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Abstract: The objective of this study was to explore the effects of plant growth-promoting rhizobacte-
ria (PGPR), strain Bacillus licheniformis, with softwood biochar amendment on potato growth and
water use efficiency (WUE) under a deficit irrigation (DI) regime. A pot experiment was conducted
in a greenhouse. The results showed that PGPR improved leaf gas exchange rates, including photo-
synthesis rate, stomatal conductance and transpiration rate at early seedling stage, while tended to
depress these parameters gradually until final harvest. The effects of biochar on plant leaf physiology,
plant growth and WUE were not evident. Plants were more affected by DI than PGPR inoculation
and biochar amendment. DI significantly decreased leaf gas exchange rates after exposure to water
treatment for around three weeks, and the negative effect was eliminated at final harvest. At final
harvest, DI significantly decreased leaf area, specific leaf area, dry mass of leaf and stem, total dry
mass, dry mass increment and plant water use. The synergistical effect of PGPR strain Bacillus
licheniformis and DI on plant growth and WUE were not observed in our study. WUE was solely
improved by DI, indicating that, compared to PGPR inoculation, DI was a more effective measure to
enhance plant WUE.

Keywords: PGPR; softwood biochar; deficit irrigation; water use efficiency; potato

1. Introduction

Water shortage is a huge challenge for agriculture as it threatens water and food
security. The global population is predicted to increase to around 10 billion by 2050, and
half will live in water-scarce regions [1,2], and, at the same time, demand for food and
agricultural water will double, whereas the availability of fresh water is predicted to decline
by 50% [3,4]. Thus, it is urgent to promote the development of water-saving agriculture
aimed at improving plant water use efficiency (WUE) with acceptable crop yield [5,6].
Du et al. summarized and proposed deficit irrigation (DI) as a promising strategy to
resolve the contradiction between water shortage and crop yield [7]. DI strategy allows
plants to experience water deficit by reducing irrigation during crop growth period, or by
withdrawing irrigation at certain stages when plants are insensitive to water deficit, with
acceptable yield loss and optimized WUE [7–9]. DI strategy has been successfully adopted
in various crops and vegetables, including potatoes [10–12].
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DI limits plant growth by reducing leaf gas exchange rates, disturbing plant water
relations, and inducing reactive oxygen species [13,14]. Meanwhile, plants have developed
mechanisms to prevent water loss, distribute water to vital organs, maintain cellular water
content and adapt to periods of drought [15]. Plants grown under water deficit had weaker
ability in nutrient uptake, as a result of reduced transpiration and impaired active transport
and membrane permeability. The degree and duration of DI could affect plant response;
for example, moderate DI could induce chemical signals (mainly root-to-shoot ascorbic
acid, ABA) pathway to optimize stomatal aperture, which was mainly modulated by turgor
pressure under severe DI [16]. As stomatal conductance (gs) and transpiration rate (Tr)
are more sensitive to DI, compared to photosynthetic rate (An), the plant could maintain
higher intrinsic water use efficiency (WUEi, An/gs) and instantaneous water use efficiency
(WUET, An/Tr) under a moderate DI regime [16,17]. The response of plant to DI is also
related to the time and frequency of irrigation [18], and increasing irrigation frequency and
reducing irrigation amount could lead to improved potato yield and WUE [19].

Apart from DI, increasing evidence indicates that implementing plant growth-promoting
rhizobacteria (PGPR) is also an efficient method to improve plant WUE. PGPR can colonize
plant roots to promote plant growth through direct mechanisms, such as phytohormone
synthesis, nitrogen fixation and phosphorus dissolving, and through indirect mechanisms
referring to the resistance of biotic and abiotic stresses. PGPR contains different kinds of
bacteria communities, among which the Pseudomonas and Bacillus spp. have been identified
as the predominant [20]. The gram-positive spore forming Bacillus is one of the most
promising PGPR, gaining increasing attention due to its inherent stability and extended
shelf life [21]. Bacillus spp. can improve rhizosphere essential nutrient (such as P and N)
availability by converting the complex form of nutrient to a simple one [20], thus reducing
the application of traditional fertilizers and related pollution, thereby promoting sustainable
development of agriculture [22]. Inoculating drought-tolerant Bacillus spp. can increase
the populations of bacteria on plant roots and stimulate root exudation to promote plant
growth [23]. Additionally, recent research reported that Bacillus licheniformis (FMCH001)
could improve WUE of maize up to 46% in both well-watered (90% field capacity) and
drought-stressed (65% field capacity) plants in greenhouses [14]. However, in field practice,
due to the strong competition of indigenous soil microorganisms, PGPR colonization of
plant roots is difficult and affects its growth-promoting role. Biochar provides a potential
habitat for PGPR colonization [24].

