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Abstract: Essential plant nutrients are needed at crop-specific concentrations to obtain optimal
growth and yield. Foliar tissue analysis is the standard method for assessing nutrient levels in plants.
Symptoms of nutrient deficiency or toxicity occur when the foliar tissue values become too low or
high. Diagnostic nutrient deficiency criteria for Brassica rapa var. Chinensis (bok choy) is lacking in
the current literature. In this study, green (‘Black Summer’) and purple (‘Red Pac’) bok choy plants
were grown in silica sand culture, with control plants receiving a complete modified Hoagland’s
all-nitrate solution, and nutrient-deficient plants induced by using a complete nutrient formula
withholding a single nutrient. Tissue samples were collected at the first sign of visual disorder
symptoms and analyzed for dry weight and nutrient concentrations of all plant essential elements.
Six weeks into the experiment, the newest matured leaves were sampled for chlorophyll a, b, and
total carotenoids concentrations for both cultivars, and total anthocyanin concentration in ‘Red Pac’.
Compared to control plants, the dry weight of ‘Black Summer’ green bok choy was significantly
lower for nitrogen (N), phosphorus (P), calcium (Ca), or boron (B) deficiency treatments, and nutrient
concentrations were lower for all variables except iron (Fe) deficiency. Dry weight was less in ‘Red
Pac’ plants grown without N, potassium (K), Ca, B, or molybdenum (Mo), and nutrient concentrations
were lower for all except Mo-deficiency compared to controls. Total chlorophyll and total carotenoid
concentrations were lower in leaves from N−, Fe-, and manganese- (Mn) deficient plants of both
cultivars. Leaf anthocyanin concentration was lower only for K-, Ca-, and B-deficiencies in ‘Red Pac’.
Our results indicate that visual symptoms of nutrient deficiency are well correlated with nutrient
disorders. In contrast, changes in dry weight, chlorophyll, and anthocyanin did not show consistent
changes across nutrient disorders.

Keywords: toxicity; deficiency; macronutrients; micronutrients; nutrient disorders; tissue analysis;
bok choy; carotenoids

1. Introduction

Plant tissue analysis has been used extensively to evaluate the nutritional status of a crop, nutrient
sufficiency levels, and recommended rates and types of fertilizer [1]. Visual symptoms can be used as
indicators of a specific mineral deficiency and have proved to be useful in assisting growers in making
fertility adjustments. However, foliar analysis is needed to determine fertility adjustments to avoid
over or underapplication [2].

Agriculture 2020, 10, 461; doi:10.3390/agriculture10100461 www.mdpi.com/journal/agriculture

http://www.mdpi.com/journal/agriculture
http://www.mdpi.com
https://orcid.org/0000-0001-6027-7990
http://dx.doi.org/10.3390/agriculture10100461
http://www.mdpi.com/journal/agriculture
https://www.mdpi.com/2077-0472/10/10/461?type=check_update&version=2


Agriculture 2020, 10, 461 2 of 16

The genus Brassica belongs to the crucifer or brassicacea family and is economically the most
important genus within its family [3]. Brassica rapa var. Chinensis (bok choy) is available as green,
dark purple, and red cultivars. Nitrogen (N) application recommendations for bok choy range from
100 to 250 kg Nha−1, with an optimum concentration of 200 kg Nha−1 [4,5]. The lowest possible
application rate of N is the most economically appealing for growers. However, growers producing
Brassica rapa var. Chinensis can encounter problems if other specific mineral nutrient disorders manifest
that render the crop unfit for market or simply unattractive to consumers.

Anthocyanins (flavonoids) are water-soluble pigments that accumulate in leaves, petals, sepals,
and fruits of plants, providing color, photoprotection, herbivory, and pathogen defense, signal
transduction, and water relations [6,7]. Additionally, in human health, anthocyanins protect against
cardiovascular disease, diabetes, cancer, and vision loss in humans [8]. Phenolic compounds,
including flavonoid precursors, are synthesized in the cytoplasm via the phenylpropanoid pathway
and compartmentalized in the vacuole. In bok choy, the primary anthocyanins are acylated
cyanidin-3-glucosides [9]. While changes in anthocyanin content of Pac Choi ‘Mei Qing Choi’,
a close relative of bok choy, relative to nutrient stress have not been reported, the total phenolic content
of bok choy was reported to increase with N-deficiency Zhao et al. [10]. Betalain, a pigment similar
to anthocyanin, increased with a P-deficiency in alternanthera [7]. Mineral nutrients may play an
indirect role by promoting photosynthesis and increased sugars for use in anthocyanin synthesis or by
increasing pigment per unit leaf weight, due to limited leaf expansion [11]. Minerals may play a direct
role by promoting flavonoid synthesis as cofactors for enzymes or stabilize anthocyanins through
pigment-metal complexes [12].

Chlorophyll (Chl) molecules (Chl a and Chl b) in the chloroplast are needed for the transformation
of light energy to chemical bonds in plants [13], while carotenoids, such as lutein, zeaxanthin,
and violaxanthin, provide photoprotection [14]. The leaf Chl concentration is an important
physiological indicator of plant stress [15]. Reduced Chl concentrations may limit the photosynthetic
processes and further decrease in the primary production of Chl [16]. Plant Chl concentration plays a
major role as a visual indicator of mineral nutrient deficiencies, often expressed in leaf color changes
from dark green to light green or yellow. Relative chlorophyll content (RCC) estimates total chlorophyll
that can be measured easily and non-destructively on leaves and can be used as a rapid means of
checking for nutrient stress [17]. As the total Chl concentration of a crop can occasionally exceed the
maximum limits of RCC instruments, chlorophyll content should be established relative to RCC values
in a new crop species prior to use for monitoring nutrient stress.

