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Preface

This Reprint, entitled “Elements Cycling and Plants’ Physiological Characteristics: A

Soil–Plant–Atmosphere Continuum Perspective”, brings together a collection of research and review

articles that explore the intricate dynamics of elemental cycling and the resultant physiological

responses of plants within the integrated soil–plant–atmosphere system. The subject encompasses

a wide scope, from molecular and genetic adaptations in various plant species, including trees,

crops, and microalgae, to large-scale ecosystem assessments of phytomass and carbon stocks. The

primary aim of this Reprint is to enhance our understanding of how plants perceive, respond to,

and modify their environment through physiological and biogeochemical processes. The motivation

for compiling this work stems from the urgent need to address global challenges such as nutrient

deficiency, climate change, and sustainable agricultural and forestry practices. By integrating studies on

rootstock-mediated nutrient tolerance, genetic diversity, microbial interactions, soil community shifts,

and innovative waste upcycling, this volume seeks to provide a holistic view of plant–environment

interactions. It is addressed to researchers, academics, and advanced students in plant physiology,

ecology, agricultural sciences, and environmental biology, offering them a valuable resource of

contemporary findings and methodologies that bridge fundamental research with practical applications

for ecosystem management and agricultural sustainability.

Ling Zhang and Zhi Li

Guest Editors
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Assessment of Phytomass and Carbon Stock in the Ecosystems of
the Central Forest Steppe of the East European Plain: Integrated
Approach of Terrestrial Environmental Monitoring and Remote
Sensing with Unmanned Aerial Vehicles

Vasiliy Slavskiy 1,*, Sergey Matveev 1, Sergey Sheshnitsan 1, Daria Litovchenko 1, Maxim Viktorovich Larionov 2,*,
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125009 Moscow, Russia; nikolaydurmanov@gmail.com
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Abstract: The rapid and accurate estimation of aboveground forest phytomass remains a challenging
research task. In general, methods for estimating phytomass fall mainly into the category of field
measurements performed by ground-based methods, but approaches based on remote sensing
and ecological modelling have been increasingly applied. The aim is to develop the scientific
and methodological framework for the remote sensing estimation of qualitative and quantitative
characteristics of forest stands, using the combination of surveys and machine learning models to
determine phytomass of forest stands and calculate the carbon balance. Even-aged stands of different
tree species growing in the forest steppe zone of the East European Plain were chosen as test objects.
We have applied the modernized methodological approaches to compare and integrate forest and tree
stand characteristics obtained by ground-based and UAV-based comprehensive surveys; additionally,
we developed computer vision models and methods for determining the same characteristics by
remote sensing methods. The key advantage of the proposed methodology for remote monitoring
and carbon balance control over existing analogues is the minimization of the amount of groundwork
and, consequently, the reduction inlabor costs without loss of information quality. Reliable data
on phytomass volumes will allow for operational control of the forest carbon storage, which is
essential for decision-making processes. This is important for the environmental monitoring of
forests and green spaces of various economic categories. The proposed methodology is necessary for
the monitoring and control of ecological–climatic and anthropogenic–technogenic transformations
in various landscapes. The development is useful for organizing the management of ecosystems,
environmental protection, and managing the recreational and economic resources of landscapes with
natural forests and forest plantations.

Keywords: forest phytocoenoses; forest landscapes; canopy layer; morphometric parameters of
trees; forest survey; phytomass; carbon stock; terrestrial environmental monitoring; remote sensing;
vegetation indices; state of vegetation; landscape bioindication; synergy of methodological methods
and approaches; machine/deep learning
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1. Introduction

Global climate change has recently emerged as a serious long-term economic and
environmental issue of universal concern [1,2]. Forest ecosystems play a significant role in
the global carbon cycle; this has been confirmed by numerous scientific studies in recent
decades [3–6].L. Chen et al. [7], C.I. Braga et al. [8], Y. Zhou et al. [9], A. Zielonka et al. [10],
and other authors concluded that forest ecosystems contain approximately 80% of terrestrial
carbon. It has been established that forest ecosystems play a significant role in reducing the
concentration of greenhouse gases and mitigating global climate change [11–17].

Taking into account intensive forest management [18–20], deterioration of meteorological–
climatic [21–24], and ecological [25–29] environmental parameters, the assessment of the
bioproductivity of tree stands and forests [30–34] seems to be an urgent scientific and
practical task. The long-term accumulation of stored carbon in forest ecosystems results in
a biospheric effect related to the absorption of greenhouse gases, counteracting changes
in the climate system of the planet [35,36]. Estimates of forest carbon stocks typically
identify five primary pools: aboveground phytomass, belowground phytomass, deadwood
(including standing and fallen dead wood), litter, and soil organic matter [3]. Aboveground
phytomass is the key indicator of ecosystem productivity, forming qualitative and quantita-
tive indicators of forest stands [37], as well as providingthe basis for the release of oxygen
and carbon sinks [38]. Furthermore, determining the amount of carbon in soil and forest
vegetation below ground is extremely difficult (and often impossible) when calculating
plantation carbon stocks using remote sensing. The problem also lies in the obvious short-
comings of existing methods for the environmental monitoring of phytocoenoses through
remote sensing.

The monitoring of the emissionand absorption of greenhouse gases by means of
ground-based and remote sensing methods is extremely relevant and widely used in sci-
entific and applied research [35]. Knowledge in the field of forest carbon accounting is
currently increasing. However, different methodological approaches [38–43] and computa-
tional models [44–48] have been found to produce inconsistent results, highlighting the
need for further methodological improvements.

This requires obtaining reliable information on the quantitative characteristics of forest
stands and calculating the amounts of live and dead phytomass. Reliable estimation of
phytomass in the context of climate change can provide a theoretical basis for the study
of carbon cycling in terrestrial ecosystems [17,49], which has a crucial role in the response
of forest ecosystems to greenhouse gas emissions [16,50]. The majority of authors [51–53]
believe that a reliable assessment of aboveground forest phytomass will enhance the
efficiency of management decisions in forest protection, conservation, and regeneration.

The most accurate method for estimating phytomass is in situ inventory with ground-
based forest inventory methods [54]. The main disadvantage of the ground-based moni-
toring is high labor intensity, as this type of work involves a significant number of field
surveys being conducted over an entire study area [55]. In addition, the problems with
ground-based monitoring are related to the remoteness of the number of study sites from
roads and settlements, the difficulty of moving across the study area, and often the inability
to reach the forest area. This is especially true for the Central Forest Steppe zone of the East
European Plain.

Rapid and accurate estimation of the aboveground forest phytomass remains a chal-
lenging research task [56,57]. In general, methods for estimating phytomass fall mainly
into the category of field measurements made by ground-based methods, but remote sens-
ing [58,59] and ecological modelling approaches have been increasingly applied [60,61].

It should be noted that remote sensing methods are of primary importance for over
70% of the Russian Federation's territory [62]. This is the optimal (and sometimes the
only) method of obtaining statistically reliable and current information about forests for
geographically remote and hard-to-reach areas [55].

Currently, satellite monitoring and assessment methods of forest states and structures
are widespread in Russia and are used to estimate carbon balance [63,64]. With proper
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attribution of natural (disturbance) and anthropogenic (degradation) losses [65], the re-
search has the potential to inform decision-making by governments across. It is well known
that management and organizational decisions in relation to the rationalization of forest
management, afforestation, the creation of plantings, and the environmental and economic
control of plantings of different target categories are not sufficiently substantiated. This
is observed in different administrative territories and geographical regions of the world.
Focusing on research material on this issue is characterized by relevance and has practical
benefits. Optical remote sensing images of Earth at various spatial, spectral, and temporal
resolutions are freely available and are used to assess forest stands at various scales. This is
reflected in the scientific works of many researchers [66–69]. Despite the obvious advan-
tages of obtaining spatial data from satellite systems, this method of assessing forest stand
phytomass has a significant disadvantage: the determination of forest tree stand character-
istics is performed by analyzing the canopy of stands, but the resolution of satellite images
does not provide detailed information. In addition, deadwood and understory vegetation
are not taken into account. Assessments of carbon sequestration in the plantations often
does not take into account the layering and structure of the forest stand. Carbon stock
calculations are often very fragmented and based on approximate calculations.

Therefore, it is necessary for spatial data acquisition sources (camera type used, spa-
tial resolution, survey age, etc.) to be enhanced. New methodologies and technologies
need to be developed and implemented for the objective accounting of the carbon sink,
allowing for the rapid estimation of phytomass in the forest stands, including the use of
artificial intelligence (AI) [56]. Lidar technology based on the collection and analysis of data
obtained using the laser scanning is widely used in the forestry sector [70]. Particularly,
it can be successfully applied to improve our understanding of the three-dimensional
structure of the forest environment [71]. It should be noted that there is practically lack of
data on carbon sequestration in the lower layers of the forest phytocoenoses (including
undergrowth and undergrowth) of the Central Forest Steppe of the East European Plain. In
this regard, modern data are required on the state and productivity of forest ecosystems
with differentiation according to different components of phytocoenoses.

Many researchers and scientists [72–77] have noted significant prospects for the au-
tomatic decoding of forest stands and analysis of forest ecosystems, including by laser
scanning methods [78,79]. Specific vertical structuresare successfully recognized by the
pattern of obtained dense point cloud and its shape using Lidars, including those based
on UAVs [80]. In our study we used a combination of Lidar, RGB, and hyperspectral
cameras. The effectiveness of the joint use of various types of sensors has been confirmed
by many authors [81–84]. Their use corresponded to the purpose, theme, and problems
of the work under consideration, as well as the idea of ensuring the synergy of advanced
methodological approaches and technical means. This was necessary in accordance with
the scientific idea and the specifics of our work.

Thus, the application of integrated ultra-high-resolution equipment during aerial
survey [85,86] significantly increases informative and expands functional capabilities in
phytomass assessment; it allows all silvicultural, bioecological, and tree stand characteris-
tics to be identified, enabling us to determine carbon sinks in forests. Remote sensing is an
extremely relevant and rapidly developing research area in the forestry industry. Remote
sensing methods are widely in demand for use in assessing and monitoring forest stands.

The aim of the work is to develop the scientific and methodological basis for remote
estimation of quantitative and qualitative characteristics of tree stands and ecosystems us-
ing colored light (RGB), Lidar, and hyperspectral surveys based on UAV and the presently
widely accessible machine learning models (artificial intelligence)to determine above-
ground phytomass of the forest stands and phytocoenoses.

Our proposed methodological approach for the remote ecological monitoring of the
productivity of aboveground phytomass of forest ecosystems based on UAVs will provide
more accurate and objective information about the state and structure of phytocoenoses.
This methodological approach makes it possible to determine the carbon stock in natural
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forest stands and plantings and to carry out an accounting of forest resources. Our approach
also allows us to monitor fire, environmental, and sanitary safety in forests.

2. Materials and Methods

2.1. Study Area

Considering the diversity of the forest vegetation in the Central Forest Steppe, this
study assessed forest stands growing in the forest steppe zone using the example of the
Suburban Forestry of the East European Plain (using the example of the Voronezh Region).
The objects of the research were selected based on similar phytocoenotic, ecological, and
physical–geographical conditions of the Central Forest Stepperegion. This ensured that
the sample was representative and that reliable results were obtained for the general
population. The location of the study sites is shown in Figure 1.

 

Figure 1. Scheme of the study area location.

The research program included the following steps:

1. Establishing sampling plots (Figure 2) in even-aged stands of different tree species
composition and conducting the complete inventory on them with measurement of
tree coordinates, species identification, trunk height and diameter, crown diameter,
and tree state using ground-based inventory methods.

2. Performing aerial surveys using the RGB, hyperspectral, and Lidar imagery from
the UAVs to determine similar silvicultural and taxation characteristics using remote
sensing methods.

3. Generating training samples, designing computer vision models, and developing
methods for determining the forest tree stand characteristics to calculate the phy-
tomass of the forest stands using remote sensing methods.

4. Comparing and integrating forest and taxation parameters of the stands obtained
during ground-based inventories and parameters of the forest areas obtained using
the RGB, hyperspectral, and UAV-based Lidar surveys.

5. Application of the mathematical statistics and modelling methods to assess the
accuracy of the results obtained, to verify the model validity, and to verify the
developed algorithms.

6. Development of the methodology for remote sensing of aboveground phytomass of
forest stands for subsequent calculation of carbon stock in the forest area.

4
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(a) (b) 

Figure 2. Location of trial plots on the territory of suburban forestry (numbers indicate the num-
berssampling plots): (a) sampling of the sites location; (b) placement of trees on SP 10.

Fifteen sample plots (50 × 50 m) were established in the coniferous, deciduous, and
mixed forest stands located in different forest growth conditions with moderately moist
(fresh) types according to P.S. Pogrebnyak and in the different forest types according to
V.N. Sukachev classification [87]. We studied even-aged (conditionally even-aged) stands
growing in the following forest growth conditions: A2 (fresh pine forest), B2 (fresh pine–oak
forest), C2 (fresh pine forest with birch, aspen, and oak participation), C2D (fresh pine forest
with oak participation), D2 (fresh oak forest). The age of the forest stands was 80–100 years.
The tree stand characteristics of the studied stands are shown in Table 1.

Table 1. Species composition, tree stand characteristics, and forest growth conditions of the
sample plots.

No of
Sample Plot

Location
Composition of Tree

Species, %
Age, Years DBH, cm H, m f

Volume Stock,
m3 ha−1 FGC

1 Quarter 44;
site 26

70% Scots pine
30% English oak 90 35 27 0.6 266 C2

2 Quarter 51;
site 44

80% Scots pine
20% English oak 90 31 28 0.6 220 C2

3 Quarter 27;
site 14

90% English oak
10% Linden 90 30 26 0.6 250 C2D

4 Quarter 11;
site 25

80% English oak
20% English oak 90 28 24 0.6 210 D2

5 Quarter 6;
site 11 100% European birch 85 40 28 0.6 210 C2D

6 Quarter
110; site 13

90% European birch
10% Scots pine 75 22 23 0.7 190 A2

7 Quarter 9;
site 28

80% Scots pine
20% European birch 90 30 26 0.7 310 C2

8 Quarter 46;
site 10

80% Scots pine
20% English oak 90 32 28 0.8 350 B2

9 Quarter 48;
site 44

80% Scots pine
20% Scots pine 90 30 24 0.8 330 A2

10 Quarter 6;
site 3 100% Scots pine 90 28 25 0.7 320 A2

5
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Table 1. Cont.

No of
Sample Plot

Location
Composition of Tree

Species, %
Age, Years DBH, cm H, m f

Volume Stock,
m3 ha−1 FGC

11 Quarter 76;
site 21 100% Scots pine 90 30 26 0.6 290 A2

12 Quarter 78;
site 7 100% Scots pine 90 31 28 0.7 350 B2

13 Quarter 48;
site 79 100% Aspen 95 32 26 0.7 290 C2D

14 Quarter 8;
site 10 100% Aspen 100 30 26 0.6 230 C2D

15 Quarter 48;
site 17 100% Scots pine 95 32 28 0.7 350 B2

Note: H—mean height; DBH—mean diameter on breast height; f—density of tree placement in the PRP (corre-
sponds to the canopy density); FGC—forest growth conditions.

2.2. Ground-Based Forest Inventory

The full count was performed in all sample plots to determine tree species and the
coordinates of individual trees, trunk diameter, tree height, crown diameter, and tree health
state. Undergrowth, shrub layer, and the degree of coarse woody debris were identified
and recorded.

The fieldwork was conducted utilizing modern geodetic and forest inventory equip-
ment, including the SOUTH G2 GNSS receiver, Haglof Vertex Laser Geo altimeter. The
methods employed were in accordance with the prevailing norms and legal frameworks in
Russia [88–90].

Undergrowth and shrub layer were taken into account on the basis of the reforestation
rules [91] and the forest management guidelines [92]. Undergrowth density degree (dense—
over 8000 pcs. ha−1, medium—2–8000 pcs. ha−1, sparse—up to 2000 pcs. ha−1) and size
categories (1—up to 0.5 m; 2—0.6–1.5 m; 3—over 1.5 m) were determined and species
determination was performed. The shrub layer was estimated according to the following
criteria: density degree (dense—more than 5000 pcs. ha−1, medium—2–5000 pcs. ha−1,
sparse—less than 2000 pcs. ha−1), size (1—up to 1 m; 2—1–2 m; 3—more than 2 m), and
species affiliation [90].

2.3. Estimation of the Aboveground Phytomass and Its Fractions

The estimation of aboveground phytomass stocks and its fractions (stem, branches,
leaves) was conducted using allometric Equation (1) for each tree based on data on stem
diameter at 1.3 m and tree height [93]:

ln Pi = a0 + a1 ln H + a2 ln DBH, (1)

where Pi—phytomass stocks and its fractions (i; stem with bark, branches, needles/leaves),
kg dry weight; H—tree height, m; DBH—stem diameter at 1.3 m, cm; a0, a1 and a2—species-
specific coefficients of allometric equation.

