PEER-REVIEWED ARTICLE b | oresources.com

Effects of Adding Pyrochar and Hydrochar to Calcareous
Soil on Nutrient Uptake by Maize
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The patterns and mechanisms underlying the effects of different types of
biochar on crop dry matter accumulation and uptake of major soil minerals
are uncertain. This study demonstrated the positive effects of adding
pyrochar (PC) and hydrochar (HC) to calcareous soils on nutrient uptake
by maize seedlings and revealed the important role of mycorrhizal
colonization. The effects depended on the type of biochar added and the
type of nutrient evaluated. The dry weights of maize seedlings were higher
in the HC and PC groups than in the control group, and the P accumulation
was 17% higher than that of the control. Adding PC significantly increased
Zn accumulation and the concentration and accumulation of Cu in maize
seedlings, whereas adding HC increased the Fe concentration. Applying
PC and HC also promoted mycorrhizal colonization of maize roots, and P,
Zn, and Cu accumulations in the plant were positively correlated with the
mycorrhizal colonization rate. This study found that applying PC and HC
to calcareous soil at the tested application rate promotes the uptake of
some mineral nutrients by maize at the seedling stage, and this effect was
at least partially influenced by an increased mycorrhizal colonization rate
in the plant root system.
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INTRODUCTION

The rational disposal of agricultural waste is a common problem, and improper
disposal leads to the waste of resources and environmental pollution. It is estimated that
the annual global production of lignocellulosic biomass is 181.5 billion tons and that the
energy value of this biomass is equivalent to 4.8 times the global energy consumption in
2020 (Deng et al. 2022). Carbonization of carbon (C)-rich biomass is an important method
for the utilization of agricultural waste. As a biological material with a rich carbon content
and strong adsorption capacity, biochar is characterized by a large specific surface area,
rich pore structure, and high nutrient content, and it has gradually begun to be used in
agricultural production, ecological environmental protection, and other applications. In
particular, biochar has shown great potential for improving soil and thus crop growth and
may be an important method for achieving the goals of sustainable agriculture in the future.
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Biochar has a significant impact on the growth of crops, but the effects of different
types and amounts of biochar on crops are not completely consistent. Pyrolysis
carbonization and hydrothermal carbonization are the main pathways for converting
biomass into biochar. Some studies have shown that the production cost of
biochar/hydrothermal charcoal is mainly related to from the raw material, equipment
energy consumption, and labour cost within a single treatment process (Zhang et al. 2020;
Yang et al. 2016; Kung et al. 2015). The pyrolytic carbonization process has the advantages
of large processing capacity per unit volume and low equipment requirements, and it
typically has lower unit production costs, but the outcome will be affected by specific
conditions. Hydrothermal carbonization has low energy consumption and high yield and is
more economical in handling high-moisture-content raw materials and small-scale
production. The effects of pyrochar on soil quality and crop growth have been studied
extensively. However, due to the diversity of crops and growth conditions, excessive
biochar addition to the soil can inhibit the growth of crops such as maize (Bai et al. 2022).
The addition of 1 to 2% biochar generally has a positive effect on crop growth by increasing
nutrient uptake (Li et al. 2022). Biochar may directly supplement soil nutrients through the
introduction of exogenous sources of nutrients or affect plant nutrient uptake through its
effects on soil structure and soil microbes (Hou et al. 2022).

Biochar prepared by pyrolysis carbonization or hydrothermal carbonization is rich
in various forms of nitrogen. Biochar with a high ash content generally contains more
phosphorus (P), and the content of potassium (K) is closely related to the pyrolysis
temperature at which the biochar was prepared and to the selection of raw materials.
Studies have demonstrated that hydrochar prepared at 220 °C has good pore structure,
moderate pore size, good diffusion and sorption properties with more active sites for
sorption (features that are conducive to sequestration and to the slow release of nutrients),
and a high number of oxygen-containing functional groups that permit the adsorption of
metal ions (Khan et al. 2019). During pyrochar preparation, as pyrolysis temperature
increases, the volatile content of the biomass decreases; the ash content increases, the
specific surface area increases. The total pore volume, the pH, and the basic functional
group content increase, reaching their maximum levels at 550 °C; and the content of acidic
functional groups decreases, making the pyrochar more favourable as an acidic soil
amendment (Liao et al. 2022). Thus, hydrochar prepared at 220 °C and pyrochar prepared
at 550 °C may aid in supplementing soil nutrients and promoting nutrient sequestration.