Although tissue nutrient sufficiency values for bok choy have been reported by Bryson and
Mills [18], values and symptoms with tissue nutrient deficiencies have not been established.
An experiment was conducted to elucidate the nutritional disorder symptomology and determine
critical leaf tissue nutrient levels of Brassica rapa var. Chinensis using dark green and red-leaved cultivars.
Nutrient deficiencies selected were for macro and micro minerals most commonly encountered in
production systems. Additionally, the treatment of excess boron was added as this mineral can cause
mineral toxicity. The impact of nutrient deficiencies on RCC, Chl, and anthocyanin concentration in
bok choy leaves was also evaluated to determine if these values would be useful as early indicators of
nutrient stress.

2. Materials and Methods

2.1. Plant Materials

Two bok choy cultivars (Brassica rapa var. Chinensis ‘Red Pac’ and ‘Black Summer’) (Johnny’s
Select Seeds; Winslow, ME, USA) were planted 28 April 2019 into 128 count trays (4 × 2.3 × 2.3 cm
(cell size), and germinated in a mist bench for two weeks. Seedlings were transplanted into 12.7
cm-diameter (0.76 L) plastic pots containing silica-sand (Millersville #2 (0.8 to 1.2 mm diameter) from
Southern Products and Silica Co., Hoffman, NC, USA) on 17 May 2019. The plants were grown in
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a glass greenhouse with 26 ◦C and 20 ◦C day/night in Raleigh, NC (35◦ N latitude). Immediately
after transplanting, treatments were initiated using an automated, recirculating irrigation system that
was constructed out of 10.2 cm diameter PVC pipe (Charlotte Plastics, Charlotte, NC, USA). Detailed
information about the formulation of the fertilizer treatments, salts used, and the system is given in
Barnes et al. [19].

When the initial visual deficiency symptoms of each treatment occurred, three plant replicates that
exhibited symptoms were selected for sampling, and three control plants (referenced as All for figures)
were also sampled. Hence, each sampling contained a corresponding control plant. The remaining
four plants were grown to document symptom advancement. The entire shoots were sampled to
evaluate the critical tissue concentration for each element. Harvested shoots were washed in a solution
of 0.5 M HCl for 1 min. Shoots were then rinsed with deionized water. The experiment was terminated
on 1 July 2019 (six weeks of growth from transplant), in which asymptomatic treatments were sampled
for foliar analysis and dry weight for ‘Black Summer’ plants grown under Molybdenum- (Mo),
copper- (Cu), and sulfur- (S) deficient conditions did not exhibit deficiency symptoms. Moreover,
‘Red Pac’ plants grown under Cu- and Mo- deficient conditions did not exhibit visual deficiency
symptoms. All samples were dried at 70 ◦C, and dry weights were recorded. Dry tissue was ground
to a particle size small enough to pass through a < 0.5 mm sieve using a Foss Tecator Cyclotec™ 1093
sample mill (Analytical Instruments, LLC, Golden Valley, MN, USA). Tissue analysis was conducted
by AgSource Laboratories (Lincoln, NE, USA).

2.2. Analysis of RCC, Chlorophyll, and Anthocyanin

The most recently matured leaves were harvested six weeks after the project began (26 June 2019)
from three plants of every treatment. Leaves were placed in plastic bags and held at 5–10 ◦C during
transport to the Plants for Human Health Institute (Kannapolis, NC, USA). Relative Chlorophyll
Concentration (RCC) was determined with a chlorophyll meter (SPAD-502; Konica Minolta Sensing,
Osaka, Japan) at two locations on each leaf at about 0.5 cm from the edge at the widest part of the leaf.
Leaf weights were taken and frozen at −20 ◦C. About 1

4 to 1
2 of the leaf, excluding midrib, was placed

in 15 mL polystyrene vials (OPS Diagnostics, Lebanon, NJ, USA) with two 9 mm stainless steel balls
(Grainger, Charlotte, NC, USA) and ground in a genogrinder (SPEX, Boston, MA, USA) for 2 min
at 400 strokes/min. The ground material was transferred to microvials. For chlorophyll, ~0.005 g
of the leaf was added to 2 mL sealing vials (Sigma-Aldrich, Milwaukee, WI, USA) equipped with
two 2 mm stainless steel balls and extracted with 2 mL of 95% by volume ethanol using a multi
vortexor (Grant-Bio V32, Fisher Scientific, Hampton, NH, USA) followed by 5 min sonication (Branson
Ultrasonicator, Dansbury, CT, USA). Vials were centrifuged at 10,000× g at 4 ◦C for 10 min in a
microcentrifuge (Eppendorf 5471R, Ocala, FL, USA). One mL of supernatant was used to determine
the absorbance at 470.0, 648.6, 664.1, and 750.0 470.0 nm using a spectrophotometer (UV-Vis 2450,
Shimadzu, Columbia, MD, USA). Chl a, b, total Chl, and total carotenoids were determined by using
the formula of Lichtenthaler ([20]) as outlined below.

