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Abstract

Background: Water availability and nutrient-status of soils play crucial roles in seedling establishment and plant survival in
coal-spoiled areas worldwide. Restoration of spoils pertains to the application of proper doses of nutrients and water, and
selection of particular plant species for efficient revegetation. This study aimed at examining the potential effects of different
combinations of soil-water and fertilizers (nitrogen, N and phosphorus, P) on morpho-physiological and biochemical attributes
of Amorpha fruticosa grown in coal-mined spoils. Three factors five-level central-composite-design with optimization technique
response surface methodology (rsm) was used to optimize water irrigation and fertilizer application strategies.

Results: Our results revealed a strong correlation between experimental data and predicted values developed from the rsm
model. The best responses of A. fruticosa in terms of plant height, stem diameter, root length, and dry biomass were observed
under a high-water regime. Low-water regime caused a notable reduction in growth-associated parameters, and fertilization
with either N or P did not show positive effects on those parameters, indicating that soil-water was the most influential factor
for growth performance. Leaf water potential, gas-exchange parameters, and chlorophyll content significantly increased under
high levels of soil-water, N and P, suggesting a synergistic effect of these factors for the improvement of photosynthesis-related
parameters. At low soil-water contents and N-P fertilizer application levels, enhanced accumulation of malondialdehyde and
proline indicated that A. fruticosa suffered from oxidative and osmotic stresses. Amorpha fruticosa also responded to oxidative
stress by accelerating the activities of superoxide dismutase, catalase, and peroxidase. The effects of both fertilizers relied on soil-
water, and fertilization was most effective under well-watered conditions. The maximum growth of A. fruticosa was observed
under the combination of soil-water, N-dose and P-dose at 76% field capacity, 520mg kg™ ' and 490 mg kg™, respectively.
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Conclusion: Our results demonstrate that rsm effectively designed appropriate doses of water and N-P fertilizer to restore coal-
spoiled soails. Furthermore, A. fruticosa responded to low-water and fertilizer-shortage by upregulating defensive mechanism to
avoid damage induced by such deficiencies. Finally, our findings provide effective strategies for revegetation of coal-
contaminated spoils with A. fruticosa using appropriate doses of water and N-P fertilizers.
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Background

Water-shortage is considered as one of the major ecological
limiting factors, affecting the restoration of vegetation and
plant productivity. Simultaneously, the soil-water deficiency
is usually connected with the unobtainability of nutrients in
arid and semi-arid areas of the world [1]. Drought along
with nutrient deficiency limits vegetation establishment,
and the relationships between vegetation restoration and
soil-moisture availability have recently gathered significant
attention because of their importance in re-establishment
of an ecosystem in the drought-prone areas [2—4]. The
northwest-part of China considerably covers a big region of
the world’s dry-lands [5]. Seedling establishment and plant
growth in this region largely depend on natural precipita-
tion [5]. Moreover, this region comprises of many coal-
mine areas, contributing around 70% of China’s coal pro-
duction. Coal-mining leads to serious ecological and envir-
onmental problems, such as removal of the earth-surface
cover, damage of plant roots, destruction of vegetation and
turning of coal-mining areas into deserts [6, 7]. Thus, the
coal-mined spoils of northwest-part of China could be an
appropriate resource to explore the possibility of ecosystem
restoration using particular plant species and appropriate
doses of water and fertilizers.

Artificial ecological engineering (revegetation) is the
appropriate method for restoration of ecology in an
abandoned coal gob piles in order to improve the envir-
onmental conditions. However, restoration of such kind
of degraded areas is very challenging and considered as a
daunting task for the environmentalists [8]. An adequate
amount of soil-moisture and nutrients is the key to sup-
port plant growth and development in dry-land areas
[9]. Moreover, the development of a self-sustaining re-
vegetation ecosystem also depends on the selection of
suitable plant species, which, together with effective treat-
ment strategies using soil-water and fertilizers can help in-
crease restoration effectiveness [10]. The plants which are
originated in the desert-environment have better adapt-
able photosynthetic systems compared to plants that origi-
nated in other normal environments. To continue life
cycles in the desert areas, plants develop several survival
mechanisms associated with morphological, physiological
and biochemical adaptations [11, 12]. Amorpha fruticosa
is a deciduous shrub (1-6m tall) and able to grow in

diverse environmental conditions [13]. It is a commonly
used shrub for revegetation in Loess Plateau of China be-
cause of its drought resistance and adaptation capabilities
under infertile conditions. A. fruticosa is frequently culti-
vated in areas after landslides and escarpments, and for
stabilization of the soils on railway embankments, as it’s
roots play important roles in the reduction of soil erosion.
It can also effectively dwells in degraded-environments in
the form of brushes with its seed and suckers [14].