Biochar is the product of thermal degradation of organic materials in a vacuum
environment, and it has been described as a soil amendment to improve the physical
and chemical properties of soil and strengthen the ability of soil to hold nutrients and
water [25–27]. As a kind of porous media, biochar has the ability to change soil biological
community composition and abundance [28], and may accelerate nutrient cycles and
further affect plant growth [29].

Up to now, the individual or two-factor effect of DI, PGPR or biochar amendment on
plant growth, physiology and WUE has been intensively studied [9,14,27,30], whereas little
is known about the combined effects of PGPR with biochar amendment on plant growth
and WUE under the DI regime. Therefore, the objective of this study was to investigate
whether PGPR with biochar amendment could alleviate the negative effect of DI on plant
growth, and synergistically improve plant WUE.

2. Materials and Methods
2.1. Experimental Setup

The pot experiment was conducted in a greenhouse located in the Northwest A&F
University, Yangling, Shaanxi, China (34◦20′ ′ N, 108◦04′ ′ E and altitude of 521 m). Temper-
ature and relative humidity during the experiment are shown in Figure 1. The columned
pots used in the experiment were 30 cm in height, 15 cm in inner diameter, with a volume
of 5.30 L. In order to maintain ventilation, 5 mm-apertures were punched with a distance
of 3 cm in the bottom of the pot. The soil in the study was taken from a local field (0–20 cm
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layer), and was classified as silty clay loam soil with gravimetric field capacity (θf) and pH
of 26% and 8.0, respectively. The contents of organic matter, rapidly available nitrogen and
rapidly available K were 6.77 g kg−1, 127.72 mg kg−1 and 205 mg kg−1 respectively. The
soil was sieved through 0.5 cm mesh and air-dried before filling the pots. The fertilizers,
0.50 g N, 0.30 g K and 0.24 g P, were supplied to each pot in the forms of urea (N 46.67%)
and KH2PO4, and thoroughly mixed with the soil when filling the pots.
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Figure 1. (a) The maximum and minimum daily temperature (T, ◦C) and (b) the daily maximum and
minimum relative humidity (RH, %) in the greenhouse during the treatment period.

Standard softwood biochar came from the UK Biochar Research Centre, University of
Edinburgh, School of GeoSciences, UK, with pH, EC, CEC, total C, total N and total K of
7.91, 90 µS cm−1, 3.15 cmol kg−1, 8.56 g kg−1, <0.01 g kg−1 and 0.03 g kg−1, respectively.
The biochar was ground into powder and sieved through 0.45 mm mesh to ensure thorough
mixing with the soil. For half of the pots, 6 kg air-dried soil was used; for the other half,
2% biochar (i.e., 120 g) mixed with 5.88 kg soil was used, both with volume-weight of
1.25 g cm−3. The field capacity of soil with biochar amendment was also 26%, with
organic matter, rapidly available nitrogen, rapidly available K and pH of 27.96 g kg−1,
138.66 mg kg−1, 234 mg kg−1 and 8.1, respectively.

