weight; Fv/Fm = maximum quantum yield of the PS2 primary photochemistry;
Fv#/Fm# = efficiency of excitation energy capture by open PS2 reaction centers; FW = fresh weight;
LKEC = low potassium with K replaced by Na; LKQM = low potassium treatment based on quantitative
nutrient management; PhiPS2 = quantum yield of PS2 electron transport.

Table 5. Effects of the LKEC and LKQM treatments on chlorophyll a (Chl a), chlorophyll b (Chl b), and
carotenoid (Car) concentrations and the Chl a to Chl b ratio (Chl a/b) of lettuce.

Treatments Chl a (mg·cm–2) Chl b (mg·cm–2) Car (mg·cm–2) Chl a/b

CK 18.5 ± 1.3 az 9.2 ± 0.7 a 2.2 ± 0.2 b 2.02 ± 0.07 a
LKEC 18.2 ± 0.6 a 8.9 ± 0.7 a 2.6 ± 0.2 a 2.05 ± 0.09 a
LKQM 17.5 ± 0.7 a 8.9 ± 0.4 a 2.6 ± 0.1 a 1.97 ± 0.06 a
zEach value is the mean ± SE of three replicates. Different letters indicate significant differences atP < 0.05,
according to Tukey’s honestly significant difference test.
CK = control; LKEC = low potassium with K replaced by Na; LKQM = low potassium treatment based on
quantitative nutrient management.

Fig. 2. Effects of the LKEC and LKQM treatments
on the soluble sugar concentration of lettuce.
Data represent the mean ± SE (n = 3). Different
letters indicate significant differences at P <
0.05, according to Tukey’s honestly significant
difference test. CK = control; LKEC = low
potassium with K replaced by Na; LKQM =
low potassium treatment based on quantitative
nutrient management.
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was not reduced. The K concentration in the
vacuole is reduced firstly, which leads to a
decrease in the osmotic pressure of the cell.
Therefore, the soluble sugar, amino acids,
and cations are increased to maintain osmotic
pressure, leading to a decline in the translo-
cation of sucrose and amino acids, which
inhibits the growth of lettuce plant.

Effects of potassium deficiency and sodium
accumulation on plant secondary metabolite
concentrations. The concentrations of total
phenol (Fig. 3A) and flavonoid (Fig. 3B) in
low-K treatments were higher than those of
the control. In our study, the RT, CG, CA, IQ,
and CC were also identified (Table 6). The
concentrations of SMs in low-K lettuce
plants were higher than that of the control.
Interestingly, Car concentration in low-K
lettuce was also higher than that of the con-
trol (Table 4) because the Cars are also a kind

of SM, providing protection when plants are
overexposed to free radical detoxification
(Lattanzio et al., 2006). A large number of
experiments have been reported in which the
nutrient deficiencies of plants were charac-
terized by an accumulation of flavonoids,
such as the anthocyanins (Yang et al.,
2018a). In lupins (Lupinus angustifolius), K
deficiency resulted in low-quality seeds with
high alkaloid concentrations, such as angus-
tifoline, lupanine, and 13-hydroxylupanine
(Gremigni et al., 2001). In the Chrysanthe-
mum morifolium, K deficiency increased the
content of total flavonoids in leaves at the
vegetative stage, while it decreased in leaves
and flowers at the reproductive stage (Liu
et al., 2010). A reasonable explanation might
be that some metabolic enzyme activities
were changed in low-K plants, which caused
the changing of metabolites. In addition, K
was an essential element for plants, and this
nutritional stress of K promotes the produc-
tion of stress metabolites (Liu et al., 2010).

An interesting finding was that the con-
centration of SMs in lettuce plants in the
LKEC treatment was higher than that in the
LKQM treatment (Figs. 3 and 4; Table 5).
This finding might be due to the higher
concentration of Na in the nutrient solution
of LKEC, which was nearly 6 mM. Substan-
tial research on the effects of Na on concen-
trations of plant SMs has been conducted
(Menezes-Benavente et al., 2004; Minh et al.,
2016). However, most of this research has
focused on salt stress in cases where the Na
concentration around the root zone reached
100 to 200 mM. It has been found that in the
long-term treatment of 5 mM NaCl, the total
carotenoids were increased, whereas the phe-
nolic concentration remained stable in ro-
maine lettuce (Kim et al., 2008). Salt stress

often created both ionic and osmotic stress in
plants, resulting in the accumulation or de-
crease of specific SMs in plants (Mahajan and
Tuteja, 2005). In this research, the Na might
only perform its ionic function. Furthermore,
the low concentration of Na in the solution
did not affect plant growth, photosynthesis,
or primary metabolites, but it affected the
SMs, which proved that SMs were more
sensitive to changes in the environment.