Ecological problems due to coal mining and the vege-
tation reestablishment in coal-mining areas are very im-
portant environmental issues, urging in-depth research
for the sustainable environment [8, 15]. Numerous find-
ings reported the impacts of soil-water and nutrients on
the growth and development of various crops in coal-
mined areas [16—18]. The results suggested that the coup-
ling effects of soil-water and fertilizers played vital roles on
plant growth for the restoration of vegetation. To our know-
ledge, the combinatorial effects of soil-water and fertilizers on
desert shrubs in coal-mined spoils have rarely been performed.
Hence, it is worth investigating the growth response of A. fiu-
ticosa planted in coal-mined spoils concerning different strat-
egies of water and fertilizer applications. Thus, the objective of
this study was to evaluate the growth and development of A.
fruticosa in response to different combination of water (W)
and fertilizers (nitrogen, N and phosphorus, P) using central
composite design (CCD) with optimization technique re-
sponse surface methodology (rsm), and to find out optimum
water and fertilizer doses for vegetation restoration in a coal-
contaminated desert area in China. For this purpose, we have
examined the effect of W, N and P on the morphological,
physiological and biochemical responses of A. fiuticosa by
considering plant height, stem diameter, root length, dry bio-
mass, root/shoot (R/S) ratio of biomass, leaf water potential
(LWP), photosynthesis rate (P,)), transpiration rate (7;), stoma-
tal conductance (G), water use efficiency (WUE), the levels of
chlorophyll (Chl), malondialdehyde (MDA), and proline (Pro),
and the activities of antioxidant enzymes superoxide dismut-
ase (SOD), catalase (CAT) and peroxidase (POD).

Results

Effects on morphological growth responses of A. fruticosa
The maximum increase of plant height (101.23 cm),
stem diameter (7.26 mm), root length (73.12 cm) and dry
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biomass (42.37 g) were recorded under the treatments of
W (80% Field capacity (FC)), N (60 mg kg™ 1 and P (90
mg kg~ 1y (Table 1). The minimum root-shoot (R/S) bio-
mass ratio of 1.51 was observed when the plants were
treated with the highest dose of W (80% FC), and medium
doses of N (60mgkg ") and P (90mgkg ') fertilizers
(Table 1). The lowest increment of plant height (52.04 cm)
was recorded under the combination of W, N and P at
48.1% FC, 9568 mgkg ' and 3649 mgkg ', respectively
(Table 1). The increase of stem diameter was 4.83 mm
when the plants exposed to medium W (60% FC) and N
(60 mg kg™ b, and highest P doses (180 mg kg™ 1Y (Table 1).
On the other hand, the lowest root length (44.96 cm) was
recorded when the plants were treated with medium W
(60% FC), N (60 mgkg™ 1 and P (90 mg kg™ 1y doses (Table
1). The minimum dry biomass (24.0 g) and highest R/S bio-
mass ratio (2.09) were observed at W (40% FC), N (60 mg
kg™ 1 and P (90 mg kg™ 1Y doses (Table 1). Positive values of
the parameter coefficients W (a;) and N (a,) exhibited posi-
tive effect of W, and N on plant height, stem diameter, and
root length, and the relative magnitude was: W >N
(Table 3). In contrast, P (az) had no positive effect on the
above-mentioned parameters (Table 3). For plant dry bio-
mass parameter coefficients, W, N, and P had a positive ef-
fect with W having the greatest effect, followed by N and P
(Table 3). The coefficient P was positive for R/S biomass ra-
tio in contrast W and N had a negative effect (Table 3).

Effects on leaf water potential, gas-exchange parameters,
and chlorophyll contents of A. fruticosa

The maximum increase and decrease of leaf water poten-
tial (LWP) (- 1.08 MPa and - 4.81 MPa, respectively) were
obtained at medium N (60 mgkg™ ') and P (90 mgkg™ ),
but at highest and lowest W (80 and 40% FC) level, re-
spectively (Table 1). The maximum values obtained
for photosynthesis rate (P,) and transpiration rate (7))
were 13.52 (umol m 257 1) and 5.90 (mmol m™2s™ 1), re-
spectively, under the treatments of W at 71.9% FC, N at
95.68 mgkg ' and P at 143.51 mgkg ' (Table 1). In con-
trast, the lowest value of P, (10.78 umol m™ 25 Y and (G
(0.17 mol m~2s™ 1) were recorded under the combinations
of W, N, and P (48.1% FC, 24.32mgkg ' and 143.51 mg
kg™ Y respectively) (Table 1). The treatment with W
(48.1% FC), N (95.68 mgkg ') and P (143.51 mgkg ') re-
sulted in minimum 7, (3.64 mmol m~?s™ 1) and maximum
water use efficiency (WUE) (3.48 pumol mmol™ ") (Table 1).
All coefficients for LWP, P,, and T, were positive (Table
3). Although W and N positively influenced G, WUE was
effectively increased by N only. For G, and WUE, P did
not show any positive effect (Table 3).

The minimum levels of chlorophyll (Chl) & (2.16 mgg™*
fresh weight (FW)), Chl b (1.06 mgg™ ' FW) and total Chls
(3.22mgg ! FW) were observed in response to the treat-
ments with W at 60% FC, N at 0mg kg™ * and P at 90 mg
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kg™ ! (Table 2). The highest levels of Chl & (2.69 mgg "
FW) and total Chl (4.69 mgg ' FW) were obtained in re-
sponse to the treatments with W at 80% FC, N at 60 mg
kg ' and P at 90 mgkg™ ' (Table 2). Chl @, Chl b and total
Chl contents in A. fruticosa leaves significantly increased
by the addition of W, N, and P, where N had the max-
imum positive impact followed by W and P (Table 3).