To calculate the phytomass of pear (Pyrus communis L.), apple (Malus sylvestris L.),
and mountain (Sorbus aucuparia L.) ash, the equation for bird cherry (Prunus padus L.)
was used as the most closely related systematic category. The aboveground phytomass
of undergrowth and shrubs with the DBH less than 8 cm was calculated for each species
using their height according to allometric Equation (2) [94]:

Pag = a × Hb, (2)

where Pag—aboveground phytomass, kg dry weight; H—tree height, m; a and b—species-
specific coefficients of allometric equation.

6
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Statistical analysis was performed using STATISTICA-13 [95]. Pearson correlation (3)
and ANOVA analysis (4), as well as mathematical modelling techniques, were used [96].

The study employed regression analysis methods [97]. Parameter estimates for linear
models, as well as those reduced to linear form, were calculated using least squares, and
nonlinear least squares for all other cases. Student’s t-test was used to test the null hypoth-
esis of statistical significance for the estimated parameter values. Grouped data (by sample
area) were analyzed using both linear and nonlinear mixed-effects models. The accuracy
of linear mixed-effects models was assessed by conditional and marginal coefficients of
determination (R2) [98] (see Equation(5)). Pearson χ2-test of agreement [99] was used to
determine the consistency between the results obtained from the machine learning models
and the actual distribution series obtained during fieldwork (see Equation(6)).

The following criteria were used to assess the quality of the models:
Correlation coefficient:

R =
∑
(

xj − x
)·(yj − y

)
√

∑
(

xj − x
)·(yj − y

)2
(3)

Reliability of differences:

t =
M1 − M2√
m2

1 +
√

m2
2

(4)

Coefficient of determination:

R2 = 1 − ∑
(
yj − yj

)
2

∑
(
yj − yj

)
2

(5)

Pearson agreement criterion:

χ2 = ∑
(
yj − yj

)
2

yj
(6)

where M—mean value, m—standard error; xi, yi—actual value; ŷi—predicted value;
ŷ—mean of actual values.

2.4. Flight and Survey Process

The data array was generated using the UAV payload (using combined equipment—
RGB, Lidar, hyperspectral camera, and GNSS receiver). The Lidar and hyperspectral
survey were performedfrom an unmanned aerial vehicle (UAV), Luftera LQ-5 (take-off
weight 9.5 kg); digital photography in visible spectrum was performed from an unmanned
aerial vehicle (UAV), Luftera LQ-4 (take-off weight 5.2 kg). The spatial resolution of the
orthophotomaps was 2–2.5 cm/pixel.

The flights were performed at two altitudes, 60–70 m and 120–130 m, with horizontal
speeds not exceeding 3 m/s and 6 m/s, respectively, to ensure sufficient overlap at the shoot-
ing interval of the 1 frame per second and to minimize blur. Hyperspectral imaging was
performed using a Cubert S185 hyperspectral camera. Each frame taken by this camera is a
combination of a panchromatic image in JPG format with a resolution of 1000 × 1000 pixels
and a geometrically coinciding hyperspectral data cube of 50 × 50 = 2500 spectra. The
spectral range is 450–950 nm; the number of spectral channels is 125.

2.5. Interpretation of the Tree Stand Characteristicsfrom High-Resolution Images

It should be noted that machine learning methods are not the primary focus of this
paper. Moreover, the advances of machine learning methods have achieved such progress
that they can be easily used in many practical problems. In this respect, the presented meth-

7
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ods are well-known and universal, but require careful parameter tweaking for application
for concrete forest plots.

For the neural network models, individual trees were labeled (tree species and its
crown contour) on the small portion of each of the forest plots on the RGB geotiff-image.
Data was prepared of the neural network classifier (bounding box rectangle were build)for
each of the tree partitioning contours and data augmentation was applied for each of the
images to improve robustness/generalizability. In particularsuch dataset was used to learn
the model that was used to determine the tree species.

The neural network classifies the species of the individual trees. The condition and
diameter of the crown were derived from this result. The computation of the hard-to-
define taxation parameters was based on the identified relationships between the stand
characteristics measured in the sample plots, the canopy digital model parameters, and the
spectral characteristics of the aerial images. Training samples were generated from above
mentioned labeled dataset and the YOLO neural network model was trained.

The characteristics of the forest stand were determined as follows:

• Tree canopy cover—by processing the RGB geotiffs;
• Tree height—by processing the Lidar imagery data;
• Precise tree location—by processing the Lidar imagery data;
• Tree species composition—from the RGB imagery using neural network models;
• Tree health state—with the hyperspectral data processing, based on the vegetation

indices (NDVI, EVI, CVI);
• Crown diameter—using the RGB data processing and Lidar imagery;
• Stem diameter—by indirect indicators, based on the relationships identified using

empirical relationships.

Traditional digital image processing techniques were used to separate trees from the
background. The Lidar imagery uses geometric methods to interpolate the ground surface,
namely by searching for the top of the forest canopy and then the height of the trees.
Based on the Lidar imagery, the density of undergrowth and undergrowth in the stands
was determined.

The complex of the calculation parameters includes the simplest indices NDVI, EVI,
and CVI (Equations (7)–(9)), which allowed us to assess the condition of the tree stands (to
identify the presence of dead or weakened trees).

NDVI =
B∼0.8−0.9 − B∼0.63−0.75

B∼0.8−0.9 + B∼0.63−0.75
(7)

EVI = 2.5 × (NIR − RED)

NIR + 6RED − 7.5BLUE + 1
(8)

CVI =
NIR

GREEN
× RED

CREEN
(9)

where B—intensity of spectral radiation in the corresponding bands (μm); NIR—reflection
in the near infrared region of the spectrum; RED—reflection in the red region of the
spectrum; BLUE—reflection in the blue region of the spectrum; GREEN—reflection in the
green region of the spectrum.

2.6. Remote Estimation of Aboveground Phytomass and Carbon Stocks

The main objective of the remote estimation methodology for aboveground phytomass
and carbon stocks was to significantly minimize ground surveys. The methodology is
based on a sequence of steps that include the implementation of automated methods for the
remote estimation of vegetation using UAVs, based on the application of machine learning
models (use of artificial intelligence).
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1. UAV-based determination using machine learning models:

• Study area’s coordinates, terrain features, and delineation boundaries for forest
inventory;

• “Direct” silvicultural and stand characteristics, such as composition, height,
crown diameter;

• Condition and degree of debris, especially deadwood, in the stands.

2. Determination of “indirect” silvicultural stand characteristics such as age, stem di-
ameter, canopy closure, and volume stock using reference materials and allometric
equations, based on “direct” silvicultural and stand characteristics values.

3. Determination of the density of the undergrowth and shrub layer based on UAVs
using the Lidar transect developed by the authors, as well as calculation of the
phytomass of subordinate layers based on the generated tabular model.

4. Calculation of the carbon stock in the aboveground part of the forest stands (living
and dead vegetation phytomass). Phytomass-to-carbon conversion factors were
used according to IPCC guidelines [99]: 0.51 for coniferous tree species and 0.48 for
broadleaved tree species.

3. Results

The methodological toolkit has been developed and a work algorithm has been defined
that allows us to conduct remote assessment of the quantitative and qualitative forest
characteristics with an accuracy that is comparable to that of traditional ground-based
methods. The basis of the work algorithm is the integrated use of the Lidar, hyperspectral,
and RGB survey materials using UAVs. This is necessary to obtain reliable information
about the amount of aboveground phytomass and to calculate carbon reserves in the
plantation by fraction. Information obtained online is extremely important for timely
management decisions, for planning reforestation, and for environmental protection work.

3.1. Development of Technical and Methodological Tools for Determination of the Main Tree Stand
Characteristics
3.1.1. State of Tree and Shrub Vegetation

Determination of tree health category is based on vegetation indices calculation.
The vegetation indices are constructed from hyperspectral data according to well-known
formulas, based on the entire spectrum. Figure 3 shows selected areas in the forest area for
the contrasting comparison and mapping of the proposed methodology. Dead trees are
marked in red (NDVI-0.051), while fully viable trees are marked in yellow (NDVI-0.694).

 
Figure 3. Selected areas for comparison of calculated indicators in the coniferous forest stands.
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The point quantitative data of the vegetation indices reflecting the qualitative char-
acteristic of the vegetation condition in the selected areas are collected in Table 2. Higher
index values correspond to denser and greener vegetation in the analyzed fragment. The
plots with dead trees have lower index values (NDVI less than 0.15). Vegetation indices
are characterized by the greatest accumulation of chlorophyll in the plants. Therefore, the
higher this value, the better the sanitary condition of the planting and the phytocenoses
formed by them.

Table 2. Calculation of some indices for selected areas.

Vegetation Index Indicator Value in the Red Area Indicator Value in the Yellow Area

NDVI 0.0515 0.6944
CVI 1.1382 2.9996

Figure 4 shows the forest plot with trees of different health categories. The calculated
NDVI layer is superimposed on the original image, whereby the presence of dead and
viable trees in the area can be identified: yellow (tree stand, understorey, shrub layer)
reflects viable vegetation, black reflects dense ground cover, and red reflects the reduced
NDVI value and allows for the identification of dead trees.

  
(a) (b) 

Figure 4. Fragment of images of trees with dead/lost foliage and healthy trees: (a) RGB photo;
(b) superimposed NDVI calculation layer.

3.1.2. Determining Tree Coordinates and Measurement of Stem Height and
Crown Diameter

The initial task of remote sensing data analysis (RGB complex, Lidar, and hyperspectral
imagery) is to determine the location (coordinates) of trees in order to determine the main
taxonomic characteristics of the tree stand.

The vegetation height matrices derived from the Lidar data are used for this pur-
pose(Figure 5). The square window of fixed size is created in the center of each matrix cell;
if the maximum of the window is reached at this point, the cell coordinates are declared
to be tree coordinates, i.e., the tree coordinates coincide with the coordinates of their tops.
Heights are then calculated at the derived points (Figure 6), and then the coordinates of the
points are deduced from the coordinates of the las-file.
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Figure 5. Maximums found on the elevation maps (marked in blue).

 

Figure 6. Formation of the height map (dots in green are trees, in red are their maxima).

Tree Species Identification

Tree species identification was performed based on the computer vision process,
consisting of expert partitioning of the tree species composition (Figure 7), training samples,
and generating machine learning models based on convolutional neural networks on the
YOLO architecture. Training an object-detection model such as the YOLOv5 requires
a dataset containing object images and the coordinates of the bounding boxes of the
objects themselves.

The species composition of the forest stand was determined from RGB images using
machine learning models. The algorithm for decoding species composition using artificial
intelligence (based on neural networks) was conducted as follows:

1. Manual marking was completed—the operator carried out contour and analyti-
cal interpretation, as a result of which the species composition of the forest stand
was determined.

2. Integration of manual marking data and RGB images.
3. Formation of training samples using neural network analysis.
4. Testing and calibration of machine learning models created based on neural networks.
5. Hyperspectral data were used to clarify the species identity and correct the breed

composition.
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(a) (b) 

Figure 7. Outline from expert mark-up: (a) live tree; (b) dead tree(verification of crown contours is
indicated by red dots).

Determination of Crown Diameter

The tree crown diameter decoding process was based on the processing of point clouds
obtained during the Lidar imagery processing. Knowing the coordinates (centers) of the
trees, it is possible to determine both the heights and the crown diameters of individual
trees. Pre-processing is performed manually in specialized point cloud software (e.g., QGIS,
https://qgis.org/ru/site/ accessed on 8 May 2024) (Figure 8).

 
(a) (b) 

Figure 8. Measurement of crown diameters (meters) from the Lidar data: (a) tree crown diameter on
SP 13; (b) tree crown diameter on SP 3.

Following training of the AI-based on the neural network method, crown diameters
were determined automatically.

Determination of Tree Height and Height of Crown Base

The process of determining tree heights was based on working with the Lidar point
clouds. Each point cloud file contains information about the coordinates of the points,
which allows us to determine the ground surface and the forest canopy; by subtracting one
from the other, one candeterminethe stand height in meters (Figure 9).
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(a) (b) 

Figure 9. Measurement of tree height (meters) from the Lidar data: (a) maximum tree height on SP 8;
(b) maximum tree height on SP 10.

Automated tree height estimation involves calculating ground and vegetation surfaces,
and then estimation of heights is performed by subtraction of the ground surface coordinate
from the vegetation surface.

3.1.3. Shrub Layer and Understory Phytomass Assessment

The shrub layer and the understory in the stand are not always fully accounted for in
carbon balance estimations [65,100–103]. However, the density and height of undergrowth
can have a significant impact on the carbon content of phytomass. To improve the accuracy
of determining the forest stand phytomass, the scale for accounting undergrowth and
undergrowth by remote sensing methods using hyperspectral and the Lidar survey data
was developed.

To calculate the amount of undergrowth using remote methods, a Lidar section was
created (Figure 10), covering an area of 50 × 1 m. Based on the obtained value from
Tables 3 and 4, the phytomass was calculated.

The scale was compiled on the basis of the experimental materials (field samples
obtained both in this study and in earlier studies), with the application of mathematical
modelling methods for interpolation and approximation of the results. The phytomass was
calculated considering categories of density and height (see Tables 3 and 4).

The Lidar transect was performed using the developed tools with the web interface
shown in Figure 10a. At least three Lidar transects should be made in the studied area
(Figure 10b) and then the average number of shrubs and understory should be determined.

The scientific novelty of working with hyperspectral cubes is their processing algo-
rithm. Clustering of spectra for each image is performed; here, 2500 spectra are grouped
into several clusters with the k-means clustering algorithm. The resulting median spectra
are compared with the spectra of reflected light from the plants, on the basis of which
they are combined into clusters. The spectra belonging to the clusters that clearly do not
correspond to the plant spectra are then excluded from further consideration, while the
remaining spectra are involved in computer vison methods. In partitioning mode, training
samples are generated from them. The example of the complex data processing is shown
below (Figure 11).
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(a) (b) 

Figure 10. Displaying of the Lidar data in the web interface: (a) general view and location of the
Lidar section in the study area; (b) three-dimensional structure of the forest stand displayed as the
Lidar transect.

Table 3. Reference values of the shrub phytomass in the stands growing in the fresh forest growth
conditions, kg ha−1 dry weight (range of variation/mean value).

Criteria
Density Degree, pcs. ha−1

Dense (More than 5000) Medium (2–5000) Sparce (Less than 2000)

Number, pcs.
transect−1 >25 11–25 1–10

Average height, m >2.0 1.1–2.0 <1.0 >2.0 1.1–2.0 <1.0 >2.0 1.1–2.0 <1.0

Shrub phytomass in
coniferous stands

600–4900
2600

125–1900
900

50–400
180

550–1800
1050

50–650
300

5–140
90

10–1100
400

5–250
100

1–50
20

Shrub phytomass in
deciduous stands

1500–5200
3000

150–2650
1100

60–760
200

600–2500
1400

60–700
500

5–150
100

10–1500
650

5–550
200

1–50
25

Shrub phytomass in
mixed stands

1250–5200
2950

150–2600
1050

50–600
190

600–1920
1260

50–650
400

5–150
100

10–1325
500

5–470
180

1–50
20

Table 4. Reference values of the understory phytomass in the stands growing in the fresh forest
growth conditions, kg ha−1 dry weight (range of variation/mean value).

Criteria
Density Degree, pcs. ha−1

Dense (More than 8000) Medium (2–8000) Sparce (Less than 2000)

Number,
pcs. transect−1 > 40 11–39 1–10

Average height, m >1.5 0.6–1.5 <0.5 >1.5 0.6–1.5 <0.5 >1.5 0.6–1.5 <0.5

Understory
phytomass in

coniferous stands

5000–22,000
7500

500–9900
1900

100–900
450

1100–13,500
2500

90–6100
750

20–300
150

10–3950
550

5–1150
150

1–50
25

Understory
phytomass in

deciduous stands

3500–24,000
6000

380–5500
2000

100–800
400

800–18,000
2700

60–3500
700

20–250
130

10–5500
750

5–850
170

1–40
25

Understory
phytomass in
mixed stands

3200–16,000
5900

520–6200
1800

100–750
400

800–8400
2600

50–3200
700

30–250
130

10–3600
650

5–800
160

1–40
20
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(a) (b) 

Figure 11. Combining the RGB (a) and Lidar (b) images by common attributes.

The hyperspectral and Lidar devices provide separate categories of data to describe
forests at individual tree level. The hyperspectral imagery contains meaningful plant
reflectance characteristics or spectral features, while Lidar data enables the analysis of a
canopy’s structural properties. Combining these two data sources improves the quality of
the forest mapping (Figure 12).