Potato tubers (Jinshu 16) were germinated in a plastic box covered with a towel at
room temperature from 15 May to 2 June, 2020. Tubers were transplanted on 3rd June
into pots with/without biochar amendment. Half of the tubers were inoculated with
plant growth-promoting rhizobacteria (PGPR) strain Bacillus licheniformis (supplied by the
Shaanxi Agricultural Science and Technology Co., Ltd. SAEN, Xi’an, China) by immersing
the tuber in bacteria diluent which contained an average Bacillus licheniformis count of
1.0 × 106 CFU per ml for 10 s. The other half were immersed in distilled water for 10 s and
transplanted into the pots, thus resulting in 4 treatments. Each treatment was replicated
12 times. After transplanting, the pots were irrigated to field capacity. Thereafter, soil
water was kept at field capacity for four weeks until plants grew to around 10 leaves.
At this point, 4 plants of each treated plant were harvested to investigate the effect of
biochar amendment and PGPR inoculation on plant physiology and growth. After that,
4 plants of each treatment were irrigated to field capacity, and the other 4 of each treatment
were subjected to DI by withholding irrigation from the pots for two days. Thereafter, the
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irrigation amount was cut to 70% of that of the well-watered ones. The water treatment
lasted for 1 month, and all plants were harvested on 1st August. Pots were weighed around
5:30 pm to evaluate soil water status. The water content (g g−1) during the treatment is
shown in Figure 2.
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Figure 2. Changes of soil water content (%, g g−1) in pots of potatoes exposed to two irrigation
regimes with or without PGPR inoculation under two biochar amendments. (a) 0% biochar without
PGPR; (b) 0% biochar with PGPR; (c) 2% biochar without PGPR; (d) 2% biochar with PGPR. The
water amount for deficit irrigation was 70% of that of the well-watered ones.

2.2. Measurement
2.2.1. Leaf Gas Exchange and Stomatal Density

On the first harvest day (1 July) and 6, 19 and 30 days after initiation of irrigation treat-
ment (DAIT), leaf gas exchange rates, including net photosynthetic rate (An, µmol m−2s−1),
stomatal conductance (gs, mol m−2s−1) and transpiration rate (Tr, mmol m−2 s−1) were
measured on the upper canopy of fully expanded leaves between 9:00 and 11:00 with
a portable photosynthetic system (LiCor-6800, LI-Cor, Lincoln, NE, USA). The chamber
leaf temperature, photon flux density and CO2 concentration of the system were set as
25 ◦C, 1200 µmol m−2 s−1 and 400 ppm, respectively. Intrinsic water use efficiency (WUEi,
µmol mol−1) and instantaneous water use efficiency (WUET, mmol mol−1) were deter-
mined as An/gs and An/Tr, respectively.

Stomatal density (SD, mm−2) in the leaf was measured with silica gel and clear nail
varnish to make an impression of the epidermis and removed to the slide with scotch
tape. The slide was placed on an electron microscope (BA210, Motic, Xiamen, China), and
pictures were taken using image editing software (Leica Microsystems, version 2.5.0, CMS
GmbH, Zürich, Switzerland). SD was expressed as the number of stomata per mm2.

2.2.2. Chlorophyll, Flavonoids and Nitrogen Balance Index

Chlorophyll (Chl), flavonoids (flav) and nitrogen balance index (NBI) were measured
with a polyphenol chlorophyll meter (Dualex Scientific, Force A, Orsay, France) on the first
harvest day, 6 DAIT, 18 DAIT and 27 DAIT.

2.2.3. Plant Water Relations

Leaf water potential (Ψl) was determined before noon with a pressure chamber (Soil
Moisture Equipment, SEC, Santa Barbara, CA, USA) on the first and the final harvest day.
Relative water content (RWC) was solely measured on the first harvest day following the
method described in [17].
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2.2.4. Leaf Area and Specific Leaf Area

Plant leaf area (LA, cm2) was measured with a leaf area meter (LICOR 3100, LI-Cor,
NE, USA). Specific leaf area (SLA, cm2 g−1) was determined as the ratio of LA to leaf
dry mass.

2.2.5. Plant Dry Mass, Dry Mass Increment, Water Use and Water Use Efficiency

Plant dry mass (DM, g) was determined after samples were dried to a constant weight
in an oven at 75 ◦C for 2 days. Dry mass increment (∆DM, g) was the difference of dry
mass between the first and the final harvest. Water use (WU, L) was calculated based on
the irrigation amount and the change of soil water content in the pot between the first and
the final harvest. Plant water use efficiency (WUE, kg m−3) was the ratio of ∆DM to WU
during the irrigation treatment period.

2.2.6. Leaf Nitrogen Concentration and Nitrogen Use Efficiency

Leaf samples were totally dried, then thoroughly ground into powder and analyzed
for total N concentration using the Kjeldahl method (Kjeltec 2300, FOSS Tecator. Höganäs,
Sweden). Nitrogen use efficiency (NUE) was determined as the ratio of DM to N uptake.