Effects on malondialdehyde and proline accumulation,
and the activities of antioxidant enzymes of A. fruticosa
The malondialdehyde (MDA) content of A. fruticosa
seedlings was suppressed by all 3 factors; however, pro-
line (Pro) content was considerably decreased by W and
P (Table 3). Among the factors, W was most influential
for decreasing MDA and Pro contents in the leaves of A.
fruticosa (Table 3). The minimum MDA content of
23.34 umol g~ ' FW was recorded with W at 71.9% EC,
N at 95.68 mgkg ' and P at 36.49 mgkg ' (Table 2). In
contrast, the maximum MDA content was observed
under the combinations of W, N, and P (48.1% FC,
9568 mgkg™ ' and 143.51 mgkg ', respectively) (Table
2). The highest W (80% FC) and medium N (60 mg
kg ') and P (90 mgkg ') doses represented minimum
accumulation of Pro (1.54 yumol g~ * FW) in the leaves of
experimental seedlings; while the maximum Pro content
of 515 umol g~ * FW was obtained with W at 48.1% FC,
N at 95.68 mgkg ' and P at 36.49 mgkg ' (Table 2).

The superoxide dismutase (SOD) (154.68U§{1 FW)
and catalase (CAT) (196.15Umin"'g ' FW) activities
considerably increased under the treatment with W at
40% FC, N at 60mgkg ' and P at 90 mgkg *. The
minimum SOD activity (89.22Ug ' FW) was observed
at medium W (60% FC), N (60 mgkg™ b, and P (90 mg
kg™') levels, whereas the minimum CAT activity
(15297 Umin 'g~' FW) was recoreded with W at
71.9% FC, N at 24.32mgkg™ ' and P at 143.51 mgkg™ .
The lowest peroxidase (POD) activity (132.75 U min™"*
g ' FW) in the leaves of A. fruticosa was observed with
the combinations of W, N, and P (71.9% FC, 95.68 mg
kg™ and 3649 mgkg !, respectively). However, the
POD activity significantly increased (254.66 Umin ‘g™ '
FW) in response to the treatments with W at 48.1% FC,
N at 95.68 mgkg ' and P at 143.51 mgkg ' (Table 2).
The activities of SOD and POD were decreased by W
and N; while CAT activity was considerably decreased
by W and P (Table 3).

Interactive effect of process variables on morphological
parameters

The mutual effect of W, N, and P over plant height and
stem diameter displayed that plant height and stem
diameter increased linearly with W rising from 40 to
80% FC. At low W dose (40% FC), increment of N and P
doses showed a little positive effect on the elevation of
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Table 3 Parameter coefficients of eq. (Y = ag + a;X; + axXo + a3Xz + a4X1Xo + asX1X; + 3eXoX3 + 37X, > + agXs> + agxs”) for plant height (Ry),
stem diameter (R,), root length (Rs), total biomass (R,), Root-shoot biomass ratio (Rs), leaf water potential (Rg), photosynthesis rate
(Ry), transpiration rate (Rg), stomatal conductance (Ro), water use efficiency (R;o), chlorophyll a (Ry;), chlorophyll b (R;,), total
chlorophyll (R;3), malondialdehyde (R;4), proline (Rys), superoxide dismutase activity (Re), catalase activity (R;;) and peroxidase

activity (Rqg)

Y & a a a3 ay as 3 ay ag a R’ R, R, F P Vv AP

Ry 7335 1112 1.63 -157 188 —348 475 3.14 —220 =234 0990 0981 0950 11309 < 0.0001 211 4342
R, 60 0.64 0.16 -0.17 007 -0.02 006 0.08 —-007 —-028 0992 0985 0963 14734 < 00001 132 4657
Ry 4677 413 0.74 -0.14 084 2.21 —2.21 641 0.39 129 0980 0963 0906 5599 < 0.0001 259 2690
Ry 2925 539 0.58 047 0.15 -001 -007 138 0.20 —-053 0999 0998 0997 134444 < 00001 063 13578
Rs 194 -0.17 =002 0001 0.03 0.001 0.05 -005 -009 -002 0980 0963 0870 56.83 < 00001 18 2419
Re —299 111 0.21 0.06 -001 -001 004 0.02 0.04 0.08 0999 0998 0998 172545 < 0.0001 1.16 156.85
R; 1243 055 0.57 0.1 -031 022 01 -0.14 —-003 002 0984 0970 0910 70.70 < 0.0001 104 3212
Rg 480 0.38 0.16 0.13 0.36 038 004 -014 021 -007 0987 0975 0950 84.14 < 00001 191 36.77
Ry 027 0.01 0008 —-0.006 0.004 001 0008 =001 -002 —-002 0976 0955 0917 46.5 < 0.0001 286 2073
Riog 259 -0.11 005 -004 -030 -019 004 0.06 0.13 0.05 0990 0981 0977 11166 < 00001 142 4335
Ry 2.56 0.05 0.06 0008 —-002 -001 005 0.02 -0.10  —0.005 0994 0990 0981 21348 < 00001 048 6201
Ry, 195 0.06 0.17 00005 -003 -003 0.4 -001 —-022 -003 0993 0987 0955 16761 < 0.0001 168 4673
Riz 451 0.1 023 0008 -005 -005 019 0007 -033 -004 099 0993 0982 32574 < 00001 072 6939
R4 3029 -286 -104 -042 -135 =078 257 0939 0912 0911 3375 < 00001 329 2155
Ris  3.65 -046  0.15 -035 -020 060 —-013 -=051 0.19 —023 0963 0929 0782 2879 < 0.0001 695 2208
Rig 9443 1107 -449 106 —-324 484 241 1329 1013 951 0985 0972 0927 7319 < 00001 274 2482
Ry; 16646 -859 239 -639 -161 -161 686 6.16 243 1.99 0963 0930 0853 2885 < 00001 185 20.05
Rig 18801 —-1875 —-1407 121 2797  —479 -1333 =265 477 =566 0993 0987 0973 16149 < 00001 186 5197