Chl a (mg/g) = 0.001 × ((13.36 × (A664.1 − A750) − 5.19 × (A648.6 − A750) × (mls extraction
solvent weight/g sample weight))

(1)

Chl b (mg/g) = 0.001 × ((27.43 × (A648.6 − A750) − 8.12 × (A664.1 − A750) × (mls extraction
solvent weight/g sample weight))

(2)

Total Chl (mg/g) = Chl a + Chl b (3)

Total carotenoids (mg/g) = 0.001 × ((1000 × A470 − A750 × df) − ((2.13 × Chl a) −
(97.64 × Chl b)))/209

(4)

where df = (mls extraction solvent/g sample weight).
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As the red pigment in red-leaved bok choy is from anthocyanins [10], the pH differential
method [21] was used to determine the anthocyanin concentration in ‘Red Pac’ leaves. Frozen leaf
tissue (0.03 to 0.05 g) was quickly placed into 2 mL vials, with 1.5 mL of pH 1.0 potassium chloride (KCl)
buffer or pH 4.5 sodium acetate CH3(OONa) buffer added and samples vortexed at room temperature
for 10 min (Mortexor, Bench Mark Scientific, Edison, NJ, USA). Vials were spun in a microcentrifuge
at 10,000× g at 4 ◦C and 1 mL supernatant used to determine the absorbance at 520 and 700 nm
using a spectrophotometer (Shimadzu Model 2450, Columbia, MD, USA). Absorbance was used to
cyanidin-3-glucoside equivalents using the formula:

Anthocyanin (mg/ kg fresh weight) = (Abs520 pH1.0 − Abs 700pH1.0) − (Abs520 pH4.5 –
Abs 700 pH 4.5) × (mls buffer/tissue weight(g))

(5)

2.3. Statistical Analysis

This study was a completely randomized design, and statistical analysis was carried out using
SAS (version 9.4; SAS inst., Cary, NC, USA). Plant growth metrics, leaf nutrient values, chlorophyll,
and anthocyanin concentrations were analyzed for differences within each data collection regarding
nutrient treatment as the explanatory variable using PROC GLM, where (N = 3). Where the F-test
was significant, LSD with a Tukey Kramer adjustment (P < 0.05) was used to compare differences
among means. Deviations in plant metrics, total plant dry weights, leaf tissue values, chlorophyll,
and anthocyanin concentrations were calculated on a percentage basis from the controls.

3. Results and Discussion

Of the 12 nutrient deficiency treatments and one nutrient toxicity treatment, ‘Red Pac’ exhibited
symptoms for 11 treatments, and ‘Black Summer’ exhibited symptoms for 10 treatments. Symptoms
and shoot dry mass values are reported in Tables S1 and S2. Values for the percentage difference in
shoot dry mass are presented in the text if control and treatment tissues were significantly different
when symptoms first appeared. Unless otherwise noted, values for tissue concentrations presented
were significantly different.

3.1. Macronutrients

3.1.1. Nitrogen (N)

Plants grown under N-deficient conditions first displayed stunting when compared to control
plants. The lower leaves of ‘Red Pac’ were initially slightly pale (Figure 1 and Figure S1), and those
of ‘Black Summer’ were slightly yellow (Figure 2 and Figure S2). As the symptoms progressed,
leaves became increasingly pale or yellow. Symptoms first started in the lower leaves and progressed
into the middle foliage. With advanced symptoms, leaves became completely yellow, then necrotic,
and then abscised.

‘Black Summer’ plants without N had 60% less dry mass (Table S1), and ‘Red Pac’ had 43%
less dry mass than control plants (Table S2). The control N tissue concentrations were 5.59 and
5.85% for ‘Black Summer’ and ‘Red Pac’ compared to 1.83 and 2.19% for the N-deficient treatments,
respectively (Tables S1 and S2). Visual symptoms for nitrogen-deficiency occurred within 11 days
after transplanting and had the most negative long-term growth impact when compared to control
plants. This rapid change in appearance and dramatic negative impact in dry weight accumulation
underscores the need for growers to monitor nitrogen to obtain maximum crop yield.
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Figure 1. Symptoms of nitrogen-, phosphorus-, and potassium-deficiency in ‘Black Summer’ plants at
initial, intermediate, and advanced stages of symptom development. Symptoms of nitrogen-deficiency
were initially expressed 11 days after transplant, phosphorus-deficiency symptoms were observed
16 days after transplant, and potassium-deficiency symptoms were initially expressed 11 days after
transplant. Plants were continued to be documented until six weeks after transplant to document initial
and advanced symptoms. Note that the “all” plant shown as a comparison shot for initial phosphorus
symptoms is a control plant that received a complete Hoagland’s solution.

Agriculture 2020, 10, x FOR PEER REVIEW 5 of 16 

 

 
Figure 1. Symptoms of nitrogen-, phosphorus-, and potassium-deficiency in ‘Black Summer’ plants 
at initial, intermediate, and advanced stages of symptom development. Symptoms of 
nitrogen-deficiency were initially expressed 11 days after transplant, phosphorus-deficiency 
symptoms were observed 16 days after transplant, and potassium-deficiency symptoms were 
initially expressed 11 days after transplant. Plants were continued to be documented until six weeks 
after transplant to document initial and advanced symptoms. Note that the “all” plant shown as a 
comparison shot for initial phosphorus symptoms is a control plant that received a complete 
Hoagland’s solution. 

 
Figure 2. Symptoms of nitrogen-, phosphorus-, and potassium-deficiency in ‘Red Pac’ bok choy 
plants at initial, intermediate, and advanced stages of symptom development. Symptoms of 
nitrogen-deficiency were initially expressed 11 days after transplant, phosphorus-deficiency 
symptoms were observed 16 days after transplant, and potassium-deficiency symptoms were 
initially expressed 11 days after transplant. Plants were continued to be documented until six weeks 
after transplant to document initial and advanced symptoms. 