Micronutrients such as zinc (Zn), copper (Cu), and iron (Fe) are necessary
components of various enzymes that play irreplaceable roles in plant growth and human
development. It is of great importance to seek effective measures that promote the
absorption of micronutrients, particularly by the roots of cereal crops, and to increase the
nutrient content of grains to improve the diet of consumers. Studies have shown that
biochar can significantly promote plant and grain nutrient accumulation, but the
mechanism remains unclear (Abbas et al. 2017; Torabian et al. 2021; Li et al. 2022).
Mycorrhizae are a consortium of mycorrhizal fungi in the soil and vegetative roots of
higher plants. Symbiotic fungi take essential carbohydrates from the plant, and the plant
obtains necessary nutrients from the fungus, thus forming a mutually beneficial symbiotic
relationship. The mycorrhizal colonization rate is one of the most important indices used
to evaluate the symbiosis between mycorrhizal fungi and host plants as well as the
physiological function of the symbiosis. The mycorrhizal colonization rate represents the
level of mycorrhizae in the root system and is typically used as an important index to judge
the growth and developmental status of mycorrhizal fungi. Mycorrhizal fungi play an
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important role in the uptake of nutrient elements by crops. Arbuscular mycorrhizae (AM)
are widely reported to promote the uptake of nutrients by crop roots by expanding the area
of contact between roots and nutrients, secreting organic acids that activate soil nutrients,
and interacting with rhizosphere bacteria (Baum et al. 2015). Studies have shown that most
nutrients such as phosphorus and Zn are taken up by direct root absorption and
mycorrhizae, of which AM fungi mediated by mycelium activity account for 30 to 70% of
the total nutrient accumulation of plants (Cavagnaro 2008; Zhang et al. 2017; Yu et al.
2020). The mycorrhizal pathway also plays an important role in the absorption of elements
such as copper and iron (Kabir et al. 2020). The addition of biochar increases the diversity
of soil microorganisms, increases the abundance of soil microbial communities, and
improves the utilization of carbon sources by rhizosphere microorganisms (Li et al. 2022).
Biochar is characterized by a high dissolved organic carbon (DOC) content, high porosity,
and high specific surface area. In addition, specific amounts of nutrients, include P, K, Ca,
Mg, Fe, Mn, Cu, and Zn. These characteristics indicate that biochar has high potential for
promoting mycorrhizal fungal growth, which in turn may affect the uptake of elements
such as P, Zn, and Fe by plants. Studies suggest that biochar application may have a
positive effect on mycorrhizal fungi by changing the physical and chemical properties of
the soil, interacting with bacteria or other soil microorganisms, and regulating signalling
between plants and mycorrhizae (Warnock et al. 2007). However, the mechanism by which
biochar regulates mycorrhizal fungal community characteristics and thus promotes nutrient
uptake by crop roots remains unclear. In fact, studies on the effect of biochar on Zn, Cu,
and Fe levels in plants have typically focused on the removal of heavy metals from
contaminated soils (Gong et al. 2022). No report has previously associated mycorrhizal
fungi affected by biochar application with plant growth and nutrition absorption in regular
agricultural fields. Therefore, it is necessary to explore the potential of biochar for
promoting nutrient uptake through the mycorrhizal pathway.

Pyrolysis carbonization and HTC are the main pathways for converting biomass
into biochar. In this study, a pot experiment was conducted to determine 1) the effects of
hydrochar and pyrochar on the growth and development of maize at the seedling stage; 2)
the effects of hydrochar and pyrochar on the accumulation and uptake of major mineral
nutrients by maize at the seedling stage; and 3) the role of mycorrhizal colonization in the
effects of hydrochar and pyrochar on nutrient uptake by maize.