plant height and stem diameter, whereas at high W dose
(80% EC), plant height and stem diameter significantly
increased with the addition of N and P fertilizers (Fig. 1a,
b, Additional file 1: Figure S1). The root length initially
decreased with the decrease of W dose (from 80 to 60%
FC), but after reaching a certain point (at 60% FC), it
started increasing with the further reduction of W dose
(Fig. 1c, Additional file 1: Figure S1). Under low W dose
(40% FC), N fertilizer did not express any significant effects,
while at high W dose (80% FC) addition of N fertilizer in-
creased root length slowly (Fig. 1c, Additional file 1: Figure
S1). Dry biomass of A. fruticosa seedlings significantly influ-
enced in response to W dose regardless of the doses of N
and P fertilizers. The positive influence of N on plant dry
biomass was detected at a high W dose (80% FC) (Fig. 1d).
In contrast, under low (40% FC) and high (80% FC) W doses,
the addition of P-fertilizer slightly increased dry biomass, but
continuous P-addition resulted in negative impacts (Fig. 1e).
The R/S biomass ratio dramatically enhanced with the de-
cline of W level, whereas P had no obvious effects on R/S
biomass ratio (Fig. 1f, Additional file 1: Figure S1).

Interactive effect of process variables on LWP, gas-
exchange parameters, and chlorophyll contents

It was observed that LWP significantly declined at low
W condition (around 40 to 48.1% FC), and the addition

of N and P fertilizers did not show any positive effects
on the recovery of LWP (Fig. 2a, Additional file 2: Figure
S2). A mutual effect of W with N-P fertilizers over P, and
T, were observed, and the data showed that both P, and
T, increased with the addition of W, N and P, and the
maximum P, and T, were obtained at W (71.9% FC), N
(95.68 mgkg ') and P (143.51 mgkg ') doses (Fig. 2b-d,
Additional file 2: Figure S2). The G; initially increased
with W and N doses up to a certain level (W at 60% FC
and N at 60 mgkg '), whereas it started to decline with
the increase of W and N above this level (Fig. 2e). Under
low W condition (48.1% FC), WUE significantly increased
with the increase of N (95.68mgkg™ ') and P doses
(143.51 mgkg™ ') (Fig. 1f, Additional file 2: Figure S2). The
combined effect of W and N, and W and P on Chl g, Chl
b, and total Chls indicated that under both low and high
W levels, total Chl contents dramatically increased with
the addition of N, whereas the interactive effect of W and
P had no significant influence on the levels of total Chl
(Fig. 2g-h, Additional file 2: Figure S2).

Interactive effect of process variables on MDA and pro
contents, and antioxidant enzyme activities

Under low W condition (48.1% FC), the addition of N
(95.68 mg kg™ Y and P (143.51 mg kg™ 1y fertilizer dramat-
ically increased MDA content in our experimental
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seedlings (Fig. 3a-b, Additional file 3: Figure S3). The high-
est W level (80% FC) and medium N-P fertilizer (60 mg
kg™! and 90 mgkg ', respectively) content was beneficial
for the decrease of Pro content (Fig. 3c, Additional file 3:
Figure S3).

The medium dose of W (60% FC) and N-P fertilizer (60
mgkg™ ! and 90 mgkg™ !, respectively) was suitable for the
decrease of SOD activity (Fig. 3d, Additional file 3: Figure
S3). When W level was 71.90% FC, CAT activity signifi-
cantly decreased with the increase of P fertilizer (Fig. 3e,
Additional file 3: Figure S3). Under low W and N doses
(48.1% FC and 24.32mgkg ', respectively), POD ac-
tivity considerably increased. On the other hand, POD
activity exhibited a decreasing trend in response to
the increase of either W or N-P fertilizers (Fig. 3f,
Additional file 3: Figure S3).

Optimization of soil-water, nitrogen and phosphorus
fertilizer

According to CCD result, the optimum water and
fertilizer rate to obtain maximum growth performance
of A. fruticosa was determined by Derringer’s desired
function approach as follows: W of 75.68% FC, N of
51.64mgkg !, P of 49.49mgkg ' (Fig. 4). Under this

condition, maximum plant growth was obtained (Fig. 4).
Accurateness of the optimized condition was identified
by comparing the average experimental values and the
predicted values developed by the model. The desirabil-

ity ramp obtained from optimal points is represented in
Fig. 4.

