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Abstract: Pea (Pisum sativum L.) leaf chlorophyll and pigments syntheses are retarded under
nutritional stress. Biochar has the potential to regulate soil nutrient supplies and optimize plant
nutrient uptakes. We examine the role of Pongamia pinnata L. waste leaf biochar (PLB) in improving
vegetative growth and leaf chlorophyll and accessory pigments of pea exposed to nutritional stress.
Three PLB application rates (0, 1, and 2%) crossed with half (HF), and full NPK fertilizer (FF)
recommended doses were applied to sandy soil field-pots (arranged in a completely randomized
design). There were significant or maximum increases in plant vegetative or physiological traits,
including the fresh or dry, above- and below-ground biomass weights, and photosynthetic pigments
(chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, and anthocyanin) in response to a
2%PLB + FF application (p = 0.002). Trait values also responded to 2%PLB + HF, which signified
the nutrient regulatory character of PLB (p = 0.038). The PLB-driven reduction in nutritional stress
resulted in diminished lycopene (antioxidant) content (p = 0.041). Therefore, we suggest that the soil
application of 2%PLB + FF has the greatest impact on pea vegetative growth and leaf chlorophyll,
carotenoids, anthocyanin, and lycopene contents in Pisum sativum L. Further research is recommended
to investigate the relationship of PLB with soil nutrient availabilities and plant nutrient concentrations.
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1. Introduction

Domesticated plants play a significant role in food production for fulfilling human hunger [1].
Modern agriculture is feeding 6000 million people, compared to old age hunter-gatherer lifestyle that
provided food to only four million [2]. While the world’s population is increasing, the production
of crops has increased two-fold in the last 40 years, mainly through the use of modern production
technologies, inorganic fertilizers, and pesticides [3]. Food demand and supply dynamics [4] have
shifted conventional agriculture to the intensive cultivation of crops [5]. The intense (or exhaustive)
cultivation of crops has depleted the nutrient concentrations in soil, resulting in fewer plant nutrient
supplies (and reduced chlorophyll pigments syntheses) [6]. Reduced chlorophyll synthesis causes
crop nutrient deficiency of macro- and micro-nutrients [7]. The compromised nutrient supplies [8]
and pigments syntheses would be further exacerbated by the projected accelerated mineralization of
soil organic matter (SOM) and the limited availability of moisture under warmer and drier climatic
conditions [9,10] of future climate change [11]. While the effects of various inorganic and organic
soil amendments are extensively studied [12,13], controlled field-pots experimentation for testing

Agriculture 2019, 9, 153; doi:10.3390/agriculture9070153 www.mdpi.com/journal/agriculture

http://www.mdpi.com/journal/agriculture
http://www.mdpi.com
https://orcid.org/0000-0002-4591-0978
http://www.mdpi.com/2077-0472/9/7/153?type=check_update&version=1
http://dx.doi.org/10.3390/agriculture9070153
http://www.mdpi.com/journal/agriculture


Agriculture 2019, 9, 153 2 of 13

Pisum sativum L. waste leaf biochar (PLB) influence on Pisum sativum L.’s chlorophyll pigments
syntheses and growth have not been studied, to our knowledge.

Synthesis of a photosynthetic pigment is one of the main processes of plant metabolism, and is
strongly influenced by abiotic factors [14] such as soil or plant nutrient availabilities of nitrogen
(N), phosphorus (P), and potassium (K) [15]. The accessibility of nutrients is also associated with
syntheses of healthy chlorophyll pigments and overall plant growth observed in a range of crop
plants, e.g., cowpea [16,17] exposed to water stress [18,19]. Nutrient deficiency strongly influences
the photosynthetic apparatus structure and function [20]. Therefore, syntheses of pigments such
as chlorophylls a and b, and carotenoids and lycopene, are among the indirect indices of crop
productivity [21], and their measured values can be used for the proxy of plant nutrient uptakes [21,22]
by generating simple regression models [23].

Under nutritional stress, plants accumulate stress ethylene [24]. The stress generating ethylene,
when adjacent to the chloroplast, degrades lipids in the cell membrane and activates the chlorophyllase
(chlase) gene [25]. Activation of chlorophyllase results in the degradation of chlorophyll, and ultimately
plants suffer from chlorosis [25].