EXPERIMENTAL

Biochar Preparation and Characteristics

The pyrochar and hydrochar used in this study were prepared under laboratory
conditions. The pyrochar was prepared by heating the material to 550 °C at a rate of 10
°C/min and holding it under a nitrogen atmosphere for 7 h. The hydrochar was prepared at
220 °C for 4 h at a liquid/solid ratio of 5:1. The biochar was soaked in deionized (DI) water
for 15 min, and the supernatant was removed. This step was performed five times to remove
impurities from the surface of the biochar. The washed biochar was boiled again in DI
water for 5 min, and the supernatant was removed. This operation was repeated three times
to remove harmful substances adsorbed onto the pore structure of the biochar. Elemental
analysis, specific surface area by the Brunauer—-Emmett-Teller (BET) method, inductively
coupled plasma (ICP) optical emission spectroscopy, pH tests, DOC measurement, and
scanning electron microscope (SEM) analysis were performed on the two biochars.
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Experimental Setup

Three treatments were applied, with four replicates for each treatment: a blank
(CK), 1.7% pyrochar (PC), and 1.7% hydrochar (HC). Soil taken from farmland around
Jinan, China, was dried, sieved, and placed in 5.0 L pots (3 kg of soil per pot). The
ammonium nitrogen content of the tested soil was 4.22 mg.kg™ (determined by NaCl
extraction and the indophenol blue spectrophotometric method), the soil nitrate-N content
was 6.82 mg.kg? (determined by NaCl extraction and UV spectrophotometry), the soil
available P content was 17.47 mg.kg? (determined by NaHCOs extraction and
molybdenum-antimony anti-absorption spectrophotometry), the soil available K content
was 260.46 mg.kg™ (determined by NaNOsz extraction and the turbidimetric method using
sodium tetraphenylborate); and the soil organic matter (SOM) content was 15.6 g.kg™ (by
the potassium dichromate method and thermodilution). The Lufeng 510 maize seeds used
in the experiments were sterilized in a 10% H20:2 solution for 30 min, rinsed with DI water,
and then soaked in a saturated calcium sulfate solution for 8 h. The seeds were placed on
moist filter paper on a tray and covered with filter paper to keep them moist and protected
from light. Sowing was performed after the radicles had just appeared. Nitrogen (N), P
(P20s), and K (K20) fertilizers were applied before sowing, and NaNOs, NaHPO4, and
K2SO4 were applied at 200 mg N, 100 mg P, and 200 mg K per kg of soil, respectively.

Sample Collection and Analysis

In this study, a 28-day pot experiment of maize seedling was conducted to study
potential effects of biochar application on nutrition uptake and corresponding mechanism
associated with mycorrhizal colonization. In the growth process of maize, 28 days was
enough for the plants to enter into the period of jointing stage (with more than 6 leaves).
Among all growth stages of maize such as seeding, jointing, and anthesis stages, especially
the jointing stage of maize, represents a rapidly develop of plant and actively interact period
between root and soil microorganism (Hu et al. 2015; Liu et al. 2014). That means the
mycorrhizal colonization rate of root would be significantly changed and thereby making
great effect on nutrition absorption of maize. The aboveground parts and underground roots
of maize seedlings were collected 28 days after planting. After rapid washing, first with
tap water and then with deionized water, the plant samples were dried at 60 to 65 °C, and
their dry weights were recorded. The plant samples were ground in a stainless steel grinder
to prepare them for nutrient analysis. A microwave-accelerated reaction system (CEM,
Matthews, NC, USA) was used to digest plant samples with HNOs-H202. The
concentrations of P, Ca, Mg, Fe, Mn, Cu, and Zn in the digested solutions were determined
by inductively coupled plasma optical emission spectroscopy (ICPOES, OPTIMA 3300
DV, Perkin—Elmer, Waltham, MA, USA). The root samples were cut into 1 cm segments
for determination of AM colonization, stained with trypan blue and evaluated according to
the methods of Feng et al. (2003).

Statistical Analysis

To evaluate the effects of biochar application on shoot dry weight, AM
colonization, and nutritional parameters, the data obtained from the maize plants were
subjected to a one-way analysis of variance (ANOVA). Linear regression was used to
analyse the relationships between AM colonization and nutrient accumulation. SAS
software (SAS 8.0, USA) and SPSS software (SPSS 20.0, China) were used for statistical
analysis. When ANOVA revealed significant effects, the treatments were compared using
the least significant difference (LSD) test at P < 0.05.
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RESULTS AND DISCUSSION

Characteristics of Hydrochar and Pyrochar

Table 1 shows the results of elemental analysis, ICP, and BET data for the two
biochars. Figure 1 shows the pore size distribution, isothermal adsorption, and SEM of the
hydrochar and pyrochar.