Discussion

Our study demonstrated that maximum plant height,
stem diameter, root length, and dry biomass were ob-
tained at high soil-water content; and in this situation, the
addition of N-P fertilizers significantly improved these
growth associated attributes (Fig. la-e, Additional file 1:
Figure S1). Low water levels caused a significant decline in
plant dry biomass, and the effect of N-P fertilizers also
depended on the availability of soil-water. At low water-
level, increases in the doses of N-P fertilizers exhibited a
little effect on the improvement of plant biomass, and the
highest biomass was obtained at high water level (Fig. 1d-
e; Additional file 1: Figure S1; Table 1). These findings in-
dicated that due to scarcity of soil-water, nutrients present
in the soil did not mobilize well, and plant roots could not
uptake it adequately, which ultimately prevented water
and nutrients flow through the xylem to the surrounding
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cells, as observed in other plant species under water-
shortage conditions [19-21]. Thus, the deficiency of nutri-
ents and water eventually led to the inhibition of cell growth
and elongation [21], as was also manifested in this study in
terms of plant height and stem diameter (Table 1). However,
the mutual influence of soil-water and N-P fertilizers consid-
erably improved the functions of each other, which ultim-
ately positively increased the plant height, stem diameter,
root length and dry biomass of A. fruticosa, which were in
parallel with previous studies [22, 23]. The previous study

reported that soil-water was the most important factor for
plant morphological responses, and the effect of fertilizers
like N and P on plant growth depends on soil-water content
[24]. In this experiment, we observed that R/S biomass ratio
significantly increased under low water regime (Fig. 1f; Add-
itional file 1: Figure S1; Table 1), indicating that under water
and nutrient shortage conditions, carbon translocated from
leaves to roots, thereby increasing R/S biomass ratio [25].
The increased R/S biomass ratio during stress conditions
could also be explained as one of the adaptive mechanisms
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of plants to make greater root surfaces for absorbing much
water and nutrients from soils [26]. However, other study re-
ported that a greater R/S biomass ratio under stress condi-
tions was resulted due to decreased shoot growth [27].

LWP acts as a powerful indicator of plants’ water status,
and a reduced level of water has been known to be involved
in declining LWP in plant species [28]. Similarly, we ob-
served that low level of water caused a severe reduction of
LWP in A. fruticosa (Fig. 2a; Additional file 2: Figure S2;
Table 1). Gas-exchange parameters are considered as im-
portant physiological parameters, having significant roles in
plant growth and development. The status of gas-exchange
parameters also correlated with the adaptive responses of
the plants to cope under environmental assaults [3]. We
also observed that interaction of high level of water with
high-level fertilizers significantly increased P, 7}, and G,
whereas water and fertilizer limitations led to a consider-
able decline of those gas-exchange parameters (Fig. 2b-f;
Additional file 2: Figure S2; Table 1). Under adverse envir-
onmental conditions, stomata of leaves are closed and P, is
inhibited, and thus, declined levels of G, and P, have been
considered as indications of stomatal limitation [29]. Fur-
thermore, a noticeable decrease in G during stress condi-
tions indicate an efficient adaptive mechanism to control T,

[30]. The severe water-shortage condition is extremely un-
favourable for absorbing and utilizing nutritional compo-
nents from the soils by the plant root-systems [31]. Under
well-watered conditions, a reasonable coupling model of
water and fertilizers could be adopted to utilize N and P
[32]. Our results corroborated with the findings of several
reports, and indicated that high soil-water content and fer-
tilizers positively increased P,, G, and T,; however, plants
are used to reduce these parameters in order to survive
under water-shortage conditions [28, 33]. Our experimental
results exhibited that during water-shortage conditions,
WUE increased with the addition of N-P fertilizer, and the
minimum WUE was detected under high soil-water and N-
P fertilizer doses, which were in parallel with a previous re-
port [34].

The status of Chl content is considered as the toler-
ance index of the plants under stressful conditions [35].
Total Chl (Chl a + Chl b) content considerably decreased
with the increasing level of water-shortage (Fig. 2g-h;
Additional file 2: Figure S2; Table 2), indicating that A.
fruticosa mounted an adaptive mechanism to protect
themselves from the damage of low-water induced
photo-inhibition [36]. Gallé and Feller [37] also reported
that continuous drought led to decrease Chl content,
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reduce stomatal conductance, and finally reduce P, in
the leaves of Fagus sylvatica. However, together with N,
soil-water significantly increased Chl content, whereas P
did not show any positive effect on Chl content. Since N
is an integral part of Chl molecules, N-shortage condi-
tions were associated with the reduced level of Chl and
chlorosis-related symptoms in plants [38, 39].