Pongamia Pinnata L. leaves are locally available in abundance in the fall season when Pisum sativum L.
is cultivated. Therefore, Pongamia Pinnata L. leaves are not only a clean and sustainable source for
manufacturing PLB for mineral soil conditioning but also help in maintaining a healthy nutrient balance
between soil availability and plant requirement [3]. Additionally, the biomass-sourced biochar is used
as an alternative to inorganic fertilizers, and therefore it helps in reducing pollution and decreasing the
cost of crop inputs with a better benefit-to-cost ratio.

Biochar is originally an active soil amendment with very high soil pore volume and cation
exchange capacity (CEC), and is frequently reported to reduce nutrient stress in soils [26–28]. Biochar
production through pyrolysis of different feedstocks and amendments in croplands has already been
projected to be a vital option to increase soil organic carbon (SOC) and soil fertility [29–32] and improve
ecosystem functioning of biomass and yield productivities [33]. The carbon-rich biochar can enhance
soil fertility by improving the nutrient holding capacity of soil [19]. It has low density, large surface area
and porosity, and very high cation or anion exchange capacity (negative and positive surface charges),
due to the aromatic nature of constituent compounds that make biochar resistant to decomposition [34].
Moreover, the PLB may also contain substantial amounts of active nutrients, for example, N contained
in the biochar may modify soil N dynamics, thereby affecting soil available N, plant N assimilation,
and biological N fixation processes [35,36]. Additionally, the PLB’s fine nature and high porosity can
also significantly improve the physical characteristics (e.g., water retention, hydraulic conductivity,
and aggregate stability) [37] and chemical properties (pH, organic carbon, and CEC) of soil [34] that
play imperative role in soil conditioning and crop production [38].

As nutrient availability and scarcity are significant issues for farmers, the current study is designed
to examine the impacts of Pongamia pinnata L. leaves biochar (PLB) on the growth and photosynthetic
pigments of Pisum sativum L. applied with one-half and full dozes of recommended macronutrients.
We hypothesize that the application of PLB will increase the growth and photosynthetic pigments in
Pisum sativum L. under stress induced by the experimental deficiency of macronutrients. Previous
studies have reported strong correlations between photosynthetic pigments and crop growth [39,40].

2. Materials and Methods

2.1. Experimental Site

We conducted a pot experiment in the Bio Park (30◦16’06.6” N 71◦30’01.9” E) located near the
Institute of Pure and Applied Biology, Bahauddin Zakariya University, Multan, Pakistan, during
mid-September to mid-November of 2015. For the pot trial, calcareous soil was collected from alluvium
from the Chenab River (Multan, Pakistan). The USDA system classifies this soil as a sandy-loam,
hyperthermic, mixed, sodic haplocambid [41]. For measuring the soil pH and electrical conductivity
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(EC), a soil-to-water ratio of 1:1 (w/v) was used to make soil–water suspension (Table 1). The pH of soil
suspension was measured using JENWAY 3510 pH meter, while the EC was recorded using CM-30 ET
digital conductivity meter. We followed Olsen and Sommers [42] for available soil P, Nadeem et al. for
extractable K [43], and Walkley [44] for soil organic matter determinations.

Table 1. Characteristics of soil, irrigation water, and biochar used in the study *.

Soil
Parameters Units Values Water

Parameters Units Values PLB Units Values

pH - 7.50 Carbonates meq L−1 0 pH - 8.15
EC dS m−1 0.89 Bicarbonates meq L−1 5.6 EC dS m−1 0.74

OM % 0.45 Chloride meq L−1 1.7 Total
Phosphorus µg g−1 7.31

ON % 0.02 Sulphate meq L−1 0.8 Total Potassium µg g−1 56
Extractable P µg g−1 8.91 Ca + Mg meq L−1 4.7 Ash content % 66.18
Extractable K µg g−1 101 Na meq L−1 3.4 Volatile matter % 14.39

SAR (mmol L−1)−1/2 2.22 Fixed C % 19.43
RSE meq L−1 0.90 Total N % 0.83

CEC mmolc kg−1 249.21

* EC, OM, and ON represent electrical conductivity, organic matter, and organic nitrogen, respectively. Ca + Mg, Na,
SAR, and RSE represent calcium and magnesium, sodium, sodium adsorption ratio, and residual sodium carbonate,
respectively. PLB is Pongamia pinnata L. waste leaf biochar.