  
(a) (b) 

Figure 12. Analyzed cross-section lines (a) and their mapping after processing the Lidar data (b) in
stand studies.
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This requires different data collection methods, appropriate processing algorithms,
and classification and/or regression techniques. Remote sensing method integration
aims to generate integrated information based on data with different spatial and spectral
resolutions. These integrated data are more reliable and accurate than individual sources of
information. Consequently, their integration improves the quality of the work and provides
increased accuracy in calculating phytomass stock and estimating the carbon storage of the
forest stands.

3.2. Determination of Correlations between Stand Characteristics in Order to Indirectly Identify the
Deciphering Characteristics of the Forest Stand for Analytical Interpretation

Tree stem diameter was determined by indirect methods based on the empirical data
and developed regression equations. Crown diameter and tree height have a diagnostic
function and are in close correlation with the stem diameter at breast height. This makes
it possible to develop regression models to estimate various characteristics of individual
trees, which can then be used in aerial monitoring.

Preliminary correlation analysis of the data has shown that, for individual tree species,
there is a fairly close relationship between stem diameter at 1.3 m height and crown diameter
(R = 0.56 and 0.67 in coniferous and deciduous plantations, respectively) or tree height
(R = 0.71 and 0.68); the strength of the relationship with the height parameter was generally
higher than the corresponding relationship with crown diameter (Figures 13 and 14).

 
(a) (b) 

Figure 13. Correlation of stem diameter and tree height in coniferous (a) and deciduous
(b) tree stands.

  
(a) (b) 

Figure 14. Correlation of crown diameter and stem diameter in coniferous (a) and deciduous
(b) tree stands.
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Tree height and crown diameter are essential for remote forest monitoring since they
can be accurately determined from the RGB and Lidar imagery. Based on the results of the
multivariate regression analysis, models were developed to determine tree stem diameter
at 1.3 m using these most informative morphometric indicators of trees (see Equation(10)).
The results of the calculation of the equation coefficients are summarized in Table 5.

Y = a0 + a1 H + a2 Dcr (10)

where Y—stem diameter at breast height 1.3 m (cm); H—tree height, m; Dcr—average
crown diameter, m; a0, a1, and a2—regression coefficients.

Table 5. Linear regression equation constants (a0–a2) for calculating stem diameter of different
tree species.

Tree Species
Regression Coefficients

R R2 SE
a0 a1 a2

Scots pine (Pinus sylvestris L.) –2.7626 ± 0.1490 0.8739 ± 0.0123 2.2386 ± 0.0653 0.955 0.913 4.055
Oak (Quercus robur L.) 2.4860 ± 1.7332 1.0969 ± 0.0781 0.4070 ± 0.2163 0.634 0.402 9.039

Birch (Betula pendula L.) –3.8368 ± 0.3637 0.6860 ± 0.0247 2.2120 ± 0.1015 0.920 0.846 4.223
Aspen (Populus tremula L.) –3.6842 ± 0.4640 0.8152 ± 0.0626 1.9195 ± 0.2784 0.965 0.932 3.820

Species-specific coefficients are represented as an ± 95% confidence interval.

The calculated coefficient of determination (R2) in the considered options exceeded
0.84 and confirmed the agreement of the linear regression models with the experimental
data. The exception is oak (R2< 0.5), which requires an adjustment to the model used.

The results of the regression analysis improve the explanatory capacity of the models
by 30–40% when several of the most significant morphometric indicators are used for pre-
diction. Therefore, preference should be given to two- and multifactor models. Calculations
based on the developed allometric models provide the acceptable error in determining
stem diameter of almost all tree species (except for oak)—for aspen, pine, and birch, the
equations provide the most accurate estimates of the considered taxation characteristics
(Figure 15) and therefore could be applied in the analysis of the Lidar survey results.

(a) (b) (c) 

Figure 15. Relationship between stem diameter (DBH, cm) and mean crown diameter (D_cr_avg, m)
and tree height (H, m) for main tree species in the Central Forest Steppe of the East European Plain
for different tree species: (a) Scots pine (Pinus sylvestris L.); (b) birch (Betula pendula L.); (c) aspen
(Populus tremula L.).
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3.3. Validation of the Proposed Phytomass Estimation Toolkit

The next stage of the study comprised testing the toolkit developed to determine the
phytomass of the forest stands. The comparison was made between the results obtained
by interpretation of imagery and the results of the ground-based inventory of trees on the
sample plots.

The estimation of the phytomass by remote sensing was carried out using data on
species composition and stand health (based on the RGB and hyperspectral imagery),
stem diameter (derived from the allometric equations), and stand height (derived from the
Lidar imagery). Average data from Tables 4 and 5 were used to calculate understory and
shrub phytomass. Additionally, dead wood was taken into account, based on the RGB and
hyperspectral surveys.

The detailed data on the amount and fractional structure of phytomass obtained by
ground-based inventory of sampling plots are shown in Table 6.

Table 6. Phytomass stocks of the forest stands (age of 90–100 years) on the sample plots (SP)
in the fresh forest growth conditions of the Central Forest Steppe of the East European Plain
(kg ha−1 dry weight).

No of
SP

Tree Stand, Including
Shrub
Layer

Understory
Total

Phytomass
Stems Branches Needles/Leaves

Total
M ± SE Total M ± SE Total M ± SE Total

1 494 ± 21 248,800 80 ± 6 40,368 15 ± 0.8 7342 296,510 418 6078 303,006
2 404 ± 23 163,127 73 ± 7 29,467 13 ± 0.9 5091 197,686 549 1954 200,189
3 513 ± 29 203,294 90 ± 6 35,634 7 ± 0.3 2644 241,572 461 3025 245,059
4 493 ± 29 206,855 92 ± 6 38,447 7 ± 0.4 2757 248,060 622 2121 250,804
5 644 ± 31 252,281 129 ± 8 50,576 14 ± 0.8 5467 308,324 168 926 309,418
6 224 ± 13 102,361 33 ± 2 15,031 7 ± 0.4 2974 120,366 142 75 120,583
7 345 ± 21 177,882 46 ± 4 23,482 14 ± 0.9 7309 208,672 954 1480 211,107
8 483 ± 28 274,535 86 ± 9 49,100 14 ± 0.8 7874 331,508 764 8044 340,317
9 288 ± 12 177,569 39 ± 3 23,832 12 ± 0.4 7400 208,801 562 998 210,361

10 288 ± 15 128,924 33 ± 2 15,003 12 ± 0.6 5526 149,452 210 324 149,987
11 315 ± 14 128,454 38 ± 2 15,388 14 ± 0.6 5584 149,426 510 3259 153,194
12 351 ± 15 180,927 37 ± 2 19,339 15 ± 0.7 7710 207,976 665 1018 209,659
13 378 ± 8 177,015 60 ± 2 28,023 10 ± 0.3 4781 209,819 347 142 210,308
14 362 ± 17 141,827 55 ± 4 21,487 9 ± 0.4 3352 166,667 281 246 167,193
15 414 ± 20 207,249 55 ± 4 27,474 18 ± 1.1 8774 243,497 381 2478 246,356

M—mean value of the sign; SE—standard error.

An analysis of Table 6 suggests that the maximum aboveground phytomass stocks in
the forests of the Voronezh Region were in mixed oak–pine stands, reaching 303.0–340.3 t ha−1

(SP 1 and SP 8). Significant stocks of the aboveground phytomass (up to 309.4 t ha−1) were
also found in the birch forest with ash and linden. The lowest values of the phytomass
were observed predominantly in the coniferous stands (dominated by Scots pine)—up to
153.2 t ha−1 (SP 10, SP 11).

Understory and shrub layer together contribute about 1–2% of total phytomass. The
lowest contribution of the lower forest layers to the total forest stand phytomass was
observed in mixed birch–pine forest stands—0.2% (SP 6, SP 13)—and the highest proportion
of the total phytomass was in subcanopy layers of mixed oak–pine forest stands—2.6%
(SP 8) (Figure 16).

Generally, the fraction in tall (over 2 m in height) undergrowth tends to be higher
than in the comparable category of undergrowth. The undergrowth fraction varies over
the wide range of two orders of magnitude, from 75 to 8044 kg ha−1. Contribution of the
undergrowth to the total phytomass on the investigated sample plots was not significant
and did not exceed 0.5%. Its stocks vary from 142 kg ha−1 in mixed birch–pine forests to
954 kg ha−1 in mixed stands with Scots pine predominance.
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Figure 16. Fractional composition of the phytomass on the sample plots. Sample plot numbers are
marked on the horizontal axis.

Stem wood accounts for at least 81% of the total phytomass of the stand. The analysis of
the ratio of woody phytomass fractions clearly shows the pattern of increasing contribution
of branches in mixed forests with the predominance of deciduous species, and deciduous
forests—up to 15–16%—while the proportion of branches in coniferous forests accounts for
less than 9–10% of total phytomass.

The statistical processing of the results was performed using the ANOVA (Table 7)
to determine the significance of differences between the average values of the tree stand
characteristics and the total amount of phytomass in stands, determined by ground-based
and remote sensing methods (Figure 17).

Table 7. Significance of differences between the mean values of phytomass in the forest stands (ta-b)
determined by ground-based (a) and remote sensing (b) methods.

Type of Tree
Stands

Sample Plots (Differences in Phytomass, a–b)
t0.05

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Coniferous −1.6 * −1.7 * 0.8 * 2.3 0.2 * 1.96
Deciduous 1.7 * 1.8 * 5.5 0.5 * 1.4 * 1.96

Mixed 5.2 −3.1 −2.6 1.8 * 0.6 * 1.96

* Insignificant differences between the means.

Significant differences (at the significance level of p < 0.05) between the average
values of the total phytomass from the ground-based and remote sensing methods were
found in 33% of the cases. However, the maximum difference (observed at SP 5) in the
approximation of the data did not exceed 15%. In 66% of the cases, the average phytomass
values determined by the different methods did not differ significantly from each other.
This demonstrates the high accuracy of the information obtained by remote sensing, using
the proposed technical–methodological approach.

Remote sensing performed on the basis of the proposed methodology is comparable
in accuracy to ground-based methods for determining the carbon stock in aboveground
phytomass. This is achieved by taking into account undergrowthand dead wood.
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Figure 17. Total phytomass of different tree stand types on the sample plots (SP) determined by
ground-based (GB) and remote sensing (RS) methods.

The similarity of phytomass values obtained by the ground-based and the remote sens-
ing methods was statistically confirmed: Pearson criterion χ2 (0.05; 5) = 2.79; P(χ2) = 0.68 > 0.05
was found to causeslight differences in the results of calculating phytomass by different
methods. Consequently, we can reliably use the distance-based phytomass estimation
technique to calculate the carbon storage of forest stands.

3.4. Calculation of Carbon Stock from Phytomass Measurements

The carbon stock calculations for the aboveground phytomass of the forest stands in
the sample plots are summarized in Table 8.

Table 8. Aboveground carbon stock of the forest stands (age of 90–100 years) on the sample plots
(SP) in the fresh forest growth conditions of the Central Forest Steppe of the East European Plain
(kg ha−1).

No of SP
Tree Stand, Including

Shrub Layer Understory
Total

Carbon StockStems Branches Needles/Leaves Total

1 123,128 19,794 3690 146,612 200 2918 149,730
2 80,952 14,427 2559 97,937 263 938 99,139
3 97,581 17,104 1269 115,954 221 1452 117,628
4 99,291 18,455 1323 119,069 299 1018 120,386
5 121,095 24,276 2624 147,995 81 444 148,520
6 49,766 7282 1457 58,504 68 36 58,608
7 89,823 11,767 3708 105,297 458 711 106,466
8 135,648 23,991 3947 163,586 367 3861 167,814
9 89,450 11,896 3748 105,093 270 483 105,846

10 65,411 7574 2808 75,793 101 156 76,049
11 65,061 7754 2836 75,652 245 1564 77,460
12 92,159 9843 3928 105,931 319 490 106,740
13 84,967 13,451 2295 100,713 166 68 100,948
14 68,077 10,314 1609 80,000 135 118 80,253
15 104,951 13,814 4460 123,225 183 1192 124,600
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The total carbon stocks in the forest stands varied from 58.6 t ha−1 in birch-dominated
stands (SP6), where minimal stem wood stocks were observed, to 167.8 t ha−1 in mixed
pine-dominated stands (SP8). The shrub layer and understory contributed no more than
3.8 t C ha to the total carbon stocks. In most cases, the carbon stocks in their aboveground
phytomass did not exceed 1.0 t ha−1.

4. Discussion

The hyperspectral and Lidar data complement each other. The synergy between the
technologies used can be referred to as 3D-imaging spectroscopy, which has been explored
in the works of several authors [104,105]. The proposed methodology is primarily based on
the use of the RGB and Lidar sensors estimating as much of the forest stand phytomass as
possible and allows consideration of all carbon pools for the rapid and reliable calculation
of the carbon storage [106–108].

Similar methods for remotely estimating stands and determining the accumulation of
forest phytomass using the Lidar system were used for the tree species Quercus semicarpifolia
(Sm.) and Pinus roxburghii (Sarg), when calculating the carbon stock in the subtropical and
temperate forests of India [108–110]. The proposed method was based on the assessment
of ground phytomass and carbon only for the tree layer, which is not appropriate and
objective when assessing forest phytocoenosis as the whole. Please note that the machine
learning models used are developed on a regional basis.

In monitoring the ecological state of vegetation and carbon reserves, great importance
belongs to the qualitative and quantitative characteristics of the productivity of above-
ground phytomass of individual plants and phytocoenoses. Moreover, in contrast to the
traditionally implemented assessment of the carbon pool in the aboveground phytomass of
tree stands [33,34,64], we have studied the parameters of the accumulation of aboveground
phytomass and carbon in other tiers of the forest phytocoenoses. This also indicates the
feasibility and objectivity of the assessment.

In addition to the required technical and software tools, adequate methodological
apparatus is required. In our case, a comprehensive technical and methodological approach
was used. We believe that the assessment required data from our ground-based monitoring
on the morphometric characteristics of plants and their condition. This was confirmed
by a correlation analysis. Positive correlations between the morphometric parameters of
the woody plants were obtained. In particular, the parameters of tree height and crown
diameter are important for remote environmental monitoring of the forest phytocoenoses.
They can be determined by ground-based methods and remotely (from RGB images and
through Lidar surveys). Multivariate regression analysis makes it possible to develop
models for determining the diameter of the tree trunk, using morphometric parameters.
The values of the species-specific coefficients for the number of the tree species are given.
Priority should be given to two- and multifactor models when predicting the necessary
morphometric parameters of ecologically and economically valuable plants. The validation
of the proposed set of tools is disclosed and explanations are given for estimating phytomass
using the example of the forest phytocoenoses.

The data obtained from ground-based monitoring and remote monitoring were com-
pared differentially for the tree stands, undergrowth, shrub layer, and in general (Table 6).
The major advantage of the methodology proposed for remote monitoring and control of
the carbon storage compared to existing analogues is the minimization of the amount of
groundwork and, consequently, the reduction inlabor costs without loss of information
quality. Reliable information on the phytomass volumes will allow for operational control
of forest carbon storage, which is essential for timely management decisionmaking. The
proposed methodology is useful for analyzing the possibilities of sequestration of carbon
and other elements in plant phytomass and soils in forested, agricultural, and populated
areas. Of great importance is the application of the described methodology for studying the
ecosystem-related, ecological–protective, and phytomeliorative properties of tree stands
and other vegetation elements in relation to agrophytocoenoses.
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Wu et al. [111], Reinmann et al. [112], Junfang et al. [113], and thenumber of other
researchers [114–116] believe that the quantification of the aboveground forest phytomass
and carbon cycle studies in general is a highly relevant and current issue, which will
provide the theoretical basis for the study of the carbon cycle and global climate change.
Obtaining information on the forest ecosystems and carbon storage will make it possible
to identify the inverse relationship between the processes occurring in forests and climate
change. It also seems promising to analyze the state of tree plantations and forests, the
accumulation of their phytomass to consider the balance of the carbon and nutrient cycles,
to assess degradation processes due to environmental and climatic transformations in the
environment and in the forest natural ecosystems and cultural ecosystems [117–119]. Data
on the formation of the phytomass of the forests and plantations can be used as the basis
for environmental and climate–economic management of natural and cultural ecosystems.
This is consistent with the results of other authors [120–123]. This seems possible in
geographically, ecologically, and economically diverse areas. The presented methodology
for integrated carbon monitoring allows us to identify the ecological state, the limits of
sustainability, and the resource base of the corresponding natural phytocoenoses and
agrophytocoenoses. The proposed universal methodology can be of decisive importance
in the selection of plant species and varieties for afforestation, landscaping, horticulture,
protection, and restoration of soil ecosystems, and the protection of and increase in the
resource attractiveness of landscapes on the East European Plain and other territories.