Table 1. Physicochemical Properties of Hydrochar and Pyrochar

Elemental analysis Hydrochar Pyrochar
C (%) 70.15 90.78

H (%) 5.38 2.26

O (%) 23.20 5.14

N (%) 1.20 1.48

S (%) 0.06 0.34

H/C 0.92 0.025
O/C 0.25 0.056

Ph 4.41 8.67
DOC 2970 219

ICP

P (mg.kg™") 1.93x10° 3.47x10°
K (mg.kg™") 1.39x10* 2.25x10*
Ca (mg.kg™) 2.61x10° 1.56%10°
Mg (mg.kg™") 1.09%x10° 7.06x10°
Fe (mg.kg™") 184 1.5x10*
Mn (mg.kg™") 24.0 453

Cu (mg.kg™) 21.1 70

Zn (mg.kg™) 13.1 133

BET

SSA (m?.g") 3.66 30.12
TPV (cmi.g™") 0.0198 0.0371
MPV (cm®.g™") 0.00068 0.00726

There were obvious differences between hydrochar and pyrochar due to the
different production methods. It can be seen from the elemental analysis data in Table 1
that the contents of H and O in hydrochar were higher than those in pyrochar, whereas the
contents of C, N, and S were lower in hydrochar compared with those in pyrochar.
Correspondingly, the H/C and O/C ratios of hydrochar were higher than those of pyrochar.
The hydrochar was acidic, the pyrochar was alkaline, and the DOC content of hydrochar
was much higher than that of pyrochar. It can be seen from the ICP data in Table 1 that
except for Ca, the contents of P, K, Mg, Fe, Mn, Cu, and Zn in hydrochar were all lower
than those in pyrochar. According to the BET data in Table 1, compared with hydrochar,
pyrochar had a larger specific surface area and pore volume, indicating that the internal
structure of pyrochar was more complex. The hydrochar was mainly composed of a carbon
microsphere structure (Fig. 1c), whereas the pyrochar was mainly composed of a micropore
structure (Fig. 1d). The pyrochar exhibited a type IV adsorption curve, and the adsorption
capacity in the low pressure area increased rapidly, indicating that there were more
micropores (Fig. 1b). With increasing relative pressure, capillary condensation and
macroporous adsorption gradually occurred. Unlike the adsorption curve of pyrochar, the
adsorption curve of hydrochar was close to a type 111 adsorption curve (Fig. 1a). Combined
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with the pore size distribution curve (Fig. 1b), this finding suggests that a small number of
medium and large pores are filled in hydrochar.
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Fig. 2. Dry matter yield of maize plants (28-day growth) as affected by hydrochar and pyrochar.
Values are the mean of four replications + SE. Within each treatment, means with different

lowercase letters were significantly different at P< 0.05.
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The dry weights of the maize seedlings treated with hydrochar and pyrochar did not
differ significantly from those in the CK group; however, as shown in Fig. 2, the biomass
of the maize in the PC (group treated with 1.7% pyrochar) was 13.5% higher and the
biomass of the maize in the HC group (treated with 1.7% hydrochar) was 8.6% higher at
the seedling stage than the biomass of the seedlings in the CK group, indicating the high
potential of biochar to promote maize dry weight accumulation.

Effects of Pyrochar and Hydrochar on P, Ca, and Mg Accumulation

Adding biochar had varying effects on the concentration, absorption, and
accumulation of P, Ca, and Mg in the maize seedlings. Applying pyrochar significantly
increased the P concentration in maize at the seedling stage, but applying hydrochar had
no effect on the P concentration in the plants. Application of these biochars at 1.7% had no
effect on the Ca or Mg concentrations in the plants (Table 2). The addition of pyrochar or
hydrochar increased the accumulation of P in the maize plants by 17% but did not increase
the accumulation or the concentration of Ca or Mg in the plants (Table 2).