2.3. Data Analysis and Statistics

The data collected at first harvest were subject to two-way Analysis of Variance
(ANOVA) to analyze the effect of biochar and PGPR on plant physiology and growth. The
data collected after the first harvest were subject to three-way ANOVA to obtain insight
into the effect of biochar and PGPR on plant physiology and growth under the reduced
irrigation regime. Data were compared using the Duncan Test in SPSS 21 software package
(Version 21.0, IBM SPSS, Armonk, NY, USA). Graphs were plotted in Microsoft Excel 2016
(Microsoft Corporation, Redmond, WA, USA).

3. Results
3.1. Effect of Biochar and PGPR on Plant Physiology and Growth at First Harvest
3.1.1. Leaf Gas Exchange and Stomatal Density

At first harvest, biochar amendment had no effect on leaf gas exchange, including
photosynthesis rate (An), stomatal conductance (gs) and transpiration rate (Tr), while PGPR
inoculation significantly improved these parameters (Figure 3). Leaf intrinsic water use
efficiency (WUEi) and instantaneous water use efficiency (WUET) were not affected by
biochar amendment or PGPR inoculation at the first harvest (Figure 4).

In relation to 0% biochar amendment, 2% biochar amendment significantly improved
stomatal density (SD) by 12.76% (Table 1).

Table 1. Stomata density (SD), chlorophyll (Chl), flavonoids (flav), nitrogen balance index (NBI),
relative water content (RWC), leaf water potential (Ψl), leaf area (LA), specific leaf area (SLA), dry
mass of leaf (DMleaf) and stem (DMstem) and total dry mass (DM) as affected by biochar amendment
and PGPR inoculation at first harvest.

Biochar PGPR SD Chl Flav NBI RWC Ψl LA SLA DMleaf DMstem DM

mm−2 % MPa cm2 cm2 g−1 g g g
1 1 299 90.85 0.63 294.68 0.89 −0.46 579.5 259.9 2.28 1.72 4.0
1 2 314 91.65 0.65 294.68 0.88 −0.42 706.9 295.9 2.42 1.90 4.3
2 1 358 89.73 0.66 289.2 0.87 −0.39 556.9 239.3 2.32 1.66 4.0
2 2 334 89.58 0.73 257.23 0.89 −0.42 572.2 244.4 2.38 1.68 4.1

p value of significance
Biochar 0.037 * 0.444 0.019 * 0.027 * 0.679 0.47 0.322 0.177 0.973 0.220 0.628
PGPR 0.789 0.875 0.049 * 0.086 0.328 0.96 0.017 * 0.431 0.599 0.395 0.486

Biochar × PGPR 0.245 0.818 0.182 0.086 0.216 0.53 0.513 0.551 0.836 0.484 0.673

Note: Biochar 1 denotes 0% biochar amendment, Biochar 2 denotes 2% biochar amendment; PGPR1 denotes
without PGPR, PGPR 2 denotes with PGPR. * indicates significance effect at p < 0.05 level.



Agronomy 2022, 12, 1031 6 of 13Agronomy 2022, 12, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 3. (a) Photosynthesis rate (An), (b) stomatal conductance (gs) and (c) transpiration rate (Tr) of 

potato leaf as affected by biochar amendment and PGPR inoculation at first harvest. * indicates 

significance effect at p < 0.05 level, and ns indicates the effect was not statistically significant at p < 

0.05 level. 

 

Figure 3. (a) Photosynthesis rate (An), (b) stomatal conductance (gs) and (c) transpiration rate (Tr)
of potato leaf as affected by biochar amendment and PGPR inoculation at first harvest. * indicates
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3.1.2. Chlorophyll, Flavonoids and Nitrogen Balance Index

Biochar amendment and PGPR inoculation had no effect on leaf chlorophyll content
(Chl). Flavonoids content (Flav) was significantly improved by biochar amendment and
PGPR inoculation. Nitrogen balance index (NBI) was lower in plants grown with 2%
biochar amendment compared to that with 0% biochar amendment (Table 1).

3.1.3. Plant Water Relations

Relative water content (RWC) and leaf water potential (Ψl) were not affected by biochar
amendment or PGPR inoculation (Table 1).

3.1.4. Leaf Area, Specific Leaf Area and Dry Mass

Leaf area (LA) was lower in plants grown with 2% biochar amendment compared to
those grown with 0% biochar amendment. Specific leaf area (SLA), dry mass of leaf (DMleaf)
and stem (DMstem) and total dry mass (DM) were not affected by biochar amendment or
PGPR inoculation (Table 1).