2.2. Experimental Design

A total of 24 pots (6 treatments × 4 replicates) were laid out in a completely randomized design.
Each of the various PLB/NPK treatments was thoroughly mixed up with 5 kg of soil that was air
dried and passed through a 2 mm sieve. The six treatments were developed using three doses of PLB
[0% (w/w) PLB (0 g), 1% (w/w) PLB (50 g), and 2% (w/w) PLB (100 g)] and two rates of NPK fertilizer
[half recommended dose of NPK (HF) and full recommended dose of NPK (FF)]. The NPK fertilizers
were sourced from urea, diammonium phosphate, and sulphate of potash, respectively. The treatments
were control (HF), HF + 1%PLB (50 g PLB/5 kg air-dried soil), HF + 2%PLB (100 g PLB/5 kg air-dried
soil), FF, FF + 1%PLB (50g PLB/5 kg air-dried soil), and FF + 2%PLB (100g PLB/5 kg air-dried soil).
The N was applied at the rate of (@) 75 kg ha−1, P @ 120, and K @ 120 kg ha−1 (recommended fertilizer
doses). All P and K were applied at the time of sowing, while N was applied after 15 days of planting.

2.3. Leaf Biochar Preparation

The waste leaves of Pongamia pinnata L. were used as biomass for the preparation of PLB in a
specially designed pyrolyzer [45]. Briefly, the leaves were air dried, hand-crushed, ground to a size
of ≤ 0.45 mm, and pyrolyzed (thermal decomposition) in a pyrolyzer at 380 ◦C for 42 min under
semi-anaerobic condition [46]. The thermal decomposition resulted in a carbon-rich solid residue
(called char), from which gases and liquids could be released or evaporate. The manufactured PLB
was allowed to cool down, and was collected and ground to a size of ≤ 2.0 mm [47]. The prepared PLB
was stored in clean plastic bags to use for this experiment [17].

2.4. Biochemical Analyses

PLB was mixed with distilled water in a ratio of 1:20 (w/v) for measuring pH and EC (Table 1).
The pH of the PLB suspension was measured using JENWAY 3510 pH meter, while the EC was
recorded using CM-30 ET digital conductivity meter [46]. Total phosphorus content (7.31 µg g−1)
was determined by digesting the PLB with the di-acid mixture (HNO3:HClO4) following Jones [48].
Final absorbance was determined at 430 nm wavelength using UV–VIS spectrophotometer (Model
6305, Jenway, UK). For total potassium content, digested samples were run on a flamephotometer
(Jenway, PFP7, Essex, UK). Ash content and the volatile matter were determined by heating PLB in a
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muffle furnace at 550 (aerobically) and 450 ◦C (under partially aerobic condition) for 30 min [49]. Fixed
C was calculated by using equation [50]

Fixed C = 100 − (% Volatile Matter + % Ash Content) (1)

Cations and anions in water were determined according to United States Salinity Laboratory Staff

(Table 1) [41].

2.5. Plant Growth and Attributes

Six seeds of P. sativum L. (variety: PS-810240) were sown in each pot in mid-September, and after
15 days of sowing, two healthy seedlings were maintained in each pot. Standard agronomic practices
were adopted throughout the experiment until harvesting (the end of October). We harvested the
plants after 45 days of sowing. Fresh and dry weights of plant root and shoot, and the root length,
were examined soon after harvesting.

2.6. Chlorophyll Contents and Accessory Pigments

The chlorophyll content (chlorophyll a, b, and total), was analyzed by measuring the absorbance
of fresh leaves extract at 663, 645, 480, 537, and 503 nm wavelengths. For the extraction of chlorophyll,
80% acetone was used. Final calculations were made by adapting the following formulas [51]:

Chlorophyll a (mg g−1) = 12.7 (OD 663) − 2.69 (OD 645) V/1000 (W) (2)

Chlorophyll b (mg g−1) = 22.9 (OD 645) − 2.69 (OD 663) V/1000 (W) (3)

Total Chlorophyll (mg g−1) = Chlorophyll a + Chlorophyll (4)

For calculation of carotenoids, the following anthocyanin and lycopene equations were used [52–54]:

Carotenoids (mg g−1) = OD480 + 0.114 (OD 663) − 0.638 (OD 645) (5)

Anthocyanin (µmol ml−1)= (0.08173 ×OD 537) − (0.00697 ×OD 645)−(0.002228 ×OD 663) (6)

Lycopene (µg g−1) = (OD 503− 0.0007) × 30.2/g plant tissue (7)

where OD is optical density in wavelength, V is the final volume, and W is fresh leaf (g).