5. Conclusions

The use of UAVs for the remote sensing of forest ecosystems in the Eastern European
Plain is the issue that is becoming more and more important. Estimating the amount of
carbon stored in forests is the critical undertaking. At present, there is no single system
that integrates the collection, storage, and analysis of data on forest ecosystem health and
structure, leading to significant uncertainties in current biomass assessment methods. It
is crucial to enhance existing methods and develop new approaches for estimating forest
phytomass and calculating carbon stocks.

The estimation of the carbon storage of the forests is based on the calculation of the
phytomass of the stand and other components of the forest ecosystem. Meanwhile, woody
phytomassis based on the application of allometric equations or conversion factors, defined
as the ratio of total stand phytomass (including aboveground, belowground, and under-
story) to the stemwood stock. The conversion factors are differentiated according to the age
of the stand and other taxonomic indicators obtained by ground-based forest inventory.

In the study area, on average, up to 81% of the total volume of formed phytomass
is stem wood. To complete the assessment, the contribution of other layers of forest
vegetation was also established. The undergrowth and shrub layer are responsible for the
formation of aboveground phytomass in the volume of up to 2% of the total volume of
aboveground phytomass of forest phytocenoses. Phytocenoses of the oak, oak–pine, pine,
and birch forests are natural ecological frameworks for the ecosystems they form and for
the ecosystems adjacent to them. The total carbon reserves in the aboveground phytomass
of phytocenoses varied, depending on their composition. The total carbon reserve reached
its maximum value (163.6 t ha−1) in plantations of mixed species composition with the
predominance of the pine.

To integrate and approximate data obtained during ground surveys and data obtained
during remote monitoring based on the UAVs, technical and methodological tools have
been developed. This toolkit allows you to analyze and decipher information. The technical
and methodological tools used in forest sensing using the UAVs are based on machine
learning technology using the neural network method. The proposed integrated approach
makes it possible to determine taxation indicators of plantings and volumes of aboveground
phytomass in the automated mode (or with elements of automation). To achieve automation
of the process, data of three categories (RGB, Lidar, hyperspectrum) were collected and
artificial intelligence methods based on the ultra-precise neural network were applied.
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The remote determination of the main forest stands’ taxation indices and, accordingly,
the volume of the phytomass of the key carbon pools will also make it possible to remotely
determine the carbon storage of forest ecosystems. This will allow the remote monitoring
of carbon storage over large areas.

The similarity of phytomass values obtained by ground-based and remote sensing
methods was statistically confirmed: Pearson criterion χ2 (0.05; 5) = 2.79. Consequently, we
can reliably use the distance-based phytomass estimation technique to calculate the carbon
storage of forest stands.

The use of the UAVs with appropriate hardware will make it possible to obtain the
forest characteristics necessary for the determination of the carbon storage as the need
arises: to determine baseline characteristics at the start of forest climate projects, when
monitoring the dynamics of carbon storage, and so on. It is also possible to determine the
characteristics of forests after selective logging and after fires of different intensities. Of
great importance is the possibility of using the scientific idea of the work and the described
methodology to assess and predict the condition of the trees and shrubs as ecological
frameworks and complex phytomeliorants on lands of different target categories. The
methodological approach we propose is easily compatible with current technologies in the
field of conservation, protection, and reproduction of forests in the Central Forest Steppe
Region in the East European Plain. This allows the approach to be successfully integrated
into the general system of forest monitoring and the assessment of stocks of wood and
other plant resources, and into environmental and economic management in different types
of cultural and natural ecosystems and in different landscapes.
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Abstract: Water availability and light during the dry and rainy seasons in the Cerrado may influence
plants’ stomatal movement and the entry of CO2 for organic synthesis, which is the main electron
drain. A lower stomatal conductance may contribute to the energy accumulated in the chloroplasts
being directed towards the synthesis of compounds, which contributes to the activity of antioxidant
enzymes to neutralize reactive oxygen species. Xylopia aromatica is a characteristic Cerrado species,
and it is often recommended for recovering degraded areas. This study aimed to investigate the
influence of the dry and rainy seasons on the metabolic adjustments of Xylopia aromatica in a portion of
the Brazilian savanna in the state of São Paulo. In the rainy season, better photosynthetic performance
led to greater investment in essential oil production. In the dry season, the plants may direct part
of their reducing sugars to the syntheses of carotenoids and anthocyanins, which may help the
antioxidant enzymes to neutralize reactive oxygen species. Carotenoids assist in the dissipation of
photosystem energy, which has the potential to cause oxidative stress. During this season, lower
stomatal conductance prevented excessive water loss. These results suggest the acclimatization of
this species to the conditions of the Brazilian savanna.

Keywords: Annonaceae; bicyclogermacrene; β-phellandrene; spathulenol; photosynthesis;
antioxidant enzymes

1. Introduction

The Cerrado is a dry tropical forest in South America that covers a quarter of the
national territory of Brazil and exhibits the greatest biodiversity in the world [1–4]. In
recent decades, human actions, such as agricultural expansion and burning, have been the
main causes of the degradation and fragmentation of the Brazilian savanna, resulting in
the loss of around 50% of the original vegetation [1,5]. Therefore, studies involving local
species are relevant to conserving the biodiversity of this Brazilian biome. It is particularly
important to study the defense mechanisms used by species to survive in dry conditions. In
this sense, Xylopia aromatica (Lam.) Mart. (Annonaceae) is a characteristic Brazilian savanna
species, mainly recommended for the recovery of degraded areas of the Cerrado (SP) [6],
Brazil (Resolução SMA nº 47/2003). Xylopia aromatica is also found in deciduous seasonal
forests and the Amazonian savanna [6], being popularly known as pimenta-de-macaco,
embira, pindaíba, and pimenta-de-bugre [7,8].

Climate change can cause variations in the dynamics of the Cerrado in both the dry
and rainy seasons [1]. Thus, studying the interaction between plants and their changing
environment contributes to understanding the impact on plant metabolism, helping to
develop strategies for reforestation and preservation.
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Xylopia aromatica seedlings introduced into a degraded area of the Cerrado as part of
recovery efforts may present comparable nutritional status to those evaluated in preserved
areas of the Cerrado. In addition, Xylopia aromatica has shown tolerance to high concentra-
tions of leaf Fe and is therefore indicated for the recovery of areas contaminated with high
levels of iron [9].

The metabolism of plant species in degraded environments can present, as a defense
and acclimatization strategy, variations in both primary and specialized metabolism. Plants
produce substances that belong to several chemical classes, which play important roles in
their survival and adaptation to the ecosystem and contribute to their protection against
abiotic and biotic stresses [10–13].

Phytochemical studies have shown that Xylopia contains several classes of substances
that belong to specialized metabolic processes, including terpenes, amides, lignoids, alkaloids,
and acetogenins [8,12,14,15]. Many of these substances have biological activity [16–18], in-
cluding in humans, which may present variations in the different organs of the plant and
with environmental conditions.

Among the terpenes, the monoterpenes α- and β-pinene and limonene, and the
sesquiterpenes bicyclogermacrene and spathulenol, have been reported in the chemical
profiles of essential oils extracted from the leaves, bark, flowers, fruits, and seeds of Xylopia
plants in the Cerrado and Amazonian savanna [6,7,14,19–22].

Several studies have investigated the biological activity of Xylopia aromatica against
biotic factors, such as fungi and bacteria. Nascimento et al. [21] evaluated the chemical
profile and the antimicrobial and antifungal activity of the essential oils in the flowers and
leaves of Xylopia aromatica collected in the Cerrado of Goiás, Brazil. The major compounds
found in the leaves were spathulenol, khusinol, and bicyclogermacrene, and those found
in the flowers included pentadecane-2-one, bicyclogermacrene, 7-epi-α-eudesmol, and
khusinol. The essential oils of leaves and flowers showed lower minimum inhibitory
concentrations (MIC) for Streptococcus pyogenes (200 and 100 μg mL−1, respectively). The
essential oil in the leaves showed moderate inhibitory activity (500 μg mL−1) for Candida
albicans. The essential oil obtained from the leaves of Xylopia aromatica of the Amazonian
savanna, Amazonas, and Brazil showed a predominance of spathulenol, trans-pinocarveol,
and dihydrocarveol, with strong activity against Streptococcus sanguinis [22]. Essential oil
from Xylopia aromatica leaves collected in the Cerrado of Botucatu, SP, Brazil, contained
α-pinene and β-pinene as major substances and showed antifungal activity against Candida
and Cryptococcus species [23].

Another aspect of extreme importance, which has been less studied, is the effect the
environment can have on the levels of enzymes that allow a plant to survive and regulate its
primary and specialized metabolisms. Plants are sessile organisms subject to environmental
conditions that can generate oxidative stress. This stress can be caused by variations in
rainfall intensity, temperature, light, competition with other plants, pests, diseases, and
herbivores. Under stress conditions, reactive oxygen species (ROS), molecules formed
during normal metabolic functions in chloroplasts, mitochondria, and peroxisomes [24],
are generated by the electron transport system, causing cellular damage or, depending on
concentration, acting as signaling molecules that exert multiple defense responses. In these
conditions, the plants depend on antioxidants for ROS neutralization and defense.

Antioxidant enzymes, including superoxide dismutase and peroxidases, can reverse
oxidative stress [25]. These enzymes and the level of lipid peroxidation can be used [26] to
monitor the damage caused by ROS and the malondialdehyde accumulation [27], acting as
molecular markers to determine the stress level in plants.

The variation in water availability and light incidence in the Cerrado can influence
the stomatal movement, as well as the entry of carbonic gas for organic synthesis, the
main electron drain. A lower stomatal conductance may contribute to the accumulation
of reducing agents in chloroplasts, which can be used in the synthesis of compounds that
participate in specialized metabolism. This characterizes the non-enzymatic antioxidant
system, which contributes to the activity of antioxidant enzymes to neutralize reactive
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oxygen species [28], such as mono- and sesquiterpenes. These substances are produced
from the union of two or three isoprenes, respectively. The formation of isoprene re-
quires a skeleton with five carbons, three ATP molecules, the reducing agent NAD(P)H+,
and an electron donor source for the reduction of methylerythritol phosphate into iso-
prene. This isoprene route can also play a role in the dissipation of excess photosynthetic
energy [28–30] and constitutes an important protection mechanism when the plant is sub-
jected to a high light incidence. Under these conditions, drought or flooding stress may
involve the emission of terpenes, which function as stress markers (as occurs in plant–plant
and plant–insect interactions [31–33]) and act to stimulate a mechanism to overcome the
stress factor.

No studies investigating the association between water availability and the defense
mechanisms of the primary and specialized metabolisms of species native to the Cerrado
have been found in the literature. This study aimed to investigate the influence of dry and
rainy seasons on the metabolic adjustments in the photosynthetic and terpene profile of
Xylopia aromatica in the fragment of Brazilian savanna in the state of São Paulo, Brazil.

2. Materials and Methods

2.1. Plant Material and Environmental Conditions

Twenty-eight individual Xylopia aromatica plants were evaluated. Fourteen were
collected during the dry seasons, Dry1 (September 2016) and Dry2 (August 2017), and
fourteen were collected during the rainy seasons, Rainy1 (February 2017) and Rainy2
(February 2018).

The evaluations were conducted on plants obtained from the Cerrado remnant at Rio
Bonito, located in the municipality of Botucatu, state of São Paulo, Brazilian Southeastern
region (geographical coordinates 22◦42′09.4′′ S, 48◦20′64.1′′ W and altitude of 514 m).

Reproductive materials from the species were collected, exsiccated, and deposited at
the Herbarium Irina Delanova Gemtchujnicov (BOTU), located in the Biosciences Institute
of Botucatu, UNESP, voucher nº 32478.

The chemical and physical characteristics of the collected soil samples were evaluated,
and a pool consisting of 10 repetitions (20–40 cm) was made in the study area at each
collection site. The chemical and physical characteristics of the soil showed differences in
different seasons (Supplementary Table S1).

Measurements of precipitation (mm), relative humidity (%), and the average maximum
and minimum atmospheric temperatures (◦C) were obtained from the meteorological mini
station (model PC400, Campbell Scientific, Shepshed, Loughborough, UK) located at the Unesp
Biosciences Institute, Botucatu. The evaluations were carried out in the dry and rainy seasons,
when the precipitation was lower and higher, respectively (Supplementary Figure S1).

2.2. Study Variables

The chlorophyll a fluorescence, gas exchange, leaf water potential, relative leaf water
content, and yield and chemical profile of the essential oil were evaluated in 14 individuals
in the Dry1 and Dry2 groups and another 14 individuals in the Rainy1 and Rainy2 groups.

Photosynthetic pigments, carbohydrates, antioxidant enzymes, and lipid peroxidation
were evaluated in the Dry2 group and the Rainy2 group.

2.3. Chlorophyll a Fluorescence and Gas Exchange

The variables of fluorescence, potential quantum efficiency adapted to light (Fv′/Fm′),
effective quantum efficiency ( PSII = ΔF/Fm′) of photosystem II (PSII), electron trans-
port ratio (ETR = PPFD × ΔF/Fm′ × 0.5 × 0.84), heat dissipation in the antenna complex
(D = 1 − Fv′/Fm′), and dissipation of excess energy from the PSII reaction center
(Ex = Fv′/Fm′ × (1 − qP)) were determined [34,35]. The variables of gas exchange,
CO2 assimilation rate (Anet, μmol CO2 m−2s−1), transpiration rate (E, mmol water va-
por m−2s−1), stomatal conductance (gs, mmol m−2s−1), internal leaf CO2 concentration
(Ci, μmol m−2 s−1 Pa−1), relative humidity (RH, %), instantaneous water-use efficiency
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(iWUE, μmol CO2 (mmol H2O)−1), and RuBisCO carboxylation efficiency (Anet/Ci (μmol
m−2 s−1 Pa−1) [36] were determined using an open system of photosynthesis with a
CO2 analyzer and infrared water vapor radiation (“Infra-Red Gas Analyzer—IRGA”,
model GSF 3000, Walz, GmbH, Effeltrich, Germany) under a saturating irradiance of
1200 μmol m−2 s−1 (photosynthetic photon flux density (PPFD)), with a coupled modulated
light fluorometer (LED-Array/PAM-Fluorometer 3055-FL, Walz, GmbH, Effeltrich, Ger-
many). These measures were carried out in the period from 9:00 am to 11:00 am on a sunny
day [37] with environmental CO2 equal to 415 ± 10 μmol m−2 s−1 and the following light in-
tensities in the dry and rainy seasons: Dry1: 874.3; Dry2: 484.24; Rainy1: 873.21; and Rainy2:
900.07 μmol m−2 s−1 PPFD.

2.4. Water Potential and Relative Leaf Water Content

The water potential, represented in Mpa, of fully expanded leaves of the same individ-
ual was determined using a WP4-T water potential analyzer with a temperature controller
(Decagon Devices, Pullman, WA, USA).

The relative leaf water content (RWC = (FM − DM)/(TM − DM) × 100) was deter-
mined using the weighing method for the fresh mass (FM), turgid mass (TM), and dry
mass (DM) [38,39].

2.5. Yield and Chemical Profile of Essential Oil

The leaves of Xylopia aromatica were separated and dried at room temperature; essential
oils were extracted by means of hydro-distillation in a Clevenger apparatus for 2 h. The
essential oil yield was calculated as the mass of essential oil (g) per mass of dry plant
material (g) and later expressed as a percentage.

The chemical composition was determined using a gas chromatograph coupled to a
mass spectrometer (GC-MS—Shimadzu, QP-5000, Kyoto, Japan) operating at 70 eV. It was
equipped with a DB-5 fused silica capillary column (30 m × 0.25 mm × 0.25 μm), with
helium as the carrier gas (1.0 mL·min−1), an injector at 220 ◦C, a detector at 230 ◦C, a split
of 1/20, and a temperature program of 60–240 ◦C, 3 ◦C min−1.

The substances were identified by comparing the obtained GC-MS with the system
database, the linear retention index (LRI), and data from the literature [34]. The linear
retention index (LRI) values of the substances were obtained by analyzing of the mixture
of n-alkanes (C9–C24-99%, Sigma Aldrich, São Paulo, Brazil) under the same operating
conditions as the samples, applying the Van Den Dool and Kratz [35] equation.

The quantification of the essential oil was performed using gas chromatography with a
flame ionization detector (GC-FID), with the area normalization method and the operating
conditions described above.

2.6. Photosynthetic Pigments, Carbohydrates, Antioxidant Enzymes, and Lipid Peroxidation

Determinations were performed on fully expanded leaves. Photosynthetic pigments,
chlorophyll a and b, carotenoids, and anthocyanin were extracted and quantified according
to the methodology proposed in [40].

The reducing sugars [38], total soluble sugars [39,41], and starch [42] were also quantified.
The total soluble protein content [43]; the activities of peroxidase (POD, EC 1.11.1.7) [44],

superoxide dismutase (SOD, EC 1.15.1.1), and catalase enzymes (CAT, EC 1.11.1.6) [45];
and lipid peroxidation [46] were also determined.