3.2. Effect of Biochar and PGPR on Plant Physiology and Growth under Reduced Irrigation Regime
3.2.1. Leaf Gas Exchange

Six days after the initiation of irrigation treatment (6 DAIT), 2% biochar significantly
increased leaf An in relation to 0% biochar amendment (Figure 5a), while having no effect
on An on 19 DAIT (Figure 5b) or 30 DAIT (Figure 5c). Biochar amendment had no effect on
gs (Figure 5d–f) or Tr (Figure 5g–i). PGPR inoculation had no significant effect on An, gs
and Tr on 6 DAIT or 19 DAIT, while significantly decreasing these parameters on 30 DAIT
(Figure 5a–i). Deficit irrigation (DI) significantly decreased An, gs and Tr on 6 DAIT and
19 DAIT, while the negative effect was eliminated on 30 DAIT (Figure 5a–i).
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Biochar amendment had no effect on WUEi or WUET on 6 DAIT, 19 DAIT and
30DAIT (Figure 6a–f). The improved WUEi by PGPR inoculation was observed on 30 DAIT
(Figure 6c). Reduced irrigation regime significantly improved WUEi and WUET on 6 DAIT,
while had no effect on WUEi or WUET on 19 DAIT or 30 DAIT (Figure 6).
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(WUET) of potato leaf as affected by biochar amendment and PGPR inoculation after DI exposed.
* and *** indicate significance effect at p < 0.05 and p < 0.001 level, respectively, and ns indicates the
effect was not statistically significant at p < 0.05 level.

3.2.2. Chl, Flav and NBI

Compared to 0% biochar amendment, 2% biochar amendment increased Flav content.
Reduced irrigation regime significantly improved Chl and Flav content. PGPR inoculation
significantly improved Flav content, thereby decreasing NBI (Table 2).

3.2.3. Ψl, LA and SLA

Ψl was significantly affected by Biochar × PGPR × Irrigation interaction. Ψl was
highest in plants grown with 2% biochar amendment and PGPR inoculation under DI
condition (Table 2).

LA and SLA were significantly decreased by DI (Table 2).

3.2.4. DM, WU and WUE

DMleaf, DMstem, DM, DM increment (∆DM) and water use (WU) were significantly
decreased by DI, and WUE was significantly enhanced by DI (Table 2). PGPR inocula-
tion improved DMleaf and DM, while having no effect on ∆DM, WU or WUE. Biochar
amendment had no effect on tissue DM, ∆DM, WU or WUE (Table 2).

3.2.5. [N]leaf and NUE

[N]leaf was solely affected by Biochar × PGPR interaction. PGPR inoculation signifi-
cantly improved [N]leaf under conditions of 0% biochar amendment, and the result was
reversed under conditions of 2% biochar amendment. Compared to local soil, 2% biochar
amendment lowered plant NUE. Biochar × PGPR interaction affected NUE, which was
decreased by PGPR inoculation when plants were grown under local soil.



Agronomy 2022, 12, 1031 9 of 13

Table 2. Change of chlorophyll (Chl), flavonoids (Flav), nitrogen balance index (NBI), leaf water potential (Ψl), leaf area (LA), leaf dry mass (DMleaf), stem dry mass
(DMstem), specific leaf area (SLA), total dry mass (DM), dry mass increment (∆DM), water use (WU), water use efficiency (WUE), leaf N concentration ([N]leaf) and
nitrogen use efficiency (NUE) as affected by biochar, PGPR and irrigation at final harvest.

Biochar PGPR Irrigation Chl Flav NBI Ψl LA SLA DMleaf DMstem DM ∆DM WU WUE [N]leaf NUE