‘Black Summer’ plants without N had 60% less dry mass (Table S1), and ‘Red Pac’ had 43% less 
dry mass than control plants (Table S2). The control N tissue concentrations were 5.59 and 5.85% for 
‘Black Summer’ and ‘Red Pac’ compared to 1.83 and 2.19% for the N-deficient treatments, 
respectively (Tables S1 and S2). Visual symptoms for nitrogen-deficiency occurred within 11 days 
after transplanting and had the most negative long-term growth impact when compared to control 
plants. This rapid change in appearance and dramatic negative impact in dry weight accumulation 
underscores the need for growers to monitor nitrogen to obtain maximum crop yield.  

Figure 2. Symptoms of nitrogen-, phosphorus-, and potassium-deficiency in ‘Red Pac’ bok choy plants at
initial, intermediate, and advanced stages of symptom development. Symptoms of nitrogen-deficiency
were initially expressed 11 days after transplant, phosphorus-deficiency symptoms were observed
16 days after transplant, and potassium-deficiency symptoms were initially expressed 11 days after
transplant. Plants were continued to be documented until six weeks after transplant to document initial
and advanced symptoms.

Nitrogen plays a key role in many metabolic and biosynthetic pathways [22] and is one of the most
limiting factors in crop yield. Lack of N would result in fewer new cells in the bok choy and would limit
photosynthesis. These impacts of N-deficiency would result in lower Chl concentrations and dry mass.
Chl a, Chl b, and total carotenoid were 76, 65, and 55% less in ‘Black Summer’ and 72, 62, and 64% less in
‘Red Pac’ N-deficient leaves compared to leaves of the control plants (Tables S3 and S4). The significant
difference in Chl a/b ratio for plants grown under N-deficient conditions may be attributed to the
increased numbers of grana and thylakoids in chloroplasts with N-deficiency [23].

In several crops, N-deficiency can increase anthocyanin concentrations because of a decrease in
cell division [24]. In ‘Red Pac’ N-deficient bok choy, anthocyanin concentrations were not significantly
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different when compared to control plants (Table S4). This may be the result of fewer and smaller
plant cells, resulting in similar concentrations of anthocyanin. These results are in contrast to a prior
study [9] in which an increase in anthocyanin concentration of organically grown pak choi ‘Mei Qing
Choi’, a close relative of bok choy, was speculated to be due to an N-deficiency.

3.1.2. Phosphorus (P)

Symptoms of P-deficiency manifested on lower leaves and developed as yellowing of the leaf
margin accompanied by darker coloration in new growth in both bok choy cultivars (Figures 1 and 2).
Irregular spotting patterns also developed on the lower leaves and progressed into irregular spotting
and large necrotic regions over time, as well as entire plants being stunted in advanced stages of
deficiency. ‘Black Summer’ plants grown under P-deficient conditions had a 35% lower dry mass than
controls (Table S1). Phosphorus concentration was 0.37% in control leaves and 0.08% in P-deficient
‘Black Summer’ leaves (Table S1). ‘Red Pac’ had a P concentration of 0.55% P in control plants compared
to 0.09% P in plants grown under P-deficiency (Table S2).

Phosphorus is a mobile element in plants and is utilized for many metabolic pathways in plant
growth, photosynthesis, and sugar transport. Increased red foliage pigmentation is one of the primary
symptoms associated with P-deficiency [25]. As P is needed for cell growth and division [11], decreased
dry mass is expected with a P-deficiency. Although phosphorus is used by plants for photosynthesis,
neither Chl a nor Chl b concentrations decreased in either cultivar with P -deficiency. ‘Red Pac’
anthocyanin concentrations for plants grown under P-deficient conditions were not statistically
different when compared to control plants. As P is a mobile element, it is possible that sampling the
newest matured leaves resulted in greater anthocyanin and chlorophyll concentrations in the plant
being observed.

3.1.3. Potassium (K)

Initially, symptoms of K-deficiency in ‘Black Summer’ appeared as yellowing around the leaf
margin of the lower and older foliage. As symptoms progressed, the marginal yellowing in ‘Black
Summer’ became more pronounced, and irregular chlorotic spotting developed (Figure 1). Initial
symptoms in ‘Red Pac’ manifested as an overall paleness in lower and older foliage, and advanced to
an overall loss of green and red color, with irregular chlorotic spotting on lower and middle foliage
(Figure 2). For both cultivars, spots on the lower and middle foliage became necrotic and abscised in
severe cases.

Foliar K concentrations were 94% lower in K-deficient ‘Black Summer’ plants and 91% lower
in K-deficient ‘Red Pac’ plants when compared to control plants (Tables S1 and S2). Dry mass was
not significantly different in K-deficient plants for either cultivar when compared to control plants.
However, the growth of both cultivars was severely stunted in advanced stages of K-deficiency
compared to control plants. K-deficiency will cause plants to close stomata, which limits the CO2

uptake efficiency and accumulation of biomass, as well as decreased cell division [26]. Had the plants
been sampled in advanced stages of K-deficiency, a decrease in dry weights would be expected for
K-deficient plants of both cultivars when compared to control plants.

Potassium is used to generate enzymes for phosphate metabolism in the production of ATP,
a product of photosynthesis [27]. As K is used in photosynthesis [28], a decrease in Chl concentration
was expected in K-deficient plants. Neither bok choy cultivar showed a significant decrease in Chl
concentration, perhaps due to K being a mobile element, it was translocated into the most recently
matured leaves in minimal, but adequate, in the lower leaves to avoid impacting Chl production [29].