2.7. Statistical Analysis

Variables were evaluated via analysis of variance (ANOVA), and the means were
compared using the Tukey test at 5% probability in the SigmaPlot software, version 12.0 [47].
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3. Results

3.1. Water Relations, Chlorophyll a Fluorescence, and Gas Exchange

The water potential (Ψleaf) did not differ in the evaluated plants (p > 0.741). The
relative humidity (RH%) and relative water content (RWC) were lower in the Dry1 season
(Figure 1), while the vapor pressure deficit (VpdL) was greater (Figure 1). In general, in the
rainy season (Rainy1 and Rainy2), the plants showed a higher electron transport ratio (ETR),
effective quantum efficiency ( PSII), CO2 assimilation rate (Anet), stomatal conductance
(gs), RuBisCO carboxylation efficiency (Anet/Ci), and instantaneous water-use efficiency
(iWUE). The dissipation of excess energy from the PSII reaction center (Ex) was higher in
the dry season (August 2017) (Figures 2 and 3).

Figure 1. Relative humidity (RH, %) p ≤ 0.001, relative water content (RWC, %) p ≤ 0.001, and leaf
vapor pressure deficit (VpdL, kPa) p ≤ 0.001 of Xylopia aromatica evaluated in the dry season (Dry1
and Dry2) and in the rainy season (Rainy1 and Rainy2) in the Brazilian savanna of Botucatu, SP,
Brazil. Medium values. Capital letters test data through the years, lowercase letters test dry and rainy
seasons. Means followed by the same letter did not differ from each other in the Tukey test at 5%
probability.

 

Figure 2. The efficiency of photosystem II (Fv′/Fm′) p < 0.288, the fraction of light absorbed by PSII
antenna that is dissipated as heat (D) p < 0.288, effective quantum efficiency ( PSII) p ≤ 0.001, electron
transport rate (ETR) p ≤ 0.001, and fraction of excitation energy not dissipated in the antenna that
cannot be utilized for photochemistry (Ex) p < 0.008 of Xylopia aromatica evaluated in the dry season
(Dry1 and Dry2) and in the rainy season (Rainy1 and Rainy2) in the Brazilian savanna of Botucatu,
SP, Brazil. Medium values. Capital letters test data through the years, lowercase letters test dry and
rainy seasons. Means followed by the same letter did not differ from each other in the Tukey test at
5% probability.
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Figure 3. Leaf CO2 assimilation rate (Anet, μmol m−2 s−1) p ≤ 0.001, accumulation in the substomatal
chamber (Ci, μmol CO2 mol Pa−1) p ≤ 0.001, stomatal conductance (gs, mmol m−2 s−1) p ≤ 0.001,
transpiration rate (E, mmol m−2 s−1) p < 0.002, carboxylation efficiency (Anet/Ci, μmol m−2 s−1 Pa−1)
p ≤ 0.001, and instantaneous water-use efficiency (iWUE, μmol CO2 (mmol H2O−1) p < 0.005 of
Xylopia aromatica evaluated in the dry season (Dry1 and Dry2) and in the rainy season (Rainy1 and
Rainy2) in the Brazilian savanna of Botucatu, SP, Brazil. Medium values. Capital letters test data
through the years, lowercase letters test dry and rainy seasons. Means followed by the same letter
did not differ from each other in the Tukey test at 5% probability.

3.2. Yield and Chemical Profile of Essential Oil

The yields of essential oil were 0.09% (Rainy1 season), 0.05% (Rainy2 season), 0.02%
(Dry1 season), and 0.03% (Dry2 season), showing that the oil yield was greater in the rainy
season (p ≤ 0.001) (Figure 4).

Although the chemical profiles of the essential oils of the 28 individuals of Xylopia
aromatica were similar, there was variation in the relative proportion of their constituents in
the four evaluated groups for the dry season (Dry1 and Dry2) and rainy season (Rainy1
and Rainy2) (Supplementary Table S2 and Figure 4).

The chemical classes identified in the essential oils were monoterpene hydrocarbons (α-
pinene, sabinene, β-pinene, myrcene, α-phellandrene, o-cymene, limonene, β-phellandrene,
and cis-β-ocimene) with average concentrations as follows: Dry1 season (15.56%), Rainy1
season (7.29%), Dry2 season (0.22%), and Rainy2 season (1.45%); sesquiterpene hydro-
carbons (α-copaene, cis-caryophyllene, aromadendrene, germacrene D, bicyclogerma-
crene, and α-muurolene) with average concentrations as follows: Dry1 season (28.07%),
Rainy1 season (18.46%), Dry2 season (19.87%), and Rainy2 season (3.60%); and oxygenated
sesquiterpenes (spathulenol, caryophyllene oxide, and globulol) with average concentra-
tions as follows: Dry1 season (15.84%), Rainy1 season (30.06%), Dry2 season (41.9%), and
Rainy2 season (61.09%) (Supplementary Table S2).

The major constituents of the essential oils were β-phellandrene, α-pinene and β-
pinene, bicyclogermacrene, spathulenol, and an unidentified substance (sub7). The Dry1
season showed a higher relative proportion of β-phellandrene (F = 7.157 p < 0.010). The
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substances α-pinene (F = 4.289 p < 0.043) and β-pinene (F = 4.999 p < 0.030) were higher in
the first evaluation of both the Dry1 and Rainy1 seasons (Figure 4).

Figure 4. α-pinene (p < 0.043) and β-pinene (p < 0.030); spathulenol: season (p ≤ 0.001), year
(p ≤ 0.001); bicyclogermacrene: season (p ≤ 0.001), year (p ≤ 0.001); β-phellandrene (p < 0.012), and
essential oil yield of Xylopia aromatica evaluated in the dry season (Dry1 and Dry2) and in the rainy
season (Rainy1 and Rainy2) in the Brazilian savanna of Botucatu, SP, Brazil. Medium values. Capital
letters test data through the years, lowercase letters test dry and rainy seasons. Means followed by
the same letter did not differ from each other in the Tukey test at 5% probability.

Bicyclogermacrene showed an increase in its relative percentage in the dry season
and in evaluation 1, when the relative humidity was lower than in other evaluations
(Supplementary Table S2 and Figure 4).

Spathulenol showed a higher relative proportion in the rainy season and assessment
2, a period of greater relative humidity (Supplementary Table S2 and Figure 4).

3.3. Photosynthetic Pigments, Carbohydrates, Antioxidant Enzymes, and Lipid Peroxidation

The chlorophyll a and b concentrations did not vary between seasons, while the
carotenoid and anthocyanin concentrations were higher in the Dry2 season (Table 1).

Table 1. Photosynthetic pigments, chlorophyll a (μmol g−1), chlorophyll b (μmol g−1), carotenoids
(μmol g−1), and anthocyanins (μmol g−1) in Xylopia aromatica (Lam.) Mart. evaluated in the dry
season and in the rainy season, in the Cerrado of Botucatu, SP, southeastern Brazil.

Seasons Chlorophyll a Chlorophyll b Carotenoids Anthocyanins

Dry 676.45 A ± 30.93 307.67 A ±18.89 392.67 ± 14.76 A 427.81 ± 25.27 A
Rainy 737.14 A ± 18.30 296.06 A ± 17.61 355.43 ± 12.51 B 319.82 ±19.17 B

p 0.09 0.616 0.046 0.01
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

The reducing sugars did not vary between seasons, and the concentrations of total
sugars and starch were higher in the Dry2 season (Table 2).
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Table 2. Total soluble sugar (mg of total sugar g−1 of FW), reducing sugar (mg of reducing sugar g−1

of FW), and starch (mg starch g−1 of FW) in Xylopia aromatica (Lam.) Mart. evaluated in the dry and
rainy seasons in the Cerrado of Botucatu, SP, southeastern Brazil.

Seasons Total Soluble Sugar Reducing Sugar Starch

Dry 4198.50 ± 132.96 A 4.987 A ± 0.214 107.95 ± 3.519 A
Rainy 3530.82 ± 192.46 B 5.344 A ± 0.172 69.84 ± 6.699 B

p 0.005 0.269 ≤0.001
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

The activities of the superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) enzymes and lipid peroxidation did not vary between seasons (Table 3).

Table 3. Superoxide dismutase (SOD, U mg−1 protein), peroxidase (POD, μmol of purpurogallin
min−1 mg−1 protein), catalase (CAT, μKat μg−1 protein), and lipid peroxidation (MDA, malondi-
aldehyde nmol g−1 FW) in Xylopia aromatica evaluated in the dry season and the rainy season in the
Brazilian savanna of Botucatu, SP, southeastern Brazil.

Seasons SOD POD CAT MDA

Dry 38.84 A ± 2.945 0.061 A ± 0.00014 0.15 A ± 0.00031 65.63A ± 2.0274
Rainy 39.73 A ± 2.752 0.061 A ± 0.00057 0.13 A ±0.00018 64.63 A ± 2.475

p 0.785 0.937 0.515 0.936
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

4. Discussion

The plants evaluated in the Rainy1 season showed a higher photochemical efficiency,
indicative of high production of reducing agents, despite the large amount of energy not
dissipated or used in the photochemical phase (Ex), which did not promote stress.

The CO2 assimilation rate (Anet), stomatal conductance (gs), RuBisCO carboxylation
efficiency (Anet/Ci), instantaneous water-use efficiency (iWUE), and relative water content
(RWC) were higher in the Rainy1 season, when the plants presented lower vapor pressure
deficits (VpdL). This condition allowed for greater stomatal apertures and increased the
instantaneous water-use efficiency (iWUE) once the carbon input (Anet,) was greater than
water output (E). These results agree with those recorded in [48].

In the Dry1 season, the lower relative humidity of the environment (RH%) and higher
vapor pressure deficit (VpdL) resulted in partial closure of the stomata and lower stomatal
conductance, a mechanism that contributed to the maintenance of water content and the
regulation of leaf water potential (Ψleaf), which limited the entry of carbon and reduced its
assimilation. These results agree with those obtained in [49] for Pinus palustres.

In the Dry2 season, plants showed the lowest effective quantum efficiency ( PSII) and
electron transport rate (ETR), which may have resulted in lower production of reducing
agents [50], limiting the synthesis of carbonic skeletons and causing the activation of
alternative electron pathways, such as for the synthesis of carotenoids.

The greater amount of energy not dissipated or used in the photochemical phase
(Ex) in the Dry2 season group should not be indicative of stress, since the concentrations
of chlorophylls a and b did not change. The higher concentrations of carotenoids and
anthocyanins must have helped the antioxidant enzymes in the neutralization of reactive
oxygen species. Carotenoids in the xanthophyll pathway assist in the dissipation of
photosystem II energy, which has the potential to cause oxidative stress [51].

These results agree with previous studies carried out in Eucalyptus globulus and
Nicotiana attenuate [52,53]. In the present study, the increase in these pigments must have
provided photoprotection and minimized the degradation of the membrane systems, since
the amount of lipid peroxidation did not change.
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Photoprotection can help prevent stress, which may explain the stability of antioxi-
dant enzymes observed in the present study; this agrees with other results found in the
literature [12,54].

Photoprotection can help prevent stress, which may explain the stability of the antioxi-
dant enzymes observed in the present study; this agrees with other results found in the
literature [12,54].

The finding of the highest concentration of starch in the dry season can be explained
by the increased activity of the RuBisCO in the previous rainy season, storing surplus
sugar for use in the unfavorable season, results that are confirmed in the literature [55].
This process probably maintains the concentration of reducing sugars in the dry and rainy
seasons. These results suggest that in the rainy season, reducing sugars are derived from
photosynthesis, while in the dry season, they come from the degradation of stored starch.
These results suggest that the energy used in metabolism in the dry season may also be
derived from starch degradation, as reported in [29].

In the dry season, Xylopia aromatica may direct part of its reducing sugars to the
syntheses of carotenoids and anthocyanins, which would help explain the lower essential
oil yield found in this study and in others [28,56,57].

Xylopia aromatica collected during the rainy season showed a higher electron trans-
port rate, effective quantum efficiency, and stomatal conductance (gs), contributing to an
increase in the rate of carbon assimilation and RuBisCO carboxylation efficiency (Anet/Ci).
Therefore, the synthesis of a carbon skeleton for carbohydrate formation was possible, as
revealed in a study carried out on rice [58]. It is suggested that, in the present study, carbo-
hydrates formed in the rainy season provided carbon skeletons for essential oil synthesis.
In this season the plants presented the highest effective quantum efficiency ( PSII), and
instantaneous water-use efficiency (iWUE), which may have contributed to the higher leaf
essential oil yield of Xylopia aromatica in the rainy season, as observed in [29].

In the Rainy1 season, a higher concentration of boron in the soil may have stimulated
the synthesis of terpenes, evidenced by the greater production of essential oil. These results
agree with those of [59], which suggested the participation of boron in moderate oxidative
stress and essential oil production.

The relative proportions of the substances β-phellandrene, bicyclogermacrene, and
spathulenol in the essential oil of Xylopia aromatica differed between sampling times, sug-
gesting their influence on essential oil synthesis.

In the dry season, an unfavorable period for plant growth [60], there was a high
proportion of β-phellandrene and bicyclogermacrene, suggesting the targeting of photo-
synthetic resources for the metabolism of these substances, which can help the activation of
defense mechanisms and contribute to the acclimatization of the species to unfavorable
conditions. These results verify previous findings [61,62].

Solanum lycopersicum presents β-phellandrene under osmotic stress conditions, and
the substance is referred to as a stress indicator [31]. Parthenium argentatum has been shown
to grow in conditions of moderate water deficit, displaying an increase in the relative
percentage of β-phellandrene in its flower essential oil [32]. Salvia dolomitica cultivated in
severe water deficit presented a two-fold increase in bicyclogermacrene content [33].

The high content of spathulenol in the rainy season is perhaps explained by the
higher relative humidity, a favorable condition for the incidence and prevalence of phy-
topathogenic agents such as fungi [63]. Spathulenol presents antimicrobial activity [23,64],
which can help control these pathogens.

5. Conclusions

Xylopia aromatica reveals photosynthetic and biochemical strategies that help it metabol-
ically adjust to water availability, such as photoprotection mechanisms, stomatal control,
starch accumulation, and terpene synthesis that contribute to the acclimatization of the
species in the Brazilian savanna.
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In the rainy season, better photosynthetic performance led to greater investment in
essential oil production. In the dry season, the plants may direct part of their reducing
sugars to the syntheses of carotenoids and anthocyanins, which must have helped the
antioxidant enzymes neutralize reactive oxygen species. Carotenoids of the xanthophyll
pathway assist in the dissipation of photosystem II energy, which can potentially cause
oxidative stress. During this season, lower stomatal conductance prevented excessive water
loss. These results suggest acclimatization of the species to the conditions of the Brazilian
savanna.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life14111416/s1, Figure S1: Chemical and physical characteristics of
soil; Table S1: Chemical and physical characteristics of soil in the dry season—(september/2016—D1
and august/2017—D2) and in the rainy season—(february/2017—R1 and february/2018—R2), from
the Rio Bonito region. Table S2: Relative percentage (%) of the essential oil substances of Xylopia
aromatica.
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Abstract: This study aimed to compare and assess the genetic diversity and trends among the intro-
duced family provenance, first-cycle superior trees breeding provenance, and improved-generation
superior trees breeding provenance of Pinus elliottii using EST-SSR markers. The goal was to provide
a foundation for advanced genetic improvement and sustainable utilization of P. elliottii in Jiangxi
Province. A total of 417 individuals were analyzed for their genetic diversity and population struc-
ture using 19 pairs of SSR markers. The analysis identified 103 alleles across all the samples, with
an average of 5.421 alleles per locus. Compared to other coniferous species, P. elliottii exhibited a
moderate to high level of genetic diversity (I = 0.862, He = 0.457). Analysis of the molecular variance
(AMOVA) revealed that 97.90% of the genetic variation occurred within provenances, consistent with
a low genetic differentiation coefficient (Fst = 0.016 < 0.05) and high gene flow (Nm = 15.715) among
provenances. In addition, analysis using STRUCTURE v. 2.3.4 software divided the 417 germplasm
samples into two distinct groups, corroborating the results of the principal coordinates analysis
(PCoA) and the unweighted pair group method with arithmetic (UPGMA) clustering analysis. Over-
all, the germplasm resources of P. elliottii exhibited rich genetic diversity, with the majority of the
genetic variation occurring within provenances. For the genetic improvement of high-resin-yielding
slash pines, breeding programs should prioritize populations with high genetic diversity while
carefully selecting superior individuals from within those populations. These findings provide a
solid foundation for breeding high-resin-yielding varieties and for future research on the sustainable
utilization of these valuable resources.