CG and CC were the main component of
phenols in lettuce and were the CF deriva-
tives (Ouzounis et al., 2015). CG and CC
were the two main products in this meta-
bolism, and CF was the intermediate product
(Murthy et al., 2014). RT and IQ were the
main flavonoids in lettuce and were the dif-
ferent products in the same metabolism
(Verhoeyen et al., 2002). These products
varied widely. CC concentration in lettuce
was the highest among the individual pheno-
lic compounds, and the increase caused by K
and Na was also the largest. CF and IQ were
hardly affected by K deficiency, whereas they
were affected by Na. These differences indi-
cate that K and Na affected not only the
concentration of SMs but also the proportion
of different metabolites. This might be
because K deficiency and Na stress had dif-
ferent effects on different enzymes in the
biosynthetic phenolic pathway (Wang et al.,
2012b). In conclusion, both Na and K have
important effects at the level of SMs.

The nutritional value of low-K. In either
LKEC or LKQM treatment, as the K con-
centration decreased, other components
were increased, such as soluble sugars, Na,
phenols, and flavonoids (Figs. 1–4). These
components also increased the burden on
the kidney of dialysis patients (Nowak et al.,
2017; Uribarri, 2018). The antioxidant ac-
tivity of lettuce with LKEC treatment was
highest, and it is considered good for human
health. However, most of the sources of this
antioxidant activity are polyphenols, and
they will accumulate and show the indubi-
table potentially toxic effects for dialysis
patients (Malejane et al., 2018; Nowak
et al., 2017).

Generally speaking, the LKQM method
was considered better because it reduced the
Na concentration in low-K lettuce, as we
expected. However, the results on SMs were
conflicting. So, as a functional food, the
nutritional value of low-K lettuce should be
further evaluated.

Conclusion

After two low-K treatments (LKEC and
LKQM) in this study, the yield of lettuce
decreased without any photosynthesis change.
The soluble sugar concentration increased,
which was thought to be the main reason for
the reduced biomass of low-K lettuce due to
the decline in carbon source used for other
organ growth. K deficiency also increased the
concentration of SMs in lettuce. Furthermore,
higher concentration of Na in the nutrient
solution of the LKEC treatment also caused

Fig. 3. Effects of the LKEC and LKQM treatments on the CTP (A) and CTF (B) of lettuce. Data represent
the mean ± SE (n = 3). Different letters indicate significant differences at P < 0.05, according to Tukey’s
honestly significant difference test. CK = control; LKEC = low potassium with K replaced by Na;
LKQM = low potassium treatment based on quantitative nutrient management.

Table 6. Effects of LKEC and LKQM treatments on rutin (RT), chlorogenic acid (CG), caffeic acid (CF),
isoquercitrin (IQ), and chicoric acid (CC) concentrations (mg·g–1 DW) in lettuce.

Treatments RT CG CF IQ CC

CK 0.49 ± 0.03 cz 32.1 ± 1.7 c 0.35 ± 0.02 b 0.47 ± 0.02 b 144 ± 10 c
LKEC 0.82 ± 0.04 a 61.8 ± 1.8 a 0.43 ± 0.01 a 0.62 ± 0.01 a 362 ± 12 a
LKQM 0.67 ± 0.04 b 41.0 ± 2.0 b 0.36 ± 0.02 b 0.53 ± 0.02 b 317 ± 11 b
zEach value is the mean ± SE of three replicates. Different letters indicate significant differences at P < 0.05
according to Tukey’s honestly significant difference test.
CK = control; DW = dry weight; LKEC = low potassium with K replaced by Na; LKQM = low potassium
treatment based on quantitative nutrient management.

Fig. 4. Effects of the LKEC and LKQM treatments
on the antioxidant activity of lettuce. Data
represent mean ± SE (n = 3). Different letters
indicate significant differences at P < 0.05,
according to Tukey’s honestly significant dif-
ference test. CK = control; LKEC = low potas-
sium with K replaced by Na; LKQM = low
potassium treatment based on quantitative nu-
trient management.
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an effect on the concentration of SMs, and Na
and K had different effects on different com-
pounds.
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