‘Red Pac’ bok choy in the K-deficient treatment had 70% less anthocyanin relative to control
plants (Table S4). Potassium stimulates photosynthetic activity and favors the translocation of sugars.
This indirectly benefits the synthesis of phenolic components during ripening, which is closely related
to the presence of carbohydrates [30]. This would mean that K-deficient plants would have limited
ability to translocate sugars and subsequently lower anthocyanin concentration when compared to
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control plants. Additionally, anthocyanins are produced through the phenylpropanoid pathway, which
also utilizes ATP as a catalyst, and if ATP is decreased under deficient K, the available ATP may be
primarily allocated to photosynthesis [31], at the expense of anthocyanin formation.

3.1.4. Calcium (Ca)

Symptoms of Ca-deficiency in both bok choy cultivars began with slight stunting of overall growth
when compared to control plants. The growing tips of newly expanded leaves demonstrated signs of
stunting and irregular growth habits, such as curling and cupping of leaves (Figures 3 and 4, Figures S1
and S2). With advanced symptoms, the new growth was severely limited, and the leaves of Ca-deficient
plants were thicker compared to those of control plants. Ca-deficient plants also developed marginal
necrosis. In severe cases, the death of the growing tip ceased meristematic expansion and production
of new foliage.
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Figure 3. ‘Black Summer’ bok choy calcium- and magnesium-deficiency at initial, intermediate, and
advanced stages of symptom development. Symptoms of calcium-deficiency were initially expressed
24 days after transplant, and magnesium-deficiency symptoms were observed 38 days after transplant.
Plants were continued to be documented until six weeks after transplant to document initial and
advanced symptoms.

‘Black Summer’ and ‘Red Pac’ had 42.5% and 63.4% less dry mass, respectively, than the control
plants (Tables S1 and S2). Foliar Ca-concentrations was 52.5% lower in ‘Black Summer’ and 86.7%
lower in ‘Red Pac’ compared to the control plants. ‘Black Summer’ Ca-deficient plants had a foliar Ca
concentration of 1.02% Ca compared to 2.15% Ca in control plants (Table S1). ‘Red Pac’ Ca-deficient
plants were much lower in Ca foliar concentration than control plants (0.39% and 2.93% Ca, respectively)
(Table S2).

Calcium is a non-mobile element and is utilized by plants in many ways, including cell wall and
cell membrane formation. Calcium is needed in cell walls for cell expansion and division, and these
functions are blocked when Ca is deficient, with the resulting lack of growth reducing dry mass
compared to control plants. Additionally, calcium is utilized in photosynthesis to modulates phosphate
enzyme activity in the carbon reduction cycle and is held primarily in the chloroplast [32]. Despite this
direct role in the chloroplast, Chl b and total carotenoid concentration in leaves from Ca-deficient plants
were not significantly different for either cultivar. However, Chl a was 38% less in ‘Black Summer’
Ca-deficient plants compared to control plants (Table S3). ‘Red Pac’ plants grown under Ca-deficient
conditions had no significant loss in Chl, while plants had 54% less anthocyanin concentration when
compared to ‘Red Pac’ control plants (Table S4).
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3.1.5. Magnesium (Mg)

Symptoms of Mg-deficiency were first observed as a slight overall loss of color of the center leaves
of ‘Black Summer’ (Figure 3) and the lower leaves of ‘Red Pac’ (Figure 4). ‘Red Pac’ also had leaves
that exhibited irregular chlorotic spotting. As symptoms developed, ‘Black Summer’ developed pale
areas in the center region of the leaf, while the leaf margins became darker in appearance. ‘Red Pac’
exhibited a loss of color, and in severe cases, irregular chlorotic spotting developed into total leaf
necrosis and abscission.

Foliar Mg concentrations were 84% lower in ‘Black Summer’ and 89.5% lower in ‘Red Pac’ in
Mg-deficient plants compared to the control plants. Mg-deficient ‘Black Summer’ plants contained
0.11% Mg compared to 0.68% Mg for the control plants (Table S1). Mg-deficient ‘Red Pac’ plants
contained 0.10% Mg compared to the control plants with 0.65% Mg (Table S2). ‘Black Summer’ had a
significantly lower dry mass at sampling when compared to the controls.

Within plants, Mg2+ is the central atom of the Chl molecule and plays a key role in the ‘light’
and ‘dark’ steps of photosynthesis [33], and decreased Chl content would be expected in Mg-deficient
plants. Chl a, Chl b, and total carotenoid concentration were 47, 44, and 35% less in ‘Black Summer’
(Table S3). Chl a, total carotenoids, and anthocyanins in ‘Red Pac’ Mg-deficient samples were not
different from the control plants. However, Chl b decreased by 19% for ‘Red Pac’ plants grown under
Mg-deficient conditions when compared to control plants. Magnesium is a mobile element in the
plant, so the older foliage would first show a deficiency; as the newest matured leaf was sampled
for anthocyanin and chlorophyll, changes in these leaves would be less likely than in older leaves.
The lower chlorophyll content in Mg-deficient ‘Black Summer’ indicates that chloroplast function is
immediately impacted. ‘Black Summer’ is a very dark green cultivar, and while the total chlorophyll
concentration of control plants was similar to that of ‘Red Pac’, chloroplasts in ‘Red Pac’ may not
need as much Mg as ‘Black Summer’. As Mg is mobile, it should be most abundant in the newest
matured leaves, which would lead to greater Chl concentration [34]. However, if lower leaves were to
be sampled, a decrease in Chl would have been observed.
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3.1.6. Sulfur (S)

Symptoms of S-deficiency only manifested on ‘Red Pac’. S-deficiency was first seen as a slight
overall loss of coloration in the foliage beginning in the middle of the plant, although the loss of red
coloration was more pronounced at the base of the leaves (Figure 4 and Figure S1). Compared to the
respective control plants, S-deficient ‘Red Pac’ lost most of its red pigment, and older leaves began
to turn yellow. As the symptoms developed, the loss of color was more pronounced on the newly
expanding leaves. ‘Black Summer’ did not exhibit any foliar symptoms of S-deficiency by the time the
experiment was terminated. Normally S-deficiency is expressed in plants as a slight overall paling;
however, these foliar symptoms for ‘Black Summer’ may have been masked, due to the dark coloration
of the leaves.