MPa cm2 cm2 g−1 g g g g L g L−1 mg g−1 g g−1

1 1 1 37.6 0.33 118.6 −0.37 1932.97 bc 268.05 7.21 6.05 13.25 9.25 4.07 2.27 54.90 c 23.39 a
1 1 2 40.3 0.35 118.2 −0.31 1630.44 d 268.49 6.09 4.82 10.91 6.91 2.83 2.45 58.86 bc 22.21 ab
1 2 1 39.4 0.35 115.8 −0.33 2230.87 a 272.95 8.19 6.52 14.71 10.40 4.74 2.19 64.36 a 20.84 bcd
1 2 2 40.0 0.37 111.8 −0.36 1600.80 d 264.73 6.07 5.01 11.07 6.76 2.86 2.36 66.10 a 19.55 cd
2 1 1 38.5 0.34 115.2 −0.31 2101.09 ab 291.76 7.23 6.22 13.45 9.47 4.35 2.17 65.67 a 19.64 cd
2 1 2 41.8 0.37 113.8 −0.36 1491.41 d 258.72 5.77 5.13 10.90 6.92 2.77 2.49 67.15 a 19.09 d
2 2 1 37.2 0.37 106.6 −0.35 2044.98 ab 268.25 7.62 6.48 14.11 10.05 4.45 2.25 59.23 b 21.28 bc
2 2 2 41.1 0.37 113.0 −0.26 1698.58 cd 254.89 6.67 5.86 12.52 8.46 2.87 2.95 59.69 b 21.50 bc

p value of significant test
Biochar 0.60 0.03 * 0.07 0.54 0.81 0.98 0.79 0.15 0.56 0.37 0.86 0.14 0.068 0.015 *
PGPR 0.82 0.04 * 0.03 * 0.60 0.10 0.20 0.028 * 0.07 0.034 * 0.09 0.06 0.35 0.485 0.502

Irrigation 0.001 *** 0.01 ** 0.94 0.51 <0.001 *** 0.011* <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** 0.002 ** 0.064 0.113
Biochar × PGPR 0.21 0.69 0.99 0.54 0.64 0.16 0.76 0.70 0.71 0.52 0.28 0.08 <0.001 *** <0.001 ***

Biochar × Irrigation 0.17 0.67 0.26 0.98 0.93 0.06 0.40 0.25 0.30 0.30 0.94 0.10 0.350 0.226
PGPR × Irrigation 0.57 0.30 0.62 0.70 0.80 0.58 0.60 0.84 0.85 0.85 0.17 0.35 0.419 0.709

Biochar × PGPR × Irrigation 0.32 0.16 0.18 0.041 * 0.025 * 0.16 0.13 0.38 0.20 0.20 0.17 0.33 0.762 0.614

Note: Biochar 1 denotes 0% biochar amendment, Biochar 2 denotes 2% biochar amendment; PGPR1 denotes without PGPR, PGPR 2 denotes with PGPR; Irrigation 1 denotes well-watered,
Irrigation 2 denotes deficit irrigation (DI). *, ** and *** indicate significance effect at p < 0.05, p < 0.01 and p < 0.001 level, respectively. Different lowercases indicate significant differences
among treatments.
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4. Discussion

Numerous studies have shown that plant growth-promoting rhizobacteria (PGPR)
perform an environmentally-friendly solution for sustainable agricultural development,
and PGPR inoculation has become an integral part of agroecosystem management [31,32].
The strain Bacillus licheniformis has been reported as having multi-functional traits, including
auxin production and exopolysaccharide secretion, and Bacillus licheniformis could be
used to alleviate drought stress in arid regions without the application of agrochemicals
and chemical fertilizers [33]. In this study, the effects of PGPR inoculation and biochar
amendment on potato leaf physiology, growth and WUE under a deficit irrigation (DI)
regime were investigated. The PGPR strain Bacillus licheniformis improved leaf gas exchange
rates, including photosynthesis rate (An), stomatal conductance (gs) and transpiration rate
(Tr) at early seedling stage (Figure 3), while these parameters tended to gradually depress
until the final harvest (Figure 5). The reversed results from a different growth stage were
unexpected, and the results were different from Akhtar et al., who found no significant
effect of Bacillus licheniformis on An or gs of maize, inoculated by coating seeds with LB
media and plating serial dilutions [14]. The inconsistent effects of PGPR could be related
to crop species, inoculation methods and periods. It was well accepted that chlorophyll
content (Chl) and N content in the leaf ([N]leaf) could reflect photosynthetic capacity [34].
However, in this present study, the depression of An induced by PGPR at the final harvest
was not in accordance with the change of Chl or [N]leaf, as Chl and [N]leaf were not affected
by PGPR (Table 2). There should be other mechanisms involved in the regulation of gas
exchange. Nitrogen balance index (NBI), which is the ratio of Chl to flavonoids (Flav),
was based on crop canopy fluorescence index under photoexcitation, and was considered
to be a good indicator for evaluating plant nitrogen status [35]. We noticed that at the
final harvest the change of An was in accordance with the change of NBI, indicating that
PGPR could influence An by the modulation of NBI. However, the reason for the negative
modulation of NBI by PGPR still remains unclear.