We observed a considerable increase of lipid peroxida-
tion product MDA and osmoprotectant Pro under water-
shortage condition compared to the well-watered condi-
tions (Fig. 3a-c; Additional file 3: Figure S3; Table 2).
These results suggest that water deficiency led to the pro-
duction of ROS, which ultimately caused lipid peroxida-
tion of the membrane, leading to greater production of
MDA. However, MDA content decreased gradually with
the addition of soil-water and N-P fertilizer, and the re-
sults showed that high W and N-P fertilizer doses contrib-
uted to drought tolerance by inhibiting the damage of cell
membranes and enhancing osmoregulation in A. fruticosa
seedlings. Saneoka et al. [40] also reported that MDA con-
tent in bentgrass (Agrostis palustris) was higher under

drought conditions than those found in control condition,
and MDA content decreased with the addition of N to the
growth medium. Similarly, a water-deficient state resulted
in osmotic stress, and A. fruticosa accumulated a high
level of Pro to overcome the adverse effects of osmotic
stress. Our results corroborated the findings of others in
mulberry (Morus alba) and moth beans (Vigna aconitifo-
lia) [41, 42], and suggested that water-stressed plants in-
creased osmoprotective adaptation by accumulating high
levels of osmoprotectants like Pro.

To protect from the deleterious effects of ROS produced
under stressful conditions, plants normally increase their
protective mechanisms against ROS by enhancing the ac-
tivities of several enzymes, including SOD, CAT and POD
[11]. A wealth of reports suggest that exposure of plants
to drought led to the enhancement of the activities of anti-
oxidant enzymes, such as SOD, CAT, and POD, and in-
creased enzymatic responses represent a greater
antioxidant capacity for providing drought resistance in
plants [43-45]. A remarkable increase in SOD activity in
the leaves of low W and high N-treated seedlings (Fig. 3d;
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Additional file 3: Figure S3; Table 2) indicated that A. fru-
ticosa plants improved their antioxidative defence status
to protect themselves from ROS-mediated damage. A sig-
nificant rise in CAT and POD activities in the leaves of A.
fruticosa plants under low W, N, and P treatments also
implied that A. fruticosa plants responded well to water
and nutrient shortage by activating antioxidant capacity
(Fig. 3e-f; Additional file 3: Figure S3; Table 2).

The maximum growth performance of A. fruticosa was
observed in response to the treatments with W at
75.68% FC, N at 51.64 mgkg ' and P at 49.49 mgkg '
(Fig. 4). In accordance with our results, Wang et al. [46]
also demonstrated that microbial inoculum with inor-
ganic fertilizer (N at 61.73mgkg ' and P at 40.0 mg
kg™' doses) significantly improved morphological,
physiological, and antioxidant enzyme responses in Med-
icago sativa when grown in coal-mined spoils.

Conclusion

The levels of doses developed for W, N and P using rsm
correlated with the growth performance of A. fruticosa,
suggesting that rsm could be used as an effective tool to
design the perfect combination of water and fertilizers
for revegetation of coal-spoiled soils. Our results re-
vealed that application of various doses of W, N and P
significantly altered growth-associated attributes, includ-
ing shoot height, stem diameter, root length and dry bio-
mass of A. fruticosa. Although all the three factors (W,
N and P) exhibited significant impacts on morphological,
physiological and biochemical traits of A. fruticosa, W
was more prominent in influencing those traits when
compared with N and P. The maximum effects on
growth-contributing parameters were observed when
high level of W (76% FC) was applied with 52.0 mg kg™ *
of N and 49.0 mgkg ' of P. This combination of W, N
and P was also highly effective in enhancing the levels of
LWP, gas exchange parameters and photosynthetic pig-
ment contents. However, under low doses of W, which
might have induced drought stress, A. fruticosa en-
hanced the accumulation of Pro and the activities of
antioxidant enzymes SOD, POD and CAT. These results
indicated that A. fruticosa employed osmoprotective ef-
fects of Pro to overcome osmotic stress and antioxida-
tive roles of SOD, CAT and POD to reduce oxidative
stress in order to survive under water-shortage condi-
tions. Collectively, the findings of this study provided
valuable and useful information that could be used as ef-
fective measures for revegetation and ecological restor-
ation of coal-contaminated subsidence areas in China,
and perhaps in other arid and semi-arid areas of the
world. However, field studies with a range of plant spe-
cies using suggested doses of W, N and P (76% FC, 52.0
mgkg ', 49.0 mgkg ', respectively) would be beneficial
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to ensure improved management and sustainable restor-
ation of coal-spoiled areas.