Although visual symptoms were noted only for ‘Red Pac’, foliar S concentrations were 92% and
72% lower, respectively, for S-deficient ‘Black Summer’ and ‘Red Pac’ plants compared to control
plants (Tables S1 and S2). Actual foliar S concentrations were 0.1 and 1.3% in deficient and control
‘Black Summer’ plants and 0.28 and 1.01% for S-deficient or control ‘Red Pac’ plants, respectively
(Tables S1 and S2). The dry mass of plants grown in S-deficient conditions was not significantly
different from that of control plants for either cultivar.

Chl a and Chl b were 38 and 37% less, respectively, in ‘Black Summer’ (Table S3). Chl a, Chl b,
and total carotenoid were 40, 33, and 37% less in ‘Red Pac’ S-deficient leaves compared to leaves of the
control plants. (Table S4). S-deficient ‘Red Pac’ plants also experienced a 62% decrease in anthocyanin
concentration (Table S4). Sulfur is utilized by plants for Chl formation. Chloroplasts contain proteins
rich in S, and chloroplast morphology is greatly impacted by S-deficiency [35]. Since S plays key roles
in cell development and morphology, the plant decrease in Chl a under S-deficient conditions would
be expected.

3.2. Micronutrients

3.2.1. Iron (Fe)

The first symptom of Fe-deficiency was a pale appearance in the newly expanding leaves of both
cultivars. Both cultivars displayed symptoms primarily in the upper foliage, while the lower foliage
displayed healthy coloration. In ‘Black Summer’, marginal chlorosis developed on newly expanding
leaves as plants matured (Figure 5). In ‘Red Pac’, the appearance of pale color was accompanied by
interveinal necrosis primarily in the upper foliage, which advanced to a light pink color, while the
lower foliage turned from red to green as plants matured (Figure 6).

‘Black Summer’ foliar Fe concentration was 39% less than control values, while dry mass
was unaffected when sampled at the initial visual signs of Fe-deficiency (Table S1). The foliar Fe
concentrations for ‘Red Pac’ was 153.4 mg·kg−1 Fe for control plants and was 73.6 mg·kg−1 Fe in
Fe-deficient plants (Table S2). Total Chl (48%), carotenoids (30%), Chl a (48%), and Chl b (47%) were
lower in ‘Black Summer’ leaves from Fe-deficient plants as compared to the control (Table S3). ‘Red
Pac’ plants grown under Fe-deficient conditions had significantly lower Chl a (85%), Chl b (82%), and
total carotenoids (82%) (Table S4) when compared to control plants.

Plants use Fe in Chl formation, cell division, and growth [36]. The symptomology of Fe-deficient
plants is interveinal leaf chlorosis, resulting from decreased efficiency of Chl and carotenoid
production [37]. Iron is both a key element in the synthesis of Chl and is utilized in the anthocyanin
biosynthesis pathway [37]. The total anthocyanin concentration in Fe-deficient ‘Red Pac’ was low, but
not significantly different from control plants. Despite this, iron-deficient plants were bright pink,
perhaps from the enhanced contrast that resulted from the decreased leaf Chl concentration.
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Figure 5. Symptoms of iron-, zinc-, and manganese-deficiency in ‘Black Summer’ bok choy at
initial, intermediate, and advanced stages of symptoms. Symptoms of iron-deficiency were initially
expressed 11 days after transplant, zinc-deficiency symptoms were observed 15 days after transplant,
and manganese-deficiency symptoms were initially expressed 12 days after transplant. Plants were
continued to be documented until six weeks after transplant to document initial and advanced symptoms.
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Figure 6. Symptoms of iron-, zinc-, and manganese-deficiency in ‘Red Pac’ bok choy at initial,
intermediate, and advanced stages of symptoms. Symptoms of iron-deficiency were initially expressed
11 days after transplant, zinc-deficiency symptoms were observed 15 days after transplant, and
manganese-deficiency symptoms were initially expressed 12 days after transplant. Plants were continued
to be documented until six weeks after transplant to document initial and advanced symptoms.

3.2.2. Zinc (Zn)

Zn-deficient symptoms were first noted as overall pale color in the lower foliage, ‘Black
Summer’ exhibited stunted growth compared to control plants (Figures 5 and 6, Figures S1 and S2).
As symptomology advanced, newly developing leaves were distorted and did not fully expand, due to
cupping at the leaf margin. ‘Red Pac’ plants had a decrease in dark pigmentation in the lower foliage,
and new foliage appeared to be significantly darker compared to control plants. In ‘Black Summer’,
advanced symptoms manifested as vibrant interveinal chlorosis and the formation of irregular spotting
that advanced into tan necrosis in severe cases.