Biochar as a kind of soil amendment has shown great potential to improve soil
fertility and protect plants from various soil borne pathogens, hereby enhancing plant
growth [25,36]. The positive effect of biochar on plant growth has been reported in veg-
etables and crops, including tomatoes [37], wheat [38] and potatoes [39]. However, in
our study, even though in the early seedling stage 2% softwood biochar amendment en-
hanced stomata density (Table 1), it had no significant effect on gs, An or Tr (Figure 3),
and the effects of biochar on plant leaf physiology, plant growth and WUE were not ev-
ident (Table 2; Figures 5 and 6). The insignificant effect of softwood biochar on plant
growth was also reported in [27]. This was mainly related to the property of softwood
biochar [40], which possesses lower nutrient contents, including N, P, K and lower pH, as
described in the Materials and Method part. Thus, soil physicochemical properties were
not improved by softwood biochar amendment [27]. Literature has documented that plant
response to biochar amendment varies with biochar amount, type, plant species and even
time [27,39,41–43]. Soil structure could be improved in the following two ways: one is
soil aggregation, due to the binding agents from oxidation of biochar over time [44,45],
and the other is the restructuring of soil and biochar particles, resulting in wider pore
size distribution [46]. In our study, two months might be too short a time to improve soil
structure, further making little sense to plant growth.

Plant growth and WUE were more affected by DI than PGPR inoculation and biochar
amendment. Though the negative effects of DI on leaf gas exchange rates faded away at
the final harvest (Figure 5), DI led to significant decrease in leaf area (LA) and plant DM
(Table 2). This was in agreement with Jefferies and MacKerron, who presented the point
that the first morphological response of potato plants to soil water deficit was reduction
in LA [47]. Similar results were also reported by Sun et al. [48] and Liu et al. [17]. Plants
exposed to DI could stimulate the synthesis of abscisic acid (ABA) in the roots, which could
be transported through the transpiration stream to the shoots to suppress leaf expansion
and stomata opening [13]. As gs and Tr are more susceptible to DI than An [17], plants
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could possess higher intrinsic water use efficiency (WUEi, An/gs) and instantaneous
water use efficiency (WUET, An/Tr) under moderate DI (Figure 6a,d). For potato plants
at the vegetative growth stage, decreased LA and Tr will not only reduce the plant’s
whole transpiration, but also decelerate the crop photosynthetic rate as a result of less
light interception [49], hereby further depressing plant WU and DM (Table 2). In our
study, compared to well-watered plants, DI plants consumed 35.7% less water with 25.8%
reduction in ∆DM, thus resulting in an improved WUE (Table 2).

The synergistical effect of the PGPR strain Bacillus licheniformis and DI on plant growth
and WUE were not seen in our study. The result was contrary with [50], who reported
that the inoculation of PGPR improved the growth and physiology of maize under DI.
We noticed that in soil with 0% biochar amendment, leaf area was increased by PGPR
inoculation under well-watered conditions, but not under DI (Table 2). The ineffectiveness
of these bacteria on plant growth and WUE under the DI regime could be associated
with the colonization of PGPR. Even though PGPR has the potential to promote plant
growth, by inducing the production of phytohormones, chelating compounds, siderophores,
N2 fixation, phosphate solubilization and other mechanisms [51], strong competition
with indigenous soil microorganisms could lead to uncompetitive colonization in roots,
especially under a DI regime. The dominant bacterial community in the rhizosphere should
also be focused on in future study.

5. Conclusions

Our study shows that plant leaf physiology, plant growth and WUE were mainly
affected by DI strategy rather than PGPR Bacillus licheniformis inoculation or softwood
biochar amendment. Though the negative effect of DI on An, gs and Tr was gradually
eliminated with progress in the growth stages, DI significantly decreased leaf area, total
dry mass and dry mass increment at the final harvest. The synergistical effect of PGPR and
DI on plant growth and WUE were not observed in our study. WUE was solely affected
by DI. In relation to well-watered plants, DI plants consumed 35.7% less water with 25.8%
reduction in dry mass increment, hereby improving plant WUE.
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