Table 2. Effects of Different Treatments on the Concentrations and
Accumulations of Phosphorus, Calcium, and Magnesium in Maize Seedlings

Treatment Nutrient Concentration (g.kg?) Nutrient Accumulation (mg.stem)
P Ca Mg P Ca Mg
CK 4.28+0.16° 3.09+0.352 2.71+0.15% | 0.64+0.03% | 0.46x0.05* | 0.41+0.042
HC 4.34+0.04° 2.67+0.662 2.45+0.28% | 0.71+0.02% | 0.43+0.10* | 0.40+0.042
PC 4.76+0.062 3.36+0.2672 2.66+0.18% | 0.74+0.02% | 0.57+£0.06* | 0.45+0.0272

Values are means of four replications = SE. Within each treatment, means with different
lowercase letters are significantly different at P< 0.05. Values with different lowercase letters in
the same column differ statistically in mean using the ANOVA test (p < 0.05).

Effect of Pyrochar and Hydrochar on Micronutrient Accumulation

The addition of biochar had varying effects on the concentrations, uptake, and
accumulations of Zn, Cu, Fe, and Mn in the maize seedlings. The addition of pyrochar
addition significantly increased the Cu concentration and the accumulation of Zn and Cu
in the maize seedlings (Fig. 3c, b, and d); these elements were 68%, 28%, and 38% higher,
respectively, compared with the CK group.
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(d), Fe concentration (e) and accumulation (f), and Mn concentration (g) and accumulation (h)
under different treatments. Values are the mean of four replications + SE. Within each treatment,

means with different lowercase letters were significantly different at P< 0.05.
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means with different lowercase letters were significantly different at P< 0.05.

The application of hydrochar significantly increased the Fe concentration in the
maize seedlings (Fig. 3e) by 61% compared with the CK group. Simultaneous application
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of the two biochars had no significant effect on the concentration or accumulation of Mn,
the concentration of Zn, or the accumulation of Fe in the plants (Fig. 3g, h, a, and f).

Correlation Between Vesicular-Arbuscular Mycorrhizae (VAM,%) and
Nutrient Absorption

The mycorrhizal colonization rates of the roots of the maize plants that received the
hydrochar and pyrochar treatments increased significantly compared with that of the CK
group with increases of 19% and 23%, respectively (Fig. 4). This finding indicates that
adding biochar had a significant effect on the promotion of mycorrhizal colonization in
maize at the seedling stage and on the development of AM fungi.
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Fig. 4. Effects of different treatments on the mycorrhizal colonization rate of maize seedlings.
Values are the mean of four replications + SE. Within each treatment, means with different
lowercase letters were significantly different at P< 0.05

A correlation analysis between the mycorrhizal colonization rate and the nutrient
uptake of each group showed that the mycorrhizal colonization rate was significantly
positively correlated with the accumulation of P in the aboveground parts of the maize
plants (Fig. 5a) but not with the accumulation of Ca or Mg (Fig. 5b and c).
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Fig. 5 (a-b). Correlation analysis of mycorrhizal colonization rate with P (a), Ca (b), Mg (c), Zn (d),
Cu (e), Fe (f) and Mn (g) accumulated amounts. * Indicates that the model is significant at
P<0.005
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P<0.005

The mycorrhizal colonization rate of maize roots and accumulation of the trace
elements Zn and Cu in the aboveground parts of the plants were significantly positively
correlated (Fig. 5d and e); the correlation with Zn accumulation was stronger. The
mycorrhizal colonization rate was not correlated with the accumulation of Fe or Mn (Fig.
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5f and g). Overall, the increase in mycorrhizal colonization rate may be an important
pathway through which biochar application promotes the uptake of P, Zn, and Cu by maize.

Biochar Characteristics

Differences in the biomass carbonization methods used, the temperature, and the
retention time resulted in completely different physicochemical properties for the
hydrochar and pyrochar used in the experiments (Rodriguez Correa et al. 2019). These
differences in physicochemical properties directly affect the potential application of these
biochars as soil additives. During the low-temperature HTC process, the decomposition of
biomass is incomplete, and cellulose and hemicellulose are decomposed into oligomers
through a hydrolysis reaction; this process promotes the formation and growth of spherical
coke nuclei, resulting in the eventual formation of many microsphere structures and
yielding primarily hydrochar with a small number of mesopores and macropores (Fig. 1c).
In general, applying biochar with a macropore structure to the soil can effectively increase
the porosity of the soil, improve soil structure, and affect the activity of microorganisms.
During pyrolysis, the production of many inorganic carbonates and organic functional
groups, such as -COO- and -O- makes the pyrochar alkaline (Yin et al. 2022). During the
HTC process, organic acids such as formic acid, acetic acid, and propionic acid generated
from the decomposition of fibre components make hydrochar acidic (Rillig et al. 2010). In
this study, the application of hydrochar did not significantly increase maize dry weight
accumulation compared with that of pyrochar, possibly because of the other advantages of
pyrochar that promote crop growth.