Foliar Zn concentrations for ‘Black Summer’ grown under Zn-deficient conditions were 8.9 mg·kg−1

Zn compared to 16.1 mg·kg−1 Zn in control plants (Table S1). In ‘Red Pac’, foliar concentrations of Zn
were 10.6 mg·kg−1 compared to the control at 15.6 mg·kg−1 Zn (Table S2). Dry mass was significantly
different at sampling for both cultivars (Tables S1 and S2). Chlorophyll concentrations were not
different from Zn treatment in either cultivar (Tables S3 and S4), and total anthocyanin concentration
in Zn-deficient ‘Red Pac’ plants did not differ from the control plants.
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3.2.3. Manganese (Mn)

Mn-deficiency symptoms were first expressed in ‘Red Pac’. Mn-deficient plants appeared pale
overall and developed netted chlorosis of the lower leaves (Figure 6). As symptoms advanced, irregular
necrotic spotting occurred on the lower leaves and began to move upward in the foliage. ‘Black
Summer’ initially demonstrated similar symptoms, but had bright yellow netted interveinal necrosis
(Figure 5). Chlorosis began at the midrib and spread outward to the leaf margins as symptoms
progressed, and overall, chlorosis became more pronounced as plants grew.

Foliar Mn concentrations were 70.2% lower in Mn-deficient ‘Black Summer’ plants and 80.6%
lower in Mn-deficient ‘Red Pac’ plants compared to control plants (Tables S1 and S2). Mn-deficient
‘Black Summer’ plants had foliar concentrations of 23.8 mg·kg−1 Mn, while the control plants had foliar
concentrations of 79.8 mg·kg−1 Mn (Table S1). ‘Red Pac’ Mn-deficient plants contained 25.4 mg·kg−1

Mn, while control plants contained 131.3 mg·kg−1 Mn (Table S2). Neither ‘Black Summer’ nor ‘Red
Pac’ Mn-deficient plants were significantly different in dry mass compared to control plants.

‘Black Summer’ plants grown under Mn-deficiency did not exhibit statistically different Chl a,
Chl b, or total carotenoid concentrations when compared to control plants (Table S3). In contrast,
‘Red Pac’ plants without Mn had greatly decreased Chl a, Chl b, total chlorophyll, and total
carotenoids compared to control plants, although anthocyanin concentration was not different (Table S4).
Manganese is a non-mobile element and is essential for photosystem II and oxidative-reductive
functions [38]. Manganese-deficiency can reduce photosynthesis, cause chlorosis, and ultimately
reduce Chl concentrations [39]. ‘Red Pac’ may have been more adversely affected by a Mn-deficiency
than ‘Black Summer’ if this element is utilized more heavily in metabolic pathways in ‘Red Pac’ and is
further reduced by lower photosynthesis.

3.2.4. Boron (B)

Stunted growth was the first B-deficiency symptom seen in the bok choy cultivars. The stunting
proliferated at the growing tips of the B-deficient plants, and a distorted growth pattern also impacted
the new leaves. In advanced stages, ‘Black Summer’ exhibited flaccid and downward-orientated leaves,
and in severe cases, death of the meristematic region (Figure 7). ‘Red Pac’ B-deficient plants exhibited
irregular spotting on the lower leaves, which expanded to the leaves in the middle of the plant over
time. B-deficient ‘Red Pac’ plants in the late stages of B-deficiency displayed a large amount of leaf
distortion, and in severe cases, death of the growing tip (Figure 8).
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Figure 7. ‘Black Summer’ boron toxicity and deficiency symptoms for initial, intermediate,
and advanced stages. Symptoms of Boron toxicity were initially expressed 35 days after transplant,
and boron-deficiency symptoms were observed 21 days after transplant. Plants were continued to be
documented until six weeks after transplant to document initial and advanced symptoms.
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Figure 8. ‘Red Pac’ boron toxicity and deficiency symptoms for initial, intermediate, and advanced
symptoms. Symptoms of Boron toxicity were initially expressed 35 days after transplant,
and boron-deficiency symptoms were observed 21 days after transplant. Plants were continued
to be documented until six weeks after transplant to document initial and advanced symptoms.

Foliar B concentrations were 79.6% lower in ‘Black Summer’ plants and 89.7% lower in ‘Red Pac’
plants grown under B-deficient conditions compared to control plants. ’Black Summer’ B-deficient
plants contained 7.7 mg·kg−1 B compared to control plants, which contained 37.8 mg·kg−1 B (Table S1).
‘Red Pac’ B-deficient foliar concentrations were 5.94 mg·kg−1 B compared to control plants foliar
concentrations, which contained 57.8 mg·kg−1 B (Table S2). Dry mass was 57% less for ‘Black Summer’
and 72% for ‘Red Pac’ in B-deficient plants compared to control plants (Tables S1 and S2). Boron
stabilizes the peptide chains within the cell wall of developing plant cells [40]. A lack of stability
and structure in the cell walls of the meristematic regions of the plant would result in improper
development and atypical cellular morphology. This deformation will result in smaller plants and can
also cause the death of the apical meristem, yielding lower plant dry weights.

Chl a, Chl b, total carotenoid concentrations were 64, 57, and 45% less in ‘Black Summer’ B-deficient
plants when compared to control plants (Table S3). A decrease in boron can cause plants to break down
Chl and carotenoids [41]. ‘Red Pac’ plants grown under B-deficient conditions did not have statistically
different Chl a, Chl b, or total carotenoid concentrations, although total anthocyanin concentration
decreased 87% compared to control plants (Table S4). The loss in chlorophyll in ‘Black Summer’ and
the loss of anthocyanin in ‘Red Pac’ may indicate differences in resource allocation and/or chloroplast
function between cultivars.

3.2.5. Boron Toxicity

B-toxicity symptoms initially appeared on the lower leaves as interveinal necrosis on both cultivars
(Figures 7 and 8). As symptoms progressed, interveinal chlorosis intensified, and irregular spotting
developed. In extreme cases, tan localized necrosis developed. ‘Red Pac’ developed more severe
irregular spotting and had overall paling, starting with the older foliage and transitioning to the middle
foliage. As symptoms developed on ‘Black Summer’, newly expanding leaf tips experienced distortion,
and in severe cases, the death of newly expanding foliage tips occurred.