Methods

Plant material and growth conditions

The coal-mined spoils with topsoil were collected from
the Yangchangwan coal mining area (106° 35" ~ 106° 38"
E, 37° 59" ~ 38° 03'N) of Lingwu city, Ningdong, Ningxia
province, China. The sample was naturally dried, mixed,
and finally sieved to 5 mm. Fourteen (14) kg of soil was
taken to fill up each pot (upper diameter of 32 cm, bot-
tom diameter of 27 cm, and height of 30 cm). One-year-
old A. fruticosa seedlings with similar height (33.0 + 3.0
cm) and stem diameter (2.8 +0.3 mm) were collected
from Hengwang Seedlings Greening Company, Alashan
County, Inner Mongolia, China. The plant species were
identified based on its characteristics and was approved
by the Jilantai Forestry Bureau, Alashan county, Inner
Mongolia, China before collection. The collection of
coal-mined spoils with topsoil and plant specimens were
done in a public right of way, which means no specific
permission was required for collecting soil and plant
samples, and we have not deposited any voucher speci-
men. After transplanting one A. fruticosa seedling to
each pot in March 2018, all pots were placed in an artifi-
cial shed at Northwest A&F University, (N 34° 16’, E
108° 4°), Yangling. The mean annual precipitation and
temperature of the experimental site (outside of the arti-
ficial shed) were 650 mm and 13.7 °C, respectively. In the
first month, sufficient water was provided to all pots to
induce seedling recovery from transplantation stress.
One month later, when the water content was close to
the lower level of the water threshold, experimental
treatments were applied, up to October 2018 according
to the experimental design obtained from rsm. The
amount of moisture lost from each pot through transpir-
ation and evaporation was determined through a weigh-
ing method, and irrigation was done every day during
the entire trial period. Fertilizer was applied in holes
near the root zone of the seedlings. Nitrogen (N)
fertilizer (urea-46% N) was applied in four times (%4 N,
May 6™ %N, June 6™ %N, July 6™ %N, August 6™),
whereas phosphorus (P) fertilizer (Triple super
phosphate-46% P,O5) was applied in two equal half (*/5
May 6™ and '/, July 6™). Before starting the pot experi-
ment, various soil properties were calculated, and re-
corded as FC (11.177%), soil bulk density (1.48 gcm™?),
soil pH (7.83), total N (0.157 gkg™ 1y, available N (6.14
mgkg '), available P (1.98 mgkg ') and available K
(66.88 mg kg™ ).

Measurement of morphological growth
Changes in plant height and stem diameter were mea-
sured using measuring-tape and slide calliper, respectively,
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at every 15-days-interval throughout the growing seasons.
Increase of growth in plant height and stem diameter were
calculated by subtracting initial reading from final read-
ing. For the measurement of plant biomass, plant samples
were carefully washed with water for removing debris, and
different plant parts (leaves, stems, and roots) were sepa-
rated accordingly. Plant samples were initially dried in an
oven for 20 min at 105 °C, followed by further drying at
80°C, and finally dry biomass of different plant parts was
determined. The maximum root length also measured
using a measuring-tape. The root-shoot (R/S) biomass ra-
tio was measured by below-ground biomass divided by
above-ground biomass.

Determination of leaf gas-exchange parameters and leaf
water potential

Leaf gas-exchange parameters, including net photosyn-
thesis rate (P,), transpiration rate (7), stomatal conduct-
ance (Gy) and water use efficiency (WUE) were measured
on sunny days between 8:30am and 11:30am using a
Portable Photosynthesis System CIRAS-3 (PP Systems,
Amesbury, MA, U.S.A). Three seedlings from each treat-
ment were used for determining gas-exchange parameters.
At the time of measurement, photosynthetic active radia-
tions were maintained at 1000 pmolm™?s™!, CO, at
300 umol mol™*, leaf temperature at 25 °c and relative hu-
midity at 70% (provided by a built-in red LED light
source). Leaf water potential (LWP) of the selected seed-
lings was determined by PMS-Model 1000 plant water po-
tential meter (PMS Instrument Company, Albany, OR,
USA) before 06:00 am.

Estimation of chlorophyll contents

Chlorophyll (Chl) was extracted from completely ex-
panded fresh leaf samples (0.1 g) using a 10 mL mixture of
ethanol, acetone and distilled water (4.5:4.5:1) following
the method of Chen and Chen [47]. The absorbance of
the extracts was taken at 645 and 663 nm, and the con-
tents of Chl a, Chl b and total Chl were calculated as mg
g ! fresh weight (FW) by the formula described by Arnon
[48].

Measurement of malondialdehyde and proline contents
The method of Wang et al. [49] was adopted to extract,
and determine the contents of malondialdehyde (MDA)
in leaf samples of A. fruticosa. Extract (2 mL) was mixed
with an equal volume of 0.5% 2-thiobarbituric acid
(TBA, dissolved in 15% trichloroacetic acid), and the
mixture was heated for 30 min at 100°C followed by
cooling in an ice bath. The mixture was then centrifuged
at 10,000 rpm for 10 min, and the absorbance of the su-
pernatants was read at 450, 532 and 600 nm using a
spectrophotometer. The MDA content was calculated
and expressed as pmol g~ ' FW.

Page 12 of 15

Free proline (Pro) from fresh leaf samples was ex-
tracted using sulphosalicylic acid solution, and measured
with ninhydrin according to Bates et al. [50]. The fresh
leaf samples (0.1 g) were extracted with 3% aqueous sul-
fosalicylic acid (10 mL) and placed in water-bath for
boiling for 10 min followed by filtering with Whatman
No. 2 filter paper. Plant extract (2 mL) was mixed with
2mL ninhydrin solution and 2mL glacial acetic acid,
and the mixture was heated for 30min at 100°C,
followed by cooling in an ice bath. Toluene (4 mL) was
used to extract proline from the mixture; the content of
Pro was measured after taking the absorbance at 520 nm
using a spectrophotometer.