Keywords: Pinus elliottii; SSR markers; germplasm resources; genetic diversity; genetic differentiation;
breeding strategies

1. Introduction

Pinus elliottii, native to the southeastern United States, is a valuable species for timber
and pulp production, as well as a high-quality source of resin [1,2]. The resin from P. elliottii is
renowned for its high yield, excellent quality, resistance to crystallization, slow coagulation,
and low impurity content. Since its introduction into Jiangxi Province in 1948, P. elliottii has
become a key afforestation species in the hilly areas of the Jitai Plain, primarily due to its strong
adaptability, rapid growth, and high resin yield [3]. To accelerate the selection and breeding
of high-resin-yielding P. elliottii varieties, genetic improvement efforts began in China in the
1980s. These initiatives have focused on genetic variation in resin-related traits, resin com-
position, and molecular breeding for resin production, laying the groundwork for advanced
genetic improvement of P. elliottii [4–6]. Interspecific hybridization is a vital approach for
germplasm innovation in pine trees, expanding genetic resources and incorporating favorable
traits from both closely related and distantly related species. This strategy addresses the
limitations of close-relative hybridization by broadening the gene pool [7]. Previous research
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has explored the cross-compatibility of P. elliottii with native Chinese pine species (Pinus
massoniana) and exotic species (Pinus taeda and Pinus caribaea). The results indicated that three
hybrid combinations—Pinus caribaea × P. elliottii, P. elliottii × Pinus caribaea, and P. elliottii
× Pinus taeda—exhibited fertility levels equal to or higher than their corresponding half-sib
controls. In contrast, the Pinus massoniana × P. elliottii and Pinus taeda × P. elliottii hybrids
showed significantly lower fertility than the half-sib controls, with some exhibiting little to no
fertility [8]. Furthermore, P. elliottii is typically characterized by dense foliage and large lateral
branches during its juvenile phase, contributing to the severe damage during the 2008 snow
disaster in southern China. Therefore, hybridization to improve the needle size and lateral
branch traits holds significant potential for enhancing its resilience to such events [9,10].

However, due to the lack of natural P. elliottii germplasm resources in China, the
genetic foundation for breeding improvements depends heavily on the diversity of the
introduced germplasm. Early introductions were often driven by specific objectives, with
limited consideration of population genetic diversity, which has limited the efficiency and
effectiveness of P. elliottii breeding programs. As a result, a comprehensive study of the
genetic base of breeding resources in Jiangxi Province is crucial to better understand the
genetic information and background of the germplasm. This will facilitate the development
of breeding populations with enhanced genetic quality and provide essential theoretical
guidance for future genetic improvement and the creation of P. elliottii germplasm. Founda-
tional studies on the genetic diversity of breeding populations have been conducted for
many conifer species, both domestically and internationally, including Masson pine (Pinus
massoniana) [11], Scots pine (Pinus sylvestris) [12], loblolly pine (Pinus taeda) [13], Korean
pine (Pinus koraiensis) [14], and European larch (Larix decidua) [15].

Genetic diversity can be assessed through a variety of approaches, including morpho-
logical, cytological, physiological, biochemical, and molecular markers [16]. Early studies
primarily used observable morphological traits to analyze genetic variation, focusing on
phenotypic evaluation. However, morphological markers are limited in number, lack
standardized observation criteria, and are highly influenced by environmental factors,
making them less suitable for genetic variation studies [17]. In contrast, molecular markers
represent the genetic diversity at the DNA level, offering greater precision as they are
unaffected by environmental conditions [18]. Among the available molecular markers,
simple sequence repeat (SSR) markers are particularly favored due to their abundance,
high reliability, and convenient operation [19,20]. SSR markers have been widely applied
in studies of genetic diversity, population structure, and phylogenetic relationships in
forest tree germplasm, such as Masson pine [11], Scots pine [21], Chinese pine (Pinus tabuli-
formis) [22], and Korean pine [14]. Although SSR analysis of P. elliottii has been employed
in studies such as transcriptomes [6,23], SSR marker development [24], genetic diversity
studies using RAPD molecular markers in seed orchards [25], exome resequencing [26],
and genetic map construction [27], comprehensive studies on the genetic diversity of P.
elliottii germplasm resources remain limited.

Although our research group has collected a substantial amount of P. elliottii germplasm
from both the United States and various regions across China, the genetic background of
these diverse sources remains unclear. This has led to issues, such as germplasm admixture,
genetic background ambiguity, and a lack of systematic integrated research, making it
difficult to select suitable breeding materials. Therefore, assessing the genetic background
of these populations is crucial. To ensure a robust genetic foundation for the sustainable
improvement of P. elliottii, this study focused on the analysis of the genetic diversity and
population structure across breeding provenances with different levels of improvement,
using SSR molecular markers. The materials included the introduced family provenance,
first-cycle superior trees breeding provenance, and improved-generation superior trees
breeding provenance collected from Jiangxi Province. The aim was to elucidate the com-
plexity of their genetic backgrounds, the relationships among materials, and the degree
of genetic variation. This research provides a theoretical basis and material foundation
for parent selection in hybrid breeding, as well as for constructing core germplasm and
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fingerprinting profiles. Moreover, it is expected to improve the efficiency of breeding
high-resin-yielding P. elliottii varieties while laying the groundwork for further exploration
and utilization of high-resin-yielding germplasm in the future.

2. Materials and Methods

2.1. Experimental Materials

The experimental materials for this study consisted of 417 P. elliottii germplasm re-
sources currently preserved in Jiangxi Province. Samples were collected from young buds
or leaves, which were immediately flash-frozen in liquid nitrogen and stored at −80 ◦C
until further use. The primary sources of these samples are detailed below (Table 1).

Table 1. Information on the P. elliottii germplasm resources.

Provenance Ways to Save Source
Sample
Number

Effective
Amplification

Number

Afforestation Site
and Year

IP * Introduced family
trial forest

Georgia, Mississippi, and
Florida, USA 113 112 Ji’an (1990)

Florida, USA 30 8 Jingdezhen (2011)
Florida, USA 10 10 Jingdezhen (2018)
Kansas, USA 40 40 Ganzhou (2018)

FP
First-generation

seed orchard
Early-introduced slash

pine plantations in Jiangxi
Province, China

44 44 Ji’an (1992)

77 77 Xiajiang (1980)

IGP
Improved-

generation seed
orchard

Experimental forests
planted with selected
superior trees across

Jiangxi province, China

47 47 Xiajiang (2015)

79 79 Ji’an (2011)

* IP: Introduced family provenance; FP: First-cycle superior trees breeding provenance; IGP: Improved-generation
superior trees breeding provenance, the same as below.

Introduced family provenance (IP): This group includes 113 families from the P. elliottii
provenance/family trial forest established in 1990 at Baiyunshan Forest Farm (27.22◦ N,
115.13◦ E), Qingyuan District, Ji’an City. The seeds were sourced from seed orchards in
Georgia, Mississippi, and Florida, USA, with a total of 112 samples successfully amplified.
Additionally, a family trial forest established in 2011 and 2018 at Fengshushan Forest Farm
(29.37◦ N, 117.25◦ E), Jingdezhen, includes 30 and 10 families, respectively, also sourced
from seed orchards in Florida, USA, with 18 samples successfully amplified. Furthermore,
the superior family trial forest established in 2018 by the Ganzhou Forestry Research
Institute (25.38◦ N, 114.93◦ E) includes 40 families sourced from seed orchards in Arkansas,
USA, with all 40 samples successfully amplified.

First-cycle superior trees breeding provenance (FP): This group primarily consists
of slash pine plantation stands from early introductions in Jiangxi Province. A total of
44 samples were collected from the first-generation seed orchard established in May 1992
at Baiyunshan Forest Farm, Qingyuan District, Ji’an City. An additional 77 samples were
collected from the first-generation seed orchard established in 1980 at Xiajiang County
Superior Tree Breeding Farm (27.58◦ N, 115.32◦ E).

Improved-generation superior trees breeding provenance (IGP): This group includes
126 samples from experimental forests planted with selected superior trees from across the
province, with 79 samples from Baiyunshan Forest Farm, Qingyuan District, Ji’an City, and
47 samples from Xiajiang County Superior Tree Breeding Farm.
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2.2. Research Methods
2.2.1. Genomic DNA Extraction and Detection

Genomic DNA was extracted using the DNAsecure Plant Kit (DP320) from Tiangen
Biotech Co., Ltd. (Beijing, China). The concentration and quality of the extracted DNA
were assessed via 1% agarose gel electrophoresis. The DNA samples were then diluted to a
uniform concentration of 20–50 ng/μL and stored at −20 ◦C for further analysis.

2.2.2. SSR Primer Screening

A total of 24 pairs of EST-SSR primers were selected from the published literature [24].
Additionally, SSR loci were identified within unigenes obtained from the P. elliottii transcrip-
tome using MISA software (http://misaweb.ipk-gatersleben.de/, accessed on 25 October
2024), with the following criteria: dinucleotide repeats > 6 times, and trinucleotide, tetranu-
cleotide, pentanucleotide, and hexanucleotide repeats > 5 times. Based on the conserved
regions flanking the SSR loci, 103 pairs of SSR primers were designed using Primer 3.0
software [28] and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The primers
were validated for polymorphism using 11 slash pine samples.

2.2.3. PCR Amplification and Capillary Electrophoresis

The PCR reaction system and program are detailed in Table 2. Primers that produced
clear and polymorphic amplification bands were labeled with one of four fluorescent
dyes (FAM, Rox, Tem, or Hex). The PCR products were then analyzed using capillary
electrophoresis on an ABI 3730XL DNA sequencer in collaboration with Sangon Biotech
Co., Ltd. (Shanghai, China).

Table 2. Reaction system and SSR-PCR procedure for P. elliottii.

Reaction System Reaction Procedure

Component and Concentration Volume (μL) Cycling Parameters Time (min, s)

10 × buffer (plus Mg2+) 2 94 ◦C initial
denaturation 5 min

30 cycles

10 mol/L dNTPs 1.6 94 ◦C denaturation 30 s
forward primer 0.8 56–60 ◦C annealing 30 s
reverse primer 0.8 72 ◦C extension 60 s

Taq DNA polymerase (5 μ/μL) 0.1 72 ◦C final extension 7 min
ddH2O 13.7 4 ◦C keep

Template DNA (50 ng/μL) 1

2.2.4. Statistical Analysis

Microsatellite allele data for each P. elliottii sample, obtained from capillary elec-
trophoresis, were analyzed using GeneMarker v.2.2.0 software [29]. DataFormater v.2.7 [30]
and GenAlEx v.6.5 software [31] were then used to convert the resulting data into the
necessary formats for further analysis.

The genetic diversity parameters, including the number of alleles (Na), the effective
number of alleles (Ne), Shannon’s information index (I), observed (Ho) and expected het-
erozygosity (He), F-statistics (Fis, Fit and Fst) and gene flow (Nm), were calculated using
POPGENE v.1.3.1 software [32]. The allelic frequency variation and polymorphic informa-
tion content (PIC) were assessed and calculated using PowerMarker v.3.25 software [33].

To assess the degree of genetic variation within and between the three P. elliottii prove-
nances, an analysis of molecular variance (AMOVA) was performed using ARLEQUIN
v.3.5.2.2 software [34].

The genetic structure of the 417 individuals was analyzed using STRUCTURE v.2.3.4
software [35]. The number of clusters (K) was set from 1 to 10, with a burn-in period of
100,000 iterations and 10,000 MCMC repetitions. Each K value was run three times, and
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the optimal number of clusters was determined by plotting K against ΔK and selecting the
peak value.

The genetic distances between samples or provenances were calculated using Pow-
erMarker v.3.25 software, and a UPGMA dendrogram was constructed based on these
distances using MEGA v.11.0 software [36]. In addition, principal coordinate analysis
(PCoA) was conducted using GenAlEx v.6.5 software to further explore the genetic rela-
tionships between provenances based on the microsatellite allele data.

3. Results

3.1. Polymorphism Analysis of EST-SSR Markers

The capillary electrophoresis results showed that out of the 127 primer pairs tested,
112 successfully amplified bands, yielding an amplification success rate of 88.19%. Among
these, 19 primer pairs were identified as highly polymorphic SSR markers, with a polymor-
phic loci ratio of 14.96% (Figure 1; Table 3).

Figure 1. Amplification of some samples on primer Pe145169. The horizontal axis represents the size
of the product (bp); The vertical axis represents the relative fluorescence signal; (a–d) represent four
different samples.

Table 3. Sequence information of 19 pairs of polymorphic EST-SSR primers.

Locus Repeat Motif Product Size (bp) Primer Sequence (5′-3′)

Pe145169 (CT)11 257
F: TGAATCCTCGGAATTTCTGG

R: TGCCATTGAAACAAGCTGAA

Pe144426 (AT)8 152
F: AATGCGAGTGGCAACAAAGT

R: ATTTCACATTCCCGTTCTCG

Pe138370 (CCCTG)5 179
F: CCTGACGCAACATAATCCCT

R: ATAAAAGACACACCCCGCAG

Pe130187 (TC)6 213
F: TTCTCATGCTAAGCACACGC
R: ATTTCTTCCATGGGTTCGTG

Pe132622 (AC)10 262
F: TATAACGTCAGCCCAGGGAC
R: TTGCTTCTGCAGGAAAGGTT
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Table 3. Cont.

Locus Repeat Motif Product Size (bp) Primer Sequence (5′-3′)

Pe146453 (CATT)5 257
F: CTGATCCACCCTCATCTGCT

R: GGGAGCAACCAGAACAACAT

Pe134815 (CTG)7 181
F: CCCCAAACCCCAACTTAGAT

R: AAGTGGGAAAAATGAGGGCT

Pe131259 (AT)7 183
F: GGATTGATCCAAGCCAACAG
R: ACCCGGAGGCAAATCTATCT

Pe103802 (AT)7 141
F: GGATGATCAGGGCATGAAAT
R: CATAAAAGTTGGCACCACCA

Pe123077 (AAT)6 129
F: ATTGGGTTGAATCCGAACAT
R: CCAGACAAAATTGTGGCCTT

Pe106732 (AGG)5 163
F: CGGTGGAAGATTTAGGTCCA

R: GAAAAACAGCGGCAGAAAAG

Pe145380 (AC)9 244
F: CAACATTTGCTGTGAGCGTT
R: ATGCATCCCTGATGCTCTTC

Pe119033 (AT)6 267
F: TTCTTGATACATCGGGGCAT

R: AAACCTGTTCAAATCCTCACAA

Pe135178 (TTC)5 145
F: ATTTCAGAAGGTCAATGCGG
R: GCAGGACATAAATGGGCAGT

Pe140688 (GATG)5 264
F: ATGAACGCTTTAGTTCCCCC
R: GTGATGCGAGATGTGCAGTT

Pe110222 (TTG)5 277
F: TCTGTAACTTGGACTGGCCC

R: CAGCCACAGTAGGTGCAACA

Pe113019 (AG)7 240
F: ATCTAGCGATCCCGGAAGTT
R: ACCACCTTCTTCCTCCCATT

Pe139538 (TTAG)5 280
F: TGAAAGGTGGAGATCCTTGG
R: AGGTCTGAGAGCATGGAGGA

Pe114582 (TA)6 275
F: ATACCTAGGCAGATGCCCCT

R: TTAGGCTGGACAACCCAAAC

3.2. Cross-Species Applicability of EST-SSR Markers

To evaluate the cross-species applicability of the 19 polymorphic SSR markers de-
veloped for P. elliottii, 15 samples each of Pinus massoniana and Pinus taeda were selected
for validation. The results (Table 4) demonstrated that all 19 SSR markers successfully
amplified bands in both species, achieving a cross-species amplification rate of 100%.

Table 4. Transferability and percentage of the polymorphic loci for the tested SSR markers.

Sample
Amplification and

Polymorphic
(pair)

Amplification but
No Polymorphism

(pair)

No Amplification
(pair)

Applicability (%)
Proportion of

Polymorphic Sites
(%)

Pinus massoniana 19 0 0 100% 100%
Pinus taeda 17 2 0 100% 89.47%

3.3. Genetic Diversity Analysis of Loci

A total of 103 alleles were detected across the 417 P. elliottii samples using the 19 pairs
of SSR primers, with an average of 5.421 alleles per locus (Table 5). Primer Pe103802
exhibited the highest number of alleles (13), with an effective number of alleles of 1.777,
followed by primer Pe113019, which had 8 alleles and an effective allele number of 1.263.
Primers Pe123077 and Pe139538 had the fewest alleles, with two each, and effective allele
numbers of 1.964 and 1.352, respectively. Shannon’s information index (I) ranged from
0.370 (Pe114582) to 1.638 (Pe145169), with an average value of 0.862. The observed het-
erozygosity (Ho) ranged from 0.138 (Pe114582) to 0.795 (Pe123077), while the expected
heterozygosity (He) ranged from 0.149 (Pe114582) to 0.777 (Pe145169), with average values
of 0.402 and 0.457, respectively. For most loci, He was greater than Ho, except for primers
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Pe119033, Pe106732, and Pe123077, indicating varying degrees of heterozygote deficiency.
The polymorphism information content (PIC) values ranged from 0.146 (Pe114582) to 0.743
(Pe145169), with an average of 0.411. Among the loci, 3 had PIC values below 0.25, indicat-
ing low polymorphism; 10 loci had PIC values between 0.25 and 0.5, indicating moderate
polymorphism; and 6 loci had PIC values greater than 0.5, indicating high polymorphism.
Overall, these 19 SSR markers proved highly effective for analyzing the genetic diversity of
the P. elliottii provenances.