Foliar B concentrations were <4 fold and 6-fold higher in the ’Black Summer’ and ‘Red Pac’ plants,
respectively, as compared to control plants. B-toxicity increased the foliar B of ‘Black Summer’ plants to
594.5 mg·kg−1 compared to 48.7 mg·kg−1 in control plants (Table S1). B-toxicity increased foliar boron
of ‘Red Pac’ plants to 231.0 mg·kg−1 compared to 57.8 mg·kg−1 in control plants (Table S2). ‘Red Pac’
plants grown under B toxicity conditions experienced a 45.7% decrease in dry mass compared to the
control plants (Table S2). Despite the high foliar B concentration, the dry mass of ‘Black Summer’
plants grown under high B was not statistically different when compared to control plants. B-toxicity



Agriculture 2020, 10, 461 13 of 16

is known to result in decreased leaf expansion, fruit set, and photosynthetic activity [42]. Only Chl a
concentration was decreased in ‘Black Summer’ (Table S3). Chl a, total carotenoid, and anthocyanin
concentrations were 22, 21, and 51% less in ‘Red Pac’ leaves from the B toxicity treatment compared
to leaves of the control plants (Table S4). There is a wide range in genetic variation in response to
B amongst cultivars within the same crop, ranging from very sensitive to moderately tolerant in
comparison [43]. This could potentially explain the difference in the impact of B-toxicity on Chl
concentrations between these two bok choy cultivars.

3.3. SPAD (RCC)

Leaf Chl concentration often indicates plant health status [15], and the use of non-destructive
meters to determine relative chlorophyll concentration has provided a rapid and fairly accurate
assessment of chlorophyll relative to plant stress response [17]. Monitoring leaf Chl concentration
can be useful to diagnose N-deficiency and can be done non-destructively through the use of a SPAD
meter [44,45]. However, SPAD readings have not been correlated to other nutrient deficiencies. Values
generally have to be established for each crop and cultivar relative to healthy and unhealthy plant status;
values have not been established for bok choy. ‘Black Summer’ bok choy SPAD readings were near 60,
which is in the outer limit of sensitivity for the meter used. Only three treatments, N, Fe, and Mn,
exhibited statistically significant SPAD values from the control plants for ‘Black Summer’. However,
total Chl was significantly lower in N-, Ca-, Mg-, S-, B-, and Fe-deficiency treatments (Table S3). Thus,
SPAD values do not serve as a reliable indicator for a significant decrease in Chl concentrations for
‘Black Summer’. SPAD values differed from controls for N, Fe, Mg, S, +B, and –Mn for ‘Red Pac’ plants.
Whereas, the total Chl was significantly different for N, S, Fe, Mn, and +B treatments (Table S4). These
results indicate that RCC may be of limited value as an early indicator of chlorophyll loss for dark
green bok choy cultivars, such as ‘Black Summer’. Moreover, these results show that SPAD readings
cannot determine which nutrient deficiency is occurring in a crop. Thus, growers should utilize foliar
nutrient analysis to determine nutrient deficiencies prior to making fertility adjustments.

4. Conclusions

This research creates a baseline for symptoms and foliar levels of nutrient disorders of Brassica
rapa var. Chinensis ‘Black Summer’ and ‘Red Pac’ and includes detailed descriptions and high-quality
diagnostic images to aid in identifying nutrient disorders. This information can assist growers in
determining nutrient problems and decide if fertility adjustments can be made before a loss of quality
or yield. Bok choy is a rapidly growing crop that matures in about 45 days after sowing, so plants
should be monitored closely for nutrient deficiencies that are quick to develop, such as N, P, K, and Fe.
In contrast, bok choy deficient in the non-mobile micronutrients, such as Mo and Cu, did not develop
visual symptoms, possibly from the rapid maturation rate of bok choy. The nutrient concentration
values established in this study will be useful to growers to adjust immediate or pre-plant fertility
decisions for bok choy to mitigate nutrient deficiencies.

Total plant dry weight was reduced in plants with nutrient deficiencies of N, P, Ca, B, and Zn.
Dry weights of other nutrient-deficient plants were not affected compared to controls as samples
were taken when visual symptoms first developed rather than at intermediate and advanced stages
of deficiency. The anthocyanin content of ‘Red Pac’ was significantly lower compared to control
plants for K, Ca, S, B, or +B and may be useful as a symptom of deficiency/toxicity for these nutrients.
Chlorophyll content in ‘Black Summer’ was most impacted by deficiencies in primary nutrients,
and estimates of chlorophyll concentration by RCC were useful only for N, Fe, and Mn. Relative
Chlorophyll Concentration as an indicator of nutrient deficiency detection was more useful for the
anthocyanin producing cultivar ‘Red Pac’, which has lower SPAD values than ‘Black Summer’.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/10/461/s1,
Figure S1: ‘Black Summer’ control plant that was grown with a complete Hoagland’s solution for six weeks
after transplant, Figure S2: ‘Red Pac’ control plant that was grown with a complete Hoagland’s solution for six
weeks after transplant, Table S1: Leaf tissue nutrient concentration and total plant dry weight of bok choy ‘Black
Summer’, Table S2: Leaf tissue nutrient concentration and total plant dry weight of bok choy ‘Red Pac’, Table S3:
Chlorophyll, total carotenoid, and anthocyanin concentration of bok choy ‘Black Summer’, Table S4: Chlorophyll,
total carotenoid, and anthocyanin concentration of bok choy ‘Red Pac’, Table S5: Summary table outlining nutrient
deficiency symptoms for bok choy.
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