2.7. Statistical Analyses

All data met parametric (normal) assumptions of the ANOVA; therefore, all parameters were
analyzed by two-way factorial analysis of variance (ANOVA). Treatment means were compared using
Tukey-HSD (honestly significant difference) test at p ≤ 0.05. All data were analyzed using SPSS
statistical computer software package (SPSS 18.0. Chicago, IL, USA).

3. Results

3.1. Soil pH and EC

Main effects of PLB and the two levels of NPK (HF, FF) were significant (p < 0.05; Table 2).
Although the 1%PLB and 2%PLB were the same (p > 0.05), both were higher than the control for soil
pH (p < 0.05). At the time of harvesting, soil pH was higher in response to HF than FF (p < 0.05).
A maximum increase of 13.5% in soil pH was noted where 2%PLB was applied compared to the
control (No PLB; p < 0.05). Use of 2%PLB enhanced soil EC (19.4%) compared to 1%PLB and control
treatments (p < 0.05). Similarly, soil EC was higher compared to control (HF) when FF was applied (p <

0.05). A maximum increase of 1.50-fold in soil EC was noted where 2%PLB was applied compared to
control (p < 0.05).
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Table 2. Effect of three rates of the leaf biochar (0, 1, and 2%) under half (HF) and full fertilizer (FF) on
the soil pH and electrical conductivity (EC).

Biochar Levels

Two Levels of Fertilizers
Soil pH Soil ECe (dSm−1)

IE (PLB × F)
ME (PLB)

IE (PLB × F) ME
(PLB)HF FF HF FF

No PLB (0 g/5 kg soil) 7.2 ns 7.5 ns 7.4 B 0.20 ns 0.23 ns 0.22 C

1%PLB (50 g/5 kg soil) 8.2 ns 8.3 ns 8.3 A 0.40 ns 0.50 ns 0.45 B

2%PLB (100 g/5 kg soil) 8.4 ns 8.4 ns 8.4 A 0.50 ns 0.60 ns 0.55 A

ME (F) 7.9 B 8.1 A 0.36 B 0.43 A

Different letters in a row or column showing a statistical difference at p ≤ 0.05, compared with Tukey-HSD (honestly
significant difference) test. Non-significant interaction has “ns” superscript. ME = main effect, IE = interactive effect,
F = fertilizers rate, PLB = Pongamia pinnata L. leaves biochar.

3.2. Stem and Root Length

Both main and interactive effects of PLB and F were higher than the control for stem and root
lengths of Pisum sativum L (p < 0.05). For the stem length, FF + 2%PLB was higher than all treatments
(p < 0.05). An increase was also noted in stem length where FF + 1%PLB was applied compared to
control (p < 0.05). Application of HF + 2%PLB and control (FF) were the same for stem length (p > 0.05;
Figure 1). The maximum increase in stem length (60.0%) was noted in response to FF + 2%PLB
compared to control (FF; p < 0.05). In the case of root length, no change was observed where HF and
FF were applied without PLB (p > 0.05). Application of HF + 2%PLB decreased root length compared
to HF + 1%PLB application (p < 0.05). However, FF + 1%PLB and FF + 2%PLB were the same for root
length (p > 0.05). Reductions of 34.4 and 33.9% in root length were noted in responses to FF + 2%PLB
and HF+2%PLB, respectively, compared to those in responses to FF and HF, respectively (p < 0.05).

Agriculture 2019, 9, x FOR PEER REVIEW 5 of 13 

 

< 0.05). A maximum increase of 1.50-fold in soil EC was noted where 2%PLB was applied compared 

to control (p < 0.05). 

Table 2. Effect of three rates of the leaf biochar (0, 1, and 2%) under half (HF) and full fertilizer (FF) 

on the soil pH and electrical conductivity (EC). 

Biochar Levels 

Two Levels of Fertilizers 

Soil pH Soil ECe (dSm−1) 

IE (PLB × F) 
ME (PLB) 

IE (PLB × F) 
ME (PLB) 

HF FF HF FF 

No PLB (0 g/5 kg soil) 7.2 ns 7.5 ns 7.4 B 0.20 ns 0.23 ns 0.22 C 

1%PLB (50 g/5 kg soil) 8.2 ns 8.3 ns 8.3 A 0.40 ns 0.50 ns 0.45 B 

2%PLB (100 g/5 kg soil) 8.4 ns 8.4 ns 8.4 A 0.50 ns 0.60 ns 0.55 A 

ME (F) 7.9 B 8.1 A  0.36 B 0.43 A  

Different letters in a row or column showing a statistical difference at p ≤ 0.05, compared with Tukey-

HSD (honestly significant difference) test. Non-significant interaction has “ns” superscript. ME = main 

effect, IE = interactive effect, F = fertilizers rate, PLB = Pongamia pinnata L. leaves biochar. 