Table 5. Diversity parameters of 19 microsatellite loci in P. elliottii.

Locus Na * Ne I Ho He PIC

Pe145169 7 4.491 1.638 0.636 0.777 0.743
Pe144426 7 3.361 1.332 0.448 0.702 0.651
Pe138370 5 2.800 1.168 0.564 0.643 0.580
Pe130187 7 2.386 1.200 0.505 0.581 0.538
Pe132622 7 2.275 1.068 0.498 0.560 0.511
Pe146453 4 2.461 1.006 0.352 0.594 0.513
Pe134815 7 1.879 0.947 0.451 0.468 0.436
Pe131259 5 1.956 0.908 0.441 0.489 0.444
Pe103802 13 1.777 0.978 0.408 0.437 0.413
Pe123077 2 1.964 0.684 0.795 0.491 0.370
Pe106732 4 1.724 0.836 0.430 0.420 0.394
Pe145380 5 1.799 0.789 0.383 0.444 0.385
Pe119033 6 1.660 0.836 0.423 0.397 0.373
Pe135178 3 1.688 0.605 0.368 0.408 0.325
Pe140688 3 1.512 0.578 0.224 0.339 0.293
Pe110222 3 1.450 0.571 0.264 0.311 0.281
Pe113019 8 1.263 0.445 0.159 0.208 0.194
Pe139538 2 1.352 0.429 0.144 0.260 0.226
Pe114582 5 1.175 0.370 0.138 0.149 0.146

Mean 5.421 2.051 0.862 0.402 0.457 0.411
*: Na: number of alleles; Ne: number of effective alleles; Ho: observed heterozygosity; He: expected heterozygosity;
I: Shannon’s information index; PIC: polymorphism information content, the same below.

3.4. Comparison of Genetic Diversity Among Provenances

A total of 83 and 95 alleles were detected in the FP and IGP of P. elliottii. In contrast,
only 82 alleles were found in the introduced family provenance (Table 6). The ratios of the
effective number of alleles (Ne) to the total number of alleles (Na) were higher in both the
FP and IGP compared to the IP. Notably, the IP had a higher number of alleles at locus
135178 than the other two provenances. The FP exhibited the highest number of alleles at
loci 144426 and 131259, while the IGP showed the highest number of alleles at seven loci:
145380, 119033, 114582, 138370, 134815, 113019, and 103802.

The Shannon’s information index (I) values for the IP, FP, and IGP were 0.734, 0.839,
and 0.964, respectively. The PIC values were 0.356, 0.407, and 0.460, respectively. The
average Ho values were 0.371, 0.421, and 0.424, while the average He values were 0.398,
0.457, and 0.512, respectively. Overall, the genetic diversity of the FP and IGP was higher
than that of the IP. These findings suggest that the P. elliottii provenances have maintained
a relatively high level of genetic diversity following selective breeding and improvement
efforts.
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Table 6. Polymorphism analysis of 19 pairs of primers in three provenances.

Locus Provenance Na Ne I Ho He PIC

Pe146453
IP 4 2.475 0.997 0.357 0.596 0.519
FP 4 2.195 0.866 0.422 0.544 0.440

IGP 4 2.575 1.078 0.277 0.612 0.545

Pe145380
IP 3 1.647 0.657 0.389 0.393 0.335
FP 4 1.844 0.775 0.314 0.458 0.390

IGP 5 1.973 0.907 0.447 0.493 0.437

Pe145169
IP 7 4.273 1.565 0.645 0.766 0.728
FP 7 3.858 1.475 0.708 0.741 0.695

IGP 7 5.125 1.765 0.553 0.805 0.779

Pe144426
IP 5 3.270 1.271 0.518 0.694 0.637
FP 6 3.189 1.312 0.298 0.686 0.635

IGP 5 3.518 1.373 0.500 0.716 0.668

Pe140688
IP 2 1.302 0.394 0.161 0.232 0.205
FP 3 1.514 0.625 0.314 0.340 0.309

IGP 3 1.780 0.662 0.222 0.438 0.349

Pe132622
IP 5 2.158 0.968 0.453 0.537 0.484
FP 6 2.130 1.006 0.513 0.531 0.479

IGP 6 2.573 1.181 0.544 0.611 0.564

Pe131259
IP 4 1.781 0.787 0.455 0.438 0.395
FP 5 1.928 0.903 0.525 0.481 0.432

IGP 4 2.177 0.974 0.344 0.541 0.488

Pe130187
IP 7 1.998 1.022 0.518 0.500 0.467
FP 7 2.606 1.259 0.525 0.616 0.572

IGP 7 2.646 1.259 0.468 0.622 0.566

Pe123077
IP 2 1.867 0.657 0.708 0.464 0.357
FP 2 1.976 0.687 0.891 0.494 0.372

IGP 2 2.00 0.693 0.815 0.500 0.375

Pe119033
IP 5 1.444 0.588 0.343 0.308 0.279
FP 5 1.610 0.794 0.376 0.379 0.359

IGP 6 2.045 1.048 0.571 0.511 0.480

Pe114582
IP 4 1.116 0.261 0.108 0.104 0.102
FP 4 1.193 0.363 0.174 0.162 0.155

IGP 5 1.241 0.467 0.142 0.194 0.189

Pe139538
IP 2 1.079 0.162 0.076 0.074 0.071
FP 2 1.371 0.442 0.223 0.270 0.234

IGP 2 1.734 0.614 0.160 0.423 0.334

Pe138370
IP 4 2.501 1.051 0.575 0.600 0.526
FP 4 3.263 1.268 0.583 0.694 0.638

IGP 5 2.736 1.165 0.532 0.634 0.572

Pe135178
IP 3 1.611 0.582 0.327 0.379 0.310
FP 2 1.642 0.580 0.400 0.391 0.315

IGP 2 1.823 0.644 0.393 0.451 0.350

Pe134815
IP 6 1.804 0.872 0.464 0.446 0.408
FP 4 1.790 0.853 0.455 0.441 0.409

IGP 7 2.056 1.060 0.432 0.514 0.481

Pe113019
IP 4 1.160 0.297 0.124 0.138 0.131
FP 3 1.320 0.425 0.116 0.243 0.215

IGP 8 1.356 0.594 0.246 0.262 0.248

Pe110222
IP 2 1.209 0.315 0.117 0.173 0.158
FP 3 1.751 0.726 0.451 0.429 0.370

IGP 3 1.533 0.647 0.286 0.348 0.319

Pe106732
IP 4 1.565 0.683 0.391 0.361 0.326
FP 4 1.403 0.596 0.275 0.287 0.271

IGP 4 2.351 1.092 0.632 0.575 0.535

Pe103802
IP 9 1.545 0.809 0.329 0.353 0.338
FP 8 1.973 0.979 0.438 0.493 0.449

IGP 10 1.918 1.083 0.484 0.479 0.456

Mean
IP 4.316 1.885 0.734 0.371 0.398 0.356
FP 4.368 2.029 0.839 0.421 0.457 0.407

IGP 5.000 2.272 0.964 0.424 0.512 0.460
Total - 4.561 2.062 0.845 0.405 0.456 0.408
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3.5. Genetic Differentiation and Gene Flow Among Provenances

As shown in Table 7, the Fis values across the 19 SSR loci ranged from −0.655
(Pe123077) to −0.401 (Pe139538), with an average of 0.110, indicating the presence of
heterozygote deficiency within the provenances. The average Ho (0.402) was lower than
the average He (0.457), further confirming the occurrence of heterozygote deficiency. The
Fit values ranged from −0.634 (Pe123077) to −0.451 (Pe139538), with an average of 0.124.
The overall Fst values ranged from 0.005 (Pe145380) to 0.084 (Pe139538), with an average of
0.016, indicating low genetic differentiation among the P. elliottii provenances. The gene
flow (Nm) values ranged from 2.710 (Pe139538) to 53.260 (Pe145380), with an average of
15.715, suggesting substantial gene flow between the provenances, which likely reduces
the genetic drift and contributes to the observed low genetic differentiation.

Table 7. Genetic differentiation and gene flow in the provenances of P. elliottii.

Locus Fis * Fit Fst Nm Locus Fis Fit Fst Nm

Pe145169 0.175 0.183 0.009 26.595 106732 −0.061 −0.019 0.039 6.123
Pe144426 0.373 0.376 0.006 43.219 145380 0.144 0.148 0.005 53.260
Pe138370 0.124 0.131 0.008 30.356 119033 −0.078 −0.060 0.017 14.541
Pe130187 0.131 0.145 0.017 14.397 135178 0.083 0.090 0.008 30.815
Pe132622 0.101 0.106 0.006 45.202 140688 0.310 0.335 0.037 6.550
Pe146453 0.397 0.406 0.015 16.605 110222 0.100 0.129 0.032 7.517
Pe134815 0.036 0.042 0.006 40.009 113019 0.244 0.252 0.010 25.888
Pe131259 0.094 0.107 0.014 17.531 139538 0.401 0.451 0.084 2.710
Pe103802 0.055 0.067 0.012 20.022 114582 0.079 0.086 0.007 34.196
Pe123077 −0.655 −0.634 0.013 19.125 Mean 0.110 0.124 0.016 15.715

* Fis: inbreeding coefficient at the population level; Fit: inbreeding coefficient at total populations; Fst: proportion
of differentiation among populations, the same below.

The AMOVA analysis based on the 19 loci (Table 8) revealed that the genetic variation
among the provenances accounted for only 2.10% of the total variation, while 97.90% of the
genetic variation was attributable to differences within individuals and among individuals
within provenances. This indicated that most of the genetic variation in P. elliottii occurred
within individuals, rather than between the IP, FP, and IGP.

Table 8. Analysis of the molecular variance (AMOVA) of P. elliottii.

Source
Degrees of
Freedom

Sum of Squares
Variance

Components
Percent of

Variation (%)

Among
provenance 2 54.576 0.085 2.10%

Within
provenance 831 3289.002 3.958 97.90%

Total 833 3343.578 4.043 100%

The genetic similarity coefficients and genetic distances among the three provenances
were calculated using Nei’s method (Table 9). The genetic distance between the IP and the
FP was 0.014, with a genetic similarity coefficient of 0.986. The genetic distance between the
IP and the IGP was 0.020, with a genetic similarity coefficient of 0.980. The genetic distance
between the FP and the IGP was 0.019, with a genetic similarity coefficient of 0.981. These
results indicate that the IP is more closely related to the FP than to the IGP.
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Table 9. Genetic distance (lowerleft) and genetic similarity (upperright) between three provenances.

Provenance IP FP IGP

IP **** 0.986 0.980
FP 0.014 **** 0.981

IGP 0.020 0.019 ****

3.6. Population Genetic Structure Analysis

To further investigate the population genetic structure and relationships among the 417 P.
elliottii samples, STRUCTURE software was used to analyze the data based on 19 pairs of SSR
primers. The results (Figure 2) showed that as the K value increased, the lnP(D) also increased
continuously. The most significant change in the lnP(D) occurred when the K value increased
from 1 to 2, with the ΔK reaching its maximum peak at K = 2, indicating that the 417 P. elliottii
samples were divided into two distinct subgroups (Figure 3).

Figure 2. Diagnostic plots of the LnP(D) and ΔK from the STRUCTURE analysis of the P. elliottii
provenances.

Figure 3. Results of the structure analysis of the P. elliottii provenances when K = 2. Red represents
Subgroup I, blue represents Subgroup II.

To better characterize the genetic background of the materials, a Q value > 0.6 was used
as the threshold for assigning the 417 P. elliottii samples into different subgroups. Based on
this criterion, 410 samples were assigned to either Subgroup I or Subgroup II, indicating
the relatively homogeneous genetic backgrounds among these samples. The 417 samples
originated from the IP, FP and IGP. However, they were not strictly grouped according to
their original provenances. Thus, the origins of the materials within each subgroup were
further analyzed (Table 10). Subgroup I comprised 84.41% of the total samples, making
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it the most abundant group, with 352 samples derived from the introduced family trial
forest (159 samples), the first-generation seed orchard (105 samples), and the advanced-
generation seed orchard (88 samples). Subgroup II included 58 samples, with 4 from the
introduced family trial forest, 16 from the first-generation seed orchard, and 38 from the
advanced-generation seed orchard. Additionally, seven samples from the introduced family
trial forest were placed in a mixed group, as they displayed mixed ancestry and complex
genetic structures. These findings suggest that caution should be exercised when selecting
these samples as breeding parents.

Table 10. Statistics of the population structure for 417 P. elliottii.

Provenance Ways to Save Subgroup I Subgroup II Mix Group

IP
Introduced
family trial

forest
159 4 7

FP First-generation
seed orchard 105 16 0

IGP
Advanced-

generation seed
orchard

88 38 0

3.7. PCoA and Genetic Clustering

To further analyze the cluster patterns, PCoA of P. elliottii was performed based on
the pairwise genetic distance matrix of 19 EST-SSRs, with the results shown in Figure 4.
The analysis revealed that the first principal coordinate (Coord. 1) and second principal
coordinate (Coord. 2) accounted for 11.51% and 17.69% of the genetic variation, respectively.
The individuals from the IP, FP, and IGP could not be completely separated, suggesting rela-
tively close genetic relationships among these provenances. The entire P. elliottii germplasm
could be roughly divided into two groups, which is consistent with the results of the
STRUCTURE analysis at K = 2.

Figure 4. Principal coordinates analysis based on Nei’s genetic distance of P. elliottii.

A clustering dendrogram of the 417 P. elliottii germplasm samples was constructed
using the unweighted pair group method with arithmetic mean (UPGMA) in MEGA
software. As indicated by the clustering results (Figure 5), the P. elliottii germplasm did not
cluster strictly according to the IP, FP, and IGP. Instead, the samples were broadly divided
into two groups. Except for a small number of samples with discrepancies, the clustering
results were largely consistent with the findings from the PCoA and STRUCTURE analyses.
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Figure 5. UPGMA cluster analysis of the P. elliottii provenances based on the genetic distance.

4. Discussion

4.1. Development and Cross-Species Applicability of P. elliottii Primers

The limited availability of SSR primers has hindered molecular-level research on P.
elliottii populations. In this study, we developed 19 polymorphic SSR loci based on the P.
elliottii transcriptome and conducted cross-species applicability analyses across three pine
species. The results demonstrated that the SSR markers developed for P. elliottii exhibited
high cross-species applicability in other Pinus species, such as P. taeda and P. massoniana,
with a 100% amplification rate and a high proportion of polymorphic loci—89.47% in P.
taeda and 100% in P. massoniana. This high level of cross-species applicability is likely
due to the conserved nature of the EST sequences compared to the non-coding DNA,
along with the low molecular evolution rates within the Pinus genus, which facilitate
the cross-transferability of SSRs and other molecular markers [37,38]. For instance, 14
EST-SSR markers developed for Aleppo pine (Pinus halepensis) showed high applicability
in Mediterranean pines (Pinus halepensis) [39], and 184 EST-SSR markers developed from
the lodgepole pine transcriptome were effectively amplified across different Pinus species,
with amplification rates ranging from 54% to 73%, including a 65% amplification rate
in P. elliottii [40]. Similarly, 20 EST-SSR markers developed for Larix principis-rupprechtii
produced clear and stable bands across three related Larix species [41]. In this study, the SSR
primers developed for P. elliottii demonstrated 100% cross-species applicability and a high
proportion of polymorphic loci in P. massoniana, consistent with the findings from previous
studies. These EST-SSR markers can also be employed in the future for interspecific hybrid
identification, comparative mapping, and phylogenetic relationship evaluation among P.
elliottii and its related species.

The PIC is a crucial genetic parameter often used to assess the discriminatory power of
primers and the reliability of the information they provide in genetic diversity studies [42].
According to the definition of polymorphism by Botstein et al., the SSR primers selected in
this study had an average PIC value of 0.411, with six loci exhibiting PIC values greater than
0.5, indicating a high level of polymorphism [43]. This suggests that the 19 SSR primers
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exhibit good polymorphism, effectively reflecting the genetic diversity of the materials.
Therefore, these primers can provide technical support for the identification of P. elliottii
germplasm, variety breeding, and the construction of genetic fingerprints. In comparison
to previously developed SSR markers from our research group (average PIC = 0.349), the
polymorphism of the primers used in this study was improved and the number of analyzed
populations was expanded.