Both hydrochar and pyrochar contain large amounts of mineral nutrients and DOC.
However, the mineral nutrient content of hydrochar was lower than that of pyrochar, and
the DOC content of hydrochar was higher than that of pyrochar (Table 1). This pattern
occurred because, during the HTC process, the macromolecules are decomposed into
monomers, which remain in the liquid phase and then attach to the solid hydrochar; thus,
the hydrochar has a higher DOC content. Also during the HTC process, minerals are
decomposed into water-soluble salts, which are then lost to the liquid phase. Therefore, the
mineral nutrient content of hydrochar is low. The pore characteristics and the DOC and ash
content of hydrochar and pyrochar may have a profound impact on soil microbes and on
the soil structure that promotes crop growth by supplementing or slowing the release of
soil mineral nutrients such as N, P, Mg, and Zn.

Nutrient Accumulation Was Affected by Pyrochar and Hydrochar
Application

In this study, the dry weight of the maize seedlings in the PC and HC groups was
higher than that of the seedlings in the CK group (Fig. 2), and the concentrations or
accumulations of P, Zn, Cu, and Fe all increased to varying degrees (Table 2, Fig. 3b, d,
and f). Biochar contains mineral nutrients and organic carbon compounds that improve soil
fertility and promote crop growth. In this study, both hydrochar and pyrochar were found
to contain high levels of nutrients, particularly P; the concentrations reached 1.93x10% and
3.47x10° mg.kg?, respectively (Table 1). Both hydrochar and pyrochar promoted the
uptake of P by maize plants by increasing the available P level in the soil, thereby
significantly increasing the P concentration in the plants. Additionally, at the same level of
application, pyrochar provided more Zn and Cu to the soil than hydrochar (Table 1).
Therefore, the accumulation of Zn and Cu in the plants that received the PC treatment was
significantly higher than that in the plants that received the CK treatment.
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The abundant negative charges, cation exchange capacity, high and numerous
oxygen-containing functional groups (-COOH, -COH, and -OH) on the surface of biochar
can cause electrostatic adsorption, exchange or formation of complexes with nutrient ions,
and thereby promote the retention of nutrients such as P, Zn, Cu, and Fe on the biochar
surface. These nutrients are desorbed from the biochar surface and become available for
crop uptake when the nutrient concentration in the soil solution falls below the equilibrium
concentration, thus preventing the loss of active soil nutrients by leaching. In addition, the
DOC present at high levels in pyrochar and hydrochar (Table 1) may combine with Zn and
Cu in the soil through complexation or chelation to form organic chelates with high
solubility, thus increasing nutrient availability and promoting nutrient uptake by crop roots
(Wang et al. 2017). Thus, the characteristics of biochar indicate that it has the potential to
directly promote nutrient accumulation in crops. In addition, these characteristics of
biochar may also be important for promoting mycorrhizal colonization. However, the
mechanisms through which indirect regulation of root nutrient uptake by pyrochar and
hydrochar prepared under different processing conditions occurs must still be explored
from different perspectives.

Mycorrhizal colonization and nutrient accumulation

In this study, the addition of pyrochar and hydrochar significantly promoted
mycorrhizal colonization of maize roots (Fig. 4). Studies have demonstrated that applying
biochar has a significant impact on the characteristics of the soil AM fungal community,
promotes the proliferation and development of native AM fungal populations, and has a
positive impact on AM fungal abundance and the crop root colonization rate (Hammer et
al. 2015; Liu et al. 2018b). Mycorrhizal fungi use biochar as a growth substrate by adhering
to the surface and as a nutrient source by absorbing elements via mycelia, thus facilitating
colonization (Figueiredo et al. 2019). Due to its high mineral nutrient content and large
specific surface area, pyrochar can provide excellent nutrition and a colonization
microenvironment for AM fungi, thereby promoting their growth (Hammer et al. 2015; Qu
et al. 2022). The high DOC and acidity of hydrochar indicate that it has the potential to
promote mycelial growth in calcareous soil. Biochar may also promote fungal spore
germination and AM mycelial extension by influencing the growth of microorganisms such
as phosphorus-solubilizing bacteria that interact with AM colonies (Atkinson et al. 2010).