3.2. Stem and Root Length 

Both main and interactive effects of PLB and F were higher than the control for stem and root 

lengths of Pisum sativum L (p < 0.05). For the stem length, FF+2%PLB was higher than all treatments 

(p < 0.05). An increase was also noted in stem length where FF + 1%PLB was applied compared to 

control (p < 0.05). Application of HF+2%PLB and control (FF) were the same for stem length (p > 0.05; 

Figure 1). The maximum increase in stem length (60.0%) was noted in response to FF + 2%PLB 

compared to control (FF; p < 0.05). In the case of root length, no change was observed where HF and 

FF were applied without PLB (p > 0.05). Application of HF + 2%PLB decreased root length compared 

to HF + 1%PLB application (p < 0.05). However, FF + 1%PLB and FF+2%PLB were the same for root 

length (p > 0.05). Reductions of 34.4 and 33.9% in root length were noted in responses to FF + 2%PLB 

and HF+2%PLB, respectively, compared to those in responses to FF and HF, respectively (p < 0.05). 

 

Figure 1. Effect of Pongamia pinnata L. leaves biochar (PLB 0, 1 and 2%) under HF and FF on the stem 

and root lengths of Pisum sativum L. Bars should be compared within a group (stem length or root 

length). Bar heights are different when there are no letters (a, b, c, d) are common (p < 0.05).  

e

a

d ab

c

bc

c

ab

b

b

a

c

0

10

20

30

40

50

60

Stem Length (cm) Root Length (cm)

Control HF+1%PLB HF+2%PLB

FF+0%PLB FF+1%PLB FF+2%PLB

Figure 1. Effect of Pongamia pinnata L. leaves biochar (PLB 0, 1 and 2%) under HF and FF on the stem
and root lengths of Pisum sativum L. Bars should be compared within a group (stem length or root
length). Bar heights are different when there are no letters (a, b, c, d) are common (p < 0.05).
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3.3. Plants Fresh and Dry Weight

Both main and interactive effects of PLB and F were the same for plant fresh and dry weights
(p < 0.05). Application of FF + 2%PLB and HF + 2%PLB increased the fresh and dry weights of plants
compared to HF and FF (p < 0.05; Figure 2). Likewise, FF + 1%PLB and HF + 1%PLB were higher
than the control or HF and FF (p < 0.05). Application of FF also increased the fresh and dry weights
compared to those in response to HF (p < 0.05). Maximum increases of 95.9 and 94.5% in fresh and dry
weights of plants were noted when FF + 2%PLB was applied (in comparison to control or FF) (p < 0.05).
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Figure 2. Effect of Pongamia pinnata L. leaves biochar (PLB 0, 1 and 2%) under HF and FF on Pisum sativum L.
plants fresh and dry weight. Bars should be compared within a group (plant fresh weight or plant dry
weight). Bar heights are different when there are no letters (a, b, c, d, e) are common (p < 0.05).

3.4. Root Fresh and Dry Weight

Both main and interactive effects of PLB and F differed for root fresh and dry weights (p < 0.05).
Application of FF + 2%PLB and HF + 2%PLB were the same, but both were higher than the control and
HF and FF applications (p < 0.05; Figure 3). Likewise, the FF + 1%PLB and HF + 1%PLB were similar to
each other or HF and FF applications (p > 0.05). The maximum increases of 50.6 and 51.0% in fresh and
dry weights of roots were noted compared to control (FF) where FF + 2%PLB was applied (p < 0.05).

3.5. Chlorophyll Contents

Main and interactive effects of PLB and F were different on chlorophyll contents (p < 0.05; Table 3).
For chlorophylls a and b, the FF + 2%PLB and HF + 2%PLB were the same, but both increased the
pigments values compared to the values in control conditions (p < 0.05). The FF + 1%PLB application
increased the chlorophyll a and b contents more than in HF+1%PLB treatment. The HF + 1%PLB
and FF were the same (p > 0.05), but both increased chlorophyll a and b contents compared to control
(p < 0.05). The maximum increases of 45.6 and 50.0% in chlorophyll a and b contents (respectively) were
noted when FF + 2%PLB was applied (p < 0.05). The FF + 2%PLB increased total chlorophyll more than
all other treatments (p < 0.05). The HF + 2%PLB and FF + 2%PLB were the same, but both increased
the total chlorophyll contents more than in the control condition (p < 0.05; Table 3). Additionally,
FF + 2%PLB and FF increased the synthesis of total chlorophyll contents compared to control (p < 0.05).
Overall, the FF + 2%PLB increased total chlorophyll content by 98.7%, whose value was higher than
those in all other treatments (p < 0.05).
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Table 3. Effect of variable rates of biochar (0, 1, and 2%) under HF and FF on the synthesis of the
pigments in Pisum sativum L.