Determination of antioxidant enzyme activities

Fresh leaf samples (0.3 g) were homogenized in a mortar
and pestle (ice-cold conditions) using 8 mL of 50 mM
sodium phosphate buffer (pH 7.8), and the homogenates
were centrifuged at 10,000 rpm for 20 min at 4°C. The
supernatant was separated and used for the estimation
of enzyme activities.

The activity of superoxide dismutase (SOD, EC
1.15.1.1) was determined following the method of Zhang
et al. [51]. The reaction mixture contained 3 mL of phos-
phate buffer (pH7.8), 0.6 mL of 130 mM methionine
buffer, 0.6 mL of 750 uM nitroblue tetrazolium buffer,
0.6 mL of 100 uM EDTA-Na buffer, 0.6 mL of 20 uM
riboflavin and 0.2 mL of enzyme extract. The photore-
duction of nitroblue tetrazolium was determined at 560
nm using a spectrophotometer. One unit (U) of SOD ac-
tivity was equal to the amount of enzyme needed to pro-
duce 50% inhibition of the color reaction.

Catalase (CAT, EC 1.11.1.6) activity was determined fol-
lowing the method reported in Beers and Sizer [52]. The
reaction mixture (2.6 mL) contained 100 mM phosphate
buffer (pH 7.0), 20 mM H,0, and 100 pL. enzyme extract.
The reduction in HyO, was monitored at 240 nm. Enzyme
activity was expressed as CAT U min ' g~ ' FW.

Peroxidase (POD, EC 1.11.1.7) activity was carried out
using the guaiacol oxidation method described by
Ekmekci and Terzioglu [53]. Enzyme extract (20 uL) was
mixed with 3mL of 50 mM phosphate buffer (pH 6.0)
having 20.1 mM guaiacol, 12.3 mM H,O,, and guaiacol
oxidation was measured based on absorbance increase at
470nm for 3 min. Enzyme activity was expressed as
units of guaiacol oxidized min~' g~ ! FW.

Experimental design for statistical analysis and
optimization

In our study, response surface methodology (RSM)
based on central composite design (CCD) method was
used with statistical software design expert (Trial version
11, Stat-Ease Inc., USA). Ranges of independent vari-
ables of our study were chosen based on some previous



Roy et al. BMC Plant Biology (2020) 20:181

Table 4 Factor levels used in central composite design (CCD)
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Independent variables Codes Symbols Coded and actual values

- 1.682 -1 0 +1 +1.682
Soil-water (% FC) X4 W 40 481 60 719 80
Nitrogen (N) rate (mg kg”) X5 N 0 2432 60 95.68 120
Phosphorus (P) rate (mg kg™ X3 P 0 3649 0 14351 180

literature [54—56] and presented in Table 4. Different
levels (+a, +1, 0, = 1, — a) of each factor were taken for
operating this study. The distances from the centre to
axial points are represented by o and calculated by the
following equation.

a= (29" (1)

Where k represents the number of factors, and there-
fore, a value in our study was 1.682. The CCD com-
prises 20 experimental runs with eight factorial points,
six axial points and six replicates at the center points. A
total of 80 seedlings subjected to twenty treatments with
four repetitions were arranged randomly. Independent
variables effects on responses were analyzed by using a
second-order polynomial equation:

Y= Qo + 21Xy + axXp + a3X3 + a4X1Xp + a5X1X3
2 2 2
+ AX2X3 + a7X1 + agXy + Ag9X3™, (2)

Where, Y is the response variables; ao is regression
constant-coefficient; a;, a, and as are linear terms; ag, as,
and a¢ are interaction terms; a,, ag, and ao determine
quadratic terms; X;, X5, and x3=represents the coded
value of W, N, and P.

RSM was carried out to optimize the process variables
on the growth and development of A. fruticosa, and the
experimental results are presented in Tables 1 and 2.
The relationship between the response variables and
process variables was obtained by applying multiple re-
gression analysis. The final models, in terms of coded
factors were represented in Table 3. A Positive and
negative sign in front of the terms indicated synergistic
and antagonistic effects, respectively. To determine the
significance and fitness of the model for response vari-
ables, analysis of variances (ANOVA) was carried out.
The model F and P-value were found for different pa-
rameters indicated that the model was highly significant.
To determine the model precision, the results of the ex-
periment were examined with coefficient of variation
(CV), adequate precision (AP) and R? values. In our
present experiment, the adjusted R-squared (R%) value
was detected to be very near and a little bit lesser then
R? which designated a strong correlation between the
experimental and predicted values. For reasonable agree-
ment, the difference between predicted R-squared (Rzp)

value and R2, value should be less than 0.2 [57], and we
found that all difference values were less than 0.2 which
confirmed that the form of the model chosen to explain
the relationship between the factors and the response
was well-correlated. 3-D response surface plots obtained
from statistical software were designed to find out the
relationship between process variables and to assess the
response variables over process variables. At the time of
creating 3-D response surface plot, we retained our third
factor as a central level (as our model comprises three
factors).
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Additional file 1: Figure S1. Response surface plots showing the effect
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Additional file 3: Figure S3. Response surface plots showing the effect
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