The mycorrhizal pathway mediated by soil AM fungi is an important process
through which crops absorb nutrients. Mycorrhizal fungi promote nutrient uptake by plant
roots by secreting organic acids, extending mycelia that enlarge the absorption area, and
interacting with soil bacteria. Thus, they play an important role in the uptake of P, Zn, and
Cu by crops. The increase in mycorrhizal colonization may be an important reason why
biochar application promoted the accumulation of a variety of nutrients in maize in this
study. Previous studies have indicated that AM fungi have a positive effect on the uptake
of P, Zn, and Cu by plants. AM fungi promote the uptake of P by crops under both low-P
and high-P conditions, and they promote the mineralization of organic P and the activation
of inorganic P in the soil by secreting phosphatases and enzymes that act on organic acids.
After AM fungi colonize plant roots, the phosphate absorbed by extraroot hyphae is
degraded to orthophosphate, thus promoting the transformation of soil P and the uptake of
P by plants (Li et al. 2022; Sui et al. 2022). The promotional effect of AM fungi on P
uptake by plants is particularly significant after the application of organic matter (Huo et
al. 2022). The biochar used in this study contained a large amount of DOC (Table 1), which
may also have indirectly enhanced the capacity for P uptake via the mycorrhizal pathway.
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In this study, the mycorrhizal colonization rate was significantly positively
correlated with the accumulation of Zn and Cu in maize (Fig. 5d and 5e). In a low-Zn soil
environment, up to 20-50% of the Zn found in plants is absorbed through the mycelial
pathway (Watts-Williams et al. 2015), and increased AM fungal colonization can
significantly promote the uptake of Zn by plants. Other studies have reported that AM fungi
activate soil-immobilized Zn by secreting malic acid and succinic acid (Liu et al. 2018a),
and they may also directly affect the uptake of Zn by roots by specifically inducing the
expression of specific Zn transporter proteins in plants. Lehmann and Rillig (2015)
conducted a statistical analysis of 233 studies and found that AM fungi have a positive
effect on the uptake of Cu by crops. The hyphae of AM fungi can penetrate deep into the
micron-scale pore structure of biochar to indirectly connect the interior of the biochar to
the plant rhizomes, and the fungi also transfer nutrients, such as Zn and Cu, which are then
retained or stored in the pores inside the biochar and become available to the plant through
the symbiotic relationship between the fungus and the plant root system, further promoting
nutrient uptake by the plant. In addition, AM fungi have the ability to increase the activity
of ferric chelate reductase in roots, which can promote the activation of ferric ions in the
soil that are difficult to use, an effect that in turn is conducive to the absorption of Fe by
maize (Li et al. 2015; Kabir et al. 2020). However, in this study, although the application
of biochar increased the Fe concentration in the plants, the increase in Fe accumulation was
not correlated with the increase in mycorrhizal colonization rate. Thus, the effect may be
limited by the growth cycle of the crop.

CONCLUSIONS

1. Adding hydrochar or pyrochar to the soil increases dry matter accumulation and
mineral nutrient uptake in maize at the seedling stage and significantly increases the
mycorrhizal colonization rate in the root system.

2. The effects of the two biochars on mineral nutrient uptake were not completely
consistent. Both biochars have the potential to promote P uptake by maize at the
seedling stage. Pyrochar has the potential to promote Zn and Cu uptake by maize,
whereas hydrochar has the potential to promote Fe uptake.

3. Adding biochar increased the mycorrhizal colonization rate of maize roots to some
extent, indicating that the addition of hydrochar or pyrochar may impact the soil
microbial community. The accumulation of P, Zn, and Cu in maize at the seedling stage
was significantly positively correlated with the mycorrhizal colonization rate,
suggesting that mycorrhizal colonization may be an important mechanism through
which biochar application promotes the accumulation of nutrients such as P, Zn, and
Cu.
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