Various Levels of
Biochar

Various Levels of Fertilizers

Chlorophyll a (mg/g) Chlorophyll b (mg/g)
IE (PLB × F)

ME (PLB)
IE (PLB × F)

ME (PLB)
HF FF HF FF

No PLB (0 g/5 kg soil) 0.058 ± 0.005 d 0.116 ± 0.003 c 0.087 C 0.051 ± 0.007 d 0.106 ± 0.003 c 0.079 C

1%PLB (50 g/5 kg soil) 0.129 ± 0.003 c 0.146 ± 0.005 b 0.138 B 0.119 ± 0.003 c 0.139 ± 0.007 b 0.129 B

2%PLB (100 g/5 kg soil) 0.158 ± 0.002 ab 0.169 ± 0.013 a 0.163 A 0.150 ± 0.003 ab 0.159 ± 0.011 a 0.154 A

ME (F) 0.115 B 0.143 A 0.107 B 0.135 A

Total chlorophyll (mg/g) Carotenoids (mg/g)

No PLB (0 g/5 kg soil) 0.109 ± 0.012 e 0.222 ± 0.006 d 0.166 C 0.090 ± 0.010 f 0.191 ± 0.005 e 0.141 C

1%PLB (50 g/5 kg soil) 0.248 ± 0.006 c 0.285 ± 0.012 b 0.267 B 0.220 ± 0.004 d 0.278 ± 0.010 c 0.249 B

2%PLB (100 g/5 kg soil) 0.317 ± 0.005 ab 0.328 ± 0.024 a 0.323 A 0.251 ± 0.004 b 0.306 ± 0.016 a 0.278 A

ME (F) 0.225 B 0.278 A 0.187 B 0.258 A

Anthocyanin (µmol/mL) Lycopene (mg/g)

No PLB (0 g/5 kg soil) 0.012 ± 0.0010 d 0.015 ± 0.0005 c 0.014 C 0.066 ± 0.0018 a 0.054 ± 0.0005 b 0.060 A

1%PLB (50 g/5 kg soil) 0.014 ± 0.0004 c 0.017 ± 0.0001 b 0.015 B 0.046 ± 0.0011 b 0.027 ± 0.0004 c 0.036 B

2%PLB (100 g/5 kg soil) 0.018 ± 0.0004 b 0.020 ± 0.0002 a 0.019 A 0.024 ± 0.0005 c 0.012 ± 0.0011 d 0.018 C

ME (F) 0.015 B 0.017 A 0.031 B 0.045 A

Significance letters should be compared only between PLB rates in a column. Capital superscripts are used for
main effects. Lowercase superscripts are used for interactive effects. Values with different letters in a column
are statistically different at p ≤ 0.05, compared using Tukey-HSD test. ME = main effect, IE = interactive effect,
F = fertilizers rates, PLB = Pongamia pinnata L. leaves biochar.

3.6. Carotenoids, Anthocyanin, and Lycopene

Both main and interactive effects were higher than the control for carotenoids, lycopene, and
anthocyanin syntheses in Pisum sativum L (p < 0.05; Table 3). Application of FF + 2%PLB increased
the synthesis of carotenoids more than those in responses to the rest of the treatments (p < 0.05).
Similarly, HF + 2%PLB synthesized more carotenoids compared to FF + 1%PLB, HF + 1%PLB, FF,
and control (HF) treatments (p < 0.05). It was observed that the application of HF + 1%PLB and FF
also gave greater carotenoids syntheses comparative to control (p < 0.05). A maximum increase of
60.2% in carotenoids was noted compared to control (FF) where FF + 2%PLB was applied (p < 0.05).
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In the case of anthocyanin, FF + 2%PLB increased pigment synthesis more than those in responses
to other treatments (p < 0.05; Table 3). Application of HF + 2%PLB and FF + 1%PLB were the same,
but both increased the synthesis of anthocyanin compared to the synthesis under the control condition.
Similarly, HF + 1%PLB and FF were the same for anthocyanin production (p < 0.05). A maximum
increase of 33.3% in anthocyanin synthesis was noted compared to control (FF) where FF + 2%PLB was
applied (p < 0.05). For lycopene, control treatments showed greater synthesis among all the treatments.
We noted decreasing levels of lycopene contents in response to increasing levels of PLB (1–2%) and
fertilizer (p < 0.05). HF + 1%PLB and FF were the same for lycopene contents. The highest reduction in
lycopene content was noted compared to control (HF) where FF + 2%PLB was applied (p < 0.05).

4. Discussion

In the current study, the addition of PLB as a soil amendment increased the pH and EC of aridic
calcareous soil (p < 0.05). The increases in soil pH and EC have been frequently reported in pot or
field studies involving the addition of biochar sourced from a variety of feedstocks [45–47,49,55,56]
or plant leaves [57]. Biochar-driven increases in soil pH, EC, and nutrient retention have also been
reported in aridisols (mixed haplocambids) when applied with switchgrass biochar soil amendment.
These increases could be due to the greater surface area (or CEC), ash content (Table 1, and porosity of
PLB [56,58], and rich chemistry and nutrient contents of the original leaf feedstock [59]. Moreover,
increasing pyrolysis temperature from 2500 ◦C to 500 ◦C was related to increasing soil pH, EC, and
NO3-N retention [56,58,60]. These relationships are comparable to the soil pH and EC increases (13.5%
and 19.4%, respectively) we observed in this study where PLB was prepared by pyrolyzing leaves
at 380 ◦C.

Root and shoot lengths and fresh and dry weights of root and plant had the lowest values in
control (no PLB + HF) and were reported to be due to inadequate supplies of nutrients—a crucial
factor responsible for weak growth of crops [61]. While the NPK stress played an important role in the
reduction of root and shoot dry weights, the leaf chlorophyll content in HF was also at its minimum [62].
Significant increases in root and shoot lengths, and fresh and dry weighs of root and plant (exposed to
nutritional stress) in responses to PLB addition in this study, are comparable to the commonly reported
increases in plant growth parameters in responses to the soil additions of a variety of biochar [63].

The elongation (or better coverage of roots) in PLB-amended rhizosphere in our study supports
an earlier mesocosm study that concluded that the addition of biochar (charcoal fines from
mixed-deciduous wood in this case) to the rhizosphere effectively elongates the plant roots [64].
Addition of biochar to aridic calcareous soil very likely increases total pore volume [65], decreases bulk
density [66], and enhances cation exchange capacity (CEC) of soil system [66]. The decreasing bulk
density and increasing porosity, CEC, and nutrient holding capacity in response to increasing black
carbon (or biochar) in soil were also verified in an x-ray absorption microscopic study [34,67].

Biochar’s high affinities to sorb the nutrient elements present in soil and offset the losses
(or leaching) of nutrients from the soil system [68] could be the underlying reason for supporting the
elongation of roots [67] found in our study. Other reasons could be the possible biochar’s surface
oxidation by biotic and abiotic factors, resulting in the development of net-negative charges, which
may contribute to the sorption of nutrients, offsetting of nutrients losses, and enhancement of soil
nutrients availabilities [17,69]. Moreover, the possible presences of carboxylic-C and aromatic-OH
functional groups on the PLB surfaces lead to high sorption of nutrients [70]. We did not monitor
soil or plant nutrient exchanges, and strongly recommend including such measurements in future
related studies.

Increasing crop yield traits were observed in response to increasing PLB application to calcareous
sandy soil. Increases in crop yield trait values were found to be controlled by the biochar amendment
in the soil in a variety of studies [71]. Besides the potential improvements in plant-growth-friendly
chemical and physical properties of soil (discussed above), biochar can enhance soil biological
properties [70,72]. Biochar can contribute to better colonization of plant growth promoting bacteria
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(PGPR) [26]. The PGPR act as an allied factor for better availability of nutrients and contribute to
increasing chlorophyll pigments in wheat plant [73].

Biochar is well known to optimize the availabilities of water and nutrients to roots, resulting in
significant increases in pigments syntheses and assimilations in plant leaves [74]; however, contrary
findings are not uncommon [73]. These findings are attributed to contrasting feedstocks, soils, and
environmental conditions [73,74].

Under nutritional stress, plants accumulate stress ethylene [24]. The stress generating ethylene,
when adjacent to the chloroplast, degrades lipids in the cell membrane and activates chlorophyllase
(chlase) gene [25]. Activation of chlorophyllase results in the degradation of chlorophyll, and
ultimately plant suffers from chlorosis [25]. In the current study, without PLB (and nutritional stress),
the chlorophyll contents were also low, which might be due to the production of ethylene, which was
not investigated in this study. A significant improvement in chlorophyll contents in response to PLB
application confirmed the significance of applied PLB for mitigation of nutritional stress in plants.

Increases in chlorophyll contents and yield attributes in responses to increasing timber-waste
biochar in soil were also reported in a biochar trial on wheat crop under greenhouse [75] and
laboratory [26] conditions. Similarly, in the current study, the chlorophyll a, chlorophyll b, total
chlorophyll, carotenoids, and anthocyanin were significantly increased in response to a higher
application rate of PLB (2%; Table 3). We did not find an exactly comparable study of same feedstock
and crop; our findings can be compared to pot [75] and field [26] studies’ findings. Moreover, a
reduction (or antagonistic relation) of plant lycopene contents in response to PLB application also
indicates the mitigation of the experimental nutritional stress in this study.

5. Conclusions

Soil application of Pongamia pinnata L. leaf biochar (PLB) (at the rate of 2%PLB + FF or 2%PLB +

HF) increased plant yield traits including stem and root lengths, and fresh and dry weights of above-
and below-ground biomasses of Pisum sativum L. exposed to nutritional stress (p < 0.05). Increases in
all studied plant pigments including chlorophylls a, b, and total, and carotenoids and anthocyanin
(except lycopene), were also observed (p < 0.05). Therefore, we suggest that the soil addition of PLB
increases plant yield traits values in Pisum sativum L.; however, the underlying soil–plant nutrient
exchanges should be thoroughly investigated in comparable studies in future.
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14. Kalaji, H.M.; Bąba, W.; Gediga, K.; Goltsev, V.; Samborska, I.A.; Cetner, M.D.; Dimitrova, S.; Piszcz, U.;
Bielecki, K.; Karmowska, K. Chlorophyll fluorescence as a tool for nutrient status identification in rapeseed
plants. Photosynth. Res. 2018, 136, 329–343. [CrossRef] [PubMed]

15. Baltzer, J.L.; Thomas, S.C. Leaf optical responses to light and soil nutrient availability in temperature
deciduous trees. Am. J. Bot. 2005, 92, 214–223. [CrossRef] [PubMed]

16. Abid, M.; Danish, S.; Zafar-ul-Hye, M.; Shaaban, M.; Iqbal, M.M.; Rehim, A.; Qayyum, M.F.; Naqqash, M.N.
Biochar increased photosynthetic and accessory pigments in tomato (solanum lycopersicum l.) plants by
reducing cadmium concentration under various irrigation waters. Environ. Sci. Pollut. R. 2017, 24,
22111–22118. [CrossRef] [PubMed]

17. Younis, U.; Qayyum, M.F.; Shah, M.H.R.; Danish, S.; Shahzad, A.N.; Malik, S.A.; Mahmood, S.
Growth, survival, and heavy metal (cd and ni) uptake of spinach (spinacia oleracea) and fenugreek
(trigonella corniculata) in a biochar-amended sewage-irrigated contaminated soil. J. Plant Nutr. Soil Sci.
2015, 178, 209–217. [CrossRef]

18. Rizwan, M.; Ali, S.; Abbas, T.; Adrees, M.; Zia-ur-Rehman, M.; Ibrahim, M.; Abbas, F.; Qayyum, M.F.;
Nawaz, R. Residual effects of biochar on growth, photosynthesis and cadmium uptake in rice (oryza sativa l.)
under cd stress with different water conditions. J. Environ. Manag. 2018, 206, 676–683. [CrossRef]

19. Woolf, D.; Amonette, J.E.; Street-Perrott, F.A.; Lehmann, J.; Joseph, S. Sustainable biochar to mitigate global
climate change. Nat. Commun. 2010, 1, 56. [CrossRef]

20. Kalaji, H.M.; Oukarroum, A.; Alexandrov, V.; Kouzmanova, M.; Brestic, M.; Zivcak, M.; Samborska, I.A.;
Cetner, M.D.; Allakhverdiev, S.I.; Goltsev, V. Identification of nutrient deficiency in maize and tomato plants
by in vivo chlorophyll a fluorescence measurements. Plant Physiol. Biochem. 2014, 81, 16–25. [CrossRef]
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