4.2. Genetic Diversity of P. elliottii Populations

Genetic diversity is a crucial factor in assessing a species’ ability to adapt to environ-
mental changes. Enhancing the genetic base of a population can increase its adaptability
and resilience, thereby improving its overall survival potential [17]. The level of genetic
diversity within populations can be reflected by the He and the I [44].

In this study, 19 pairs of SSR primers were used to amplify three P. elliottii provenances,
resulting in I = 0.862 and He = 0.457. These values were higher than those reported for
Scots pine (He = 0.167; I = 0.253) [45], P. yunnanensis var. tenuifolia (He = 0.342; I = 0.488) [46],
and P. taiwanensis Hayata var. damingshanensis (He = 0.40; I = 0.62) [47], but lower than
those for P. massoniana (He = 0.5438; I = 0.8696) [11], Chinese pine (He = 0.604; I = 1.230) [48],
and Korean pine (He = 0.521; I = 1.019) [49]. These results indicate that P. elliottii exhibits a
moderate to high level of genetic diversity compared to other conifer species.

Some studies suggest that while breeding practices can effectively increase the genetic
gains of improved populations, they may also reduce the genetic diversity of these pop-
ulations due to intensified human selection pressure [50]. However, empirical research
has shown that the impact of artificial selection on genetic diversity is not significant. For
instance, comparative analyses of the genetic diversity between improved populations
obtained through phenotypic selection and their natural source populations in white spruce
(Picea glauca) found only a slight, non-significant reduction in diversity in the improved
populations [51]. Similarly, genetic diversity analyses of first- and second-generation im-
proved seed orchards of Pinus taeda and first- to third-generation improved seed orchards
of Larix principis-rupprechtii revealed that the genetic diversity remained relatively stable
across different breeding generations, with only minor population differentiation [52,53].
Even in the fourth-generation breeding population of Cunninghamia lanceolata, high genetic
diversity was maintained [54], and studies on Picea sitchensis [55], Pinus taeda [56], and Larix
kaempferi [50] have found that the genetic diversity of improved populations can sometimes
exceed that of their source populations.

In this study, no significant differences were found in the I, Ho, and He among the
three provenances of slash pine. However, the genetic diversity of the FP and IGP was
slightly higher than that of the IP. These findings align with the results observed in Larix
kaempferi [50], Picea sitchensis [55], and Pinus taeda [56], suggesting that the breeding strate-
gies and measures applied during the genetic improvement of slash pine in Jiangxi have
been relatively effective. As an introduced species without natural germplasm resources
in China, the genetic diversity of slash pine relies on the diversity of the introduced
germplasm. To further enhance the genetic diversity of breeding populations, it may be
advantageous to introduce superior individuals from native populations with distinct
genetic backgrounds or to select elite offspring from already introduced families. This
approach would help to further broaden the genetic base of the breeding populations.

4.3. Genetic Differentiation and Gene Flow in P. elliottii Populations

Understanding the genetic differentiation and structure of populations is fundamental
for developing species conservation strategies and constructing plant breeding populations.
Research suggests that a Fst value of less than 0.05 indicates low genetic differentiation,
0.05 < Fst < 0.15 indicates moderate differentiation, 0.15 < Fst < 0.25 indicates relatively
high differentiation, and Fst > 0.25 indicates high genetic differentiation [57]. In this study,
the Fst value for P. elliottii was 0.016, which is less than 0.05, indicating low genetic dif-
ferentiation among the populations. Additionally, the AMOVA analysis showed that the

55



Life 2024, 14, 1401

within-provenance variation (97.9%) was much greater than the between-provenance varia-
tion (2.10%). This, combined with the genetic differentiation analysis, demonstrates that P.
elliottii has significantly higher genetic diversity within populations than between them,
suggesting that selection efforts should focus more on individual trees within populations.
This phenomenon has also been observed in other conifer species, such as Korean pine [14],
P. massoniana [11], Norway spruce [58], Pinus yunnanensis var. tenuifolia [46], and Cunning-
hamia lanceolata [59]. The likely cause of this pattern is the increased frequency of gene
exchange between different population germplasm resources [60].

The gene flow (Nm) is a critical factor influencing genetic differentiation among popula-
tions. Hamrick et al. suggested that when Nm > 4, the gene exchange between populations
was relatively sufficient to counteract genetic drift and prevent genetic differentiation
among populations [61]. In this study, the overall gene flow among provenances was
15.715, which aligns with the observed low level of genetic differentiation (Fst = 0.016).
This high level of Nm has inhibited population differentiation and inbreeding, promoting
individual variation and leading to a relatively uniform genetic background across popula-
tions. These findings are consistent with the results of the genetic structure analysis and
variance analysis. Two primary factors may contribute to this pattern. First, it is related
to the biological characteristics of P. elliottii. The species produces winged seeds and is
wind-pollinated, with pollen-containing air sacs that allow it to travel relatively long dis-
tances [62,63]. Second, there has been frequent human-mediated exchange of germplasm
materials between different populations over a long period, with most population materials
being confined to Jiangxi Province [54]. This has resulted in low genetic diversity and a lack
of significant genetic differentiation among populations. In the future selection of P. elliottii
breeding materials, the focus should be on selecting and preserving superior individuals
within each population. Additionally, selecting elite trees from major P. elliottii introduction
areas could help expand the range of resource collection, enrich the diversity of genetic
resources, and improve the breeding efficiency.

4.4. Genetic Structure and Clustering Analysis of P. elliottii Populations

Population structure analysis in plants primarily utilizes three different methods:
STRUCTURE analysis, UPGMA clustering, and PCoA analysis. PCoA and UPGMA offer a
visual representation of the distribution relationships among materials, while STRUCTURE
analysis provides insights into the genetic background and gene flow within popula-
tions [64,65]. These three methods complement and corroborate each other, facilitating a
comprehensive understanding of the genetic differences among materials. In this study,
STRUCTURE analysis revealed that the 417 P. elliottii samples could be divided into two
subgroups. Individuals from different sources clustered together within the same genetic
structure, indicating that most samples had relatively homogeneous genetic backgrounds.
Using a Q value threshold of 0.6 for classification, only seven samples had Q values below
0.6, suggesting that these samples have a more complex genetic structure and evidence of
gene flow. Therefore, caution should be exercised when selecting these samples as breeding
parents. Analysis using the UPGMA clustering also grouped the samples into two main
clusters, and with few exceptions, the clustering patterns were consistent with the results
of both the PCoA and STRUCTURE analyses.

5. Conclusions

This study examined the genetic diversity and population structure of 417 P. elliottii
samples from three provenances using 19 polymorphic SSR markers. The results showed
that P. elliottii exhibited moderate to high genetic diversity compared to other conifer
species. The gene flow and genetic differentiation analyses indicated that the gene ex-
change among the provenances was relatively extensive, limiting genetic differentiation
and resulting in low overall genetic differentiation. The molecular variance analysis re-
vealed that most genetic variation occurred within populations. Therefore, breeding efforts
should focus on selecting superior individuals from genetically diverse populations. The
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population structure analysis revealed that individuals from different sources were not
strictly clustered according to their origins but were distributed across two subgroups, with
seven samples classified into a mixed group, indicating complex genetic relationships. The
presence of redundant genetic diversity among the 417 germplasm samples suggests that
future work should aim to remove genetic redundancies. Overall, these findings provide
valuable guidance for the efficient utilization of high-resin-yielding P. elliottii germplasm,
the development of core germplasm, and the selection of hybrid parents for breeding
new germplasm.
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Konnert, M. Assessment of genetic diversity and population genetic structure of Norway spruce (Picea abies L.) Karsten at Its
southern lineage in Europe. Implications for conservation of forest genetic resources. Forests 2019, 10, 258. [CrossRef]

59. Lin, E.; Zhuang, H.; Yu, J.; Liu, X.; Huang, H.; Zhu, M.; Tong, Z. Genome survey of Chinese fir (Cunninghamia lanceolata):
Identification of genomic SSRs and demonstration of their utility in genetic diversity analysis. Sci. Rep. 2020, 10, 4698. [CrossRef]

60. Ithnin, M.; The, C.K.; Ratnam, W. Genetic diversity of Elaeis oleifera (HBK) Cortes populations using cross species SSRs:
Implication’s for germplasm utilization and conservation. BMC Genet. 2017, 18, 37. [CrossRef]

61. Hamrick, J.L.; Godt, M.J.W. Allozyme diversity in plants. In Population Genetics, Breeding and Genetic Resources, 2nd ed.; Brown,
A.D.H., Clegg, M.T., Kahler, A.L., Weir, B.S., Eds.; Sinauer & Associates: Sunderland, MA, USA, 1989; pp. 43–63.

62. Petit, R.J.; Duminil, J.; Fineschi, S.; Hampe, A.; Salvini, D.; Vendramin, G.G. Invited review: Comparative organization of
chloroplast, mitochondrial and nuclear diversity in plant populations. Mol. Ecol. 2005, 14, 689–701. [CrossRef]

63. Tong, Y.; Lewis, B.J.; Zhou, W.; Mao, C.; Wang, Y.; Zhou, L.; Yu, D.; Dai, L.; Qi, L. Genetic diversity and population structure of
natural Pinus koraiensis populations. Forests 2019, 11, 39. [CrossRef]

64. Wang, S. Genetic diversity and population structure of the endangered species Paeonia decomposita endemic to China and
implications for its conservation. BMC Plant Biol. 2020, 20, 510. [CrossRef] [PubMed]

65. Deng, L.; Liu, Q.; Zhou, Z.; Gao, K.; Luo, D. Genetic diversity analysis and core collection of pinewood nematodiasis-resistant
Pinus massoniana germplasm resources. J. Zhejiang Agric. For. Univ. 2024, 41, 67–78.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

59



life

Article

Effects of Land Use Type Transformation on the Structure and
Diversity of Soil Bacterial Communities

Henian Hua 1,†, Xin Sui 2,†, Yanan Liu 1, Xu Liu 1, Qiuyang Chang 1, Ruiting Xu 1, Mengsha Li 3,*

and Liqiang Mu 1,*

1 Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, School of Forestry,
Northeast Forestry University, Harbin 150040, China; hhn54553627@nefu.edu.cn (H.H.);
lynm@nefu.edu.cn (Y.L.); liuxu19981209@nefu.edu.cn (X.L.); 1413085125@nefu.edu.cn (Q.C.);
xrt@nefu.edu.cn (R.X.)

2 Engineering Research Center of Agricultural Microbiology Technology, Ministry of Education & Heilongjiang
Provincial Key Laboratory of Ecological Restoration and Resource Utilization for Cold Region & Key
Laboratory of Microbiology, College of Heilongjiang Province & School of Life Sciences, Heilongjiang
University, Harbin 150080, China; xinsui_cool@126.com

3 Institute of Nature and Ecology, Heilongjiang Academy of Sciences, Harbin 150040, China
* Correspondence: lms19861004@163.com (M.L.); mlq0417@163.com (L.M.)
† These authors contributed equally to this work.

Abstract: Soil microbiota are significantly influenced by their microenvironments. Therefore, to
understand the impacts of various land use patterns on the diversity and composition of soil bacterial
communities, this study focused on three typical land use types—NF (natural forest), AF (artificial
forests), and FL (farmland)—in the Heilongjiang Central Station Black-billed Capercaillie National
Nature Reserve, located in the southwestern part of Heihe City, Heilongjiang Province, China. Using
high-throughput sequencing of the 16S rRNA gene, we examined the soil bacterial community
structures in these different land use types and explored their correlation with soil environmental
factors. The following were our main observations: (1) Significant variations in soil chemical prop-
erties among different land use patterns were observed. In artificial forests, total nitrogen (TN),
alkali hydrolyzed nitrogen (AN), total phosphorus (TP), and available phosphorus (AP) were higher
compared to farmland and significantly higher than those in natural forests. Furthermore, the organic
carbon content (SOC) in natural forests was higher than in artificial forests and significantly higher
than in farmland. (2) Comparative analysis using the Shannon and Simpson indices revealed that
bacterial community diversity was higher in artificial forests than in natural forests, which was
significantly higher than in farmland. (3) The effect of different land use types on soil bacterial
community structure was not significant. The three land types were dominated by Proteobacteria,
Acidobacteria, and Actinobacteria. Proteobacteria exhibited a higher relative abundance in farmland
and artificial forests compared to natural forests, whereas Actinobacteria exhibited the lowest relative
abundance in natural forests. (4) Redundancy analysis (RDA) revealed that SOC, TN, AN, and AP
were key environmental factors influencing the microbial communities of soil. Collectively, our
findings demonstrated that land use practices can significantly alter soil nutrient levels, thereby
influencing the structure of bacterial communities.

Keywords: land use type; soil microorganisms; community structure; diversity

1. Introduction

Changes in land use have a profound impact on terrestrial ecosystems and biogeo-
chemical cycles, thereby altering soil properties and fertility [1]. These alterations, in turn,
influence the diversity and composition of soil microbial communities [2]. Soil microor-
ganisms are a crucial component of soil ecosystems and are intricately linked to plant
growth and soil biogeochemical cycling [3]. Moreover, the composition and structure of soil
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microbial communities significantly shape soil structure and functionality [4,5]. Therefore,
the impact of different land use modes on the structure and functionality of soil ecosystems
can be predicted by observing structural changes in soil microorganisms [6].

Different land use practices induce alterations in vegetation coverage and soil physic-
ochemical properties. These changes are closely linked to the environmental heterogeneity
of soil and represent pivotal factors influencing the structure of the microbial communities
of soil [7,8]. For example, ref. [9] observed significant variations in soil bacterial diversity
and community distribution across different land use types in the Chongqing Yangtze
River Basin. Furthermore, the authors noted a consistent relationship between changes
in bacterial diversity and alterations in soil physicochemical properties. Additionally,
α-diversity is commonly utilized as a basis to analyze soil microbial diversity. Li Jinbiao
et al. [10] found that alterations in land use types lead to changes in soil chemical properties,
significantly impacting the composition and diversity of soil bacterial communities. The
chemical properties most affected by changes in land use types were soil organic carbon
content, followed by total phosphorus, total nitrogen, and total potassium. Moreover, Wu
Yining et al. analyzed microbial community composition and functionality in marsh wet-
lands, meadow wetlands, forests, and farmlands and reported that soil bacterial abundance
in forested areas significantly surpassed that of other land use patterns. Additionally, the
authors noted that total nitrogen significantly influenced both the diversity and abundance
of soil microbial communities [11]. Multiple studies have characterized the effects of an-
thropogenic activities on the diversity and composition of soil microbial communities,
including agriculture, urban development, industry, and pesticide use [12,13]. Neverthe-
less, the complex environmental factors and management practices involved in different
land use practices may have synergistic effects on the microbial composition of soil, and
therefore more comprehensive studies are needed to understand this complex relationship.
Understanding the effects of land use practices on soil microorganisms can thus provide a
theoretical and practical basis for the management and conservation of soil ecosystems.

Heilongjiang Province boasts a rich agricultural history and fertile land, making it one
of China’s foremost centers for commodity grain production. The soil’s physicochemical
properties and fertility in this region are of paramount importance for the advancement
of agriculture [14]. The Heilongjiang Central Station Black-billed Capercaillie National
Nature Reserve is located in the transitional zone between the Greater and Lesser Khingan
Mountains. The primary dominant community within the reserve comprises the Dahurian
larch forests. Moreover, the Central Station stands as one of the oldest regions in Northeast
China in terms of historical development and utilization. However, it is also considered an
ecologically fragile environment. Due to population growth, this region has resorted to
deforestation and land clearance to enhance agricultural yields and address food security
concerns. Human intervention has resulted in the degradation of primary forests, leading
to the emergence of extensive secondary vegetation, such as birch and Mongolian oak
forests. These alterations in forest types not only impact ecosystem functionalities but also
exert a notable influence on the soil ecosystem [15]. Furthermore, the conversion of natural
forests into agricultural fields has led to the loss of natural vegetative cover, leaving the soil
surface exposed and causing severe detriment to the soil ecosystem.

Based on the aforementioned background, our study sought to comparatively analyze
the bacterial community composition and diversity across three distinct land use patterns
within the Central Station area (natural forest, plantation forest, farmland) using a high-
throughput sequencing approach. Particularly, this study aimed to establish a scientific
basis for the preservation of soil fertility, nurturing practices, and the conservation of
soil microbial diversity to enable ecological reconstruction and sustainable land resource
utilization in the study area.
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2. Materials and Methods

2.1. Study Site

The study site was situated in the Heilongjiang Central Station Black-billed Cap-
ercaillie National Nature Reserve, located in the southwestern part of Heihe City, Hei-
longjiang Province. This site lies within the transitional zone between the southwestern
foothills of the Lesser Khingan Mountains and the Songnen Plain, encompassing a total
area of 988.6 km2. The region is located within the temperate continental monsoon climate
zone, characterized by prolonged and harsh winters as well as brief and cool summers. The
average annual temperature is −0.5 ◦C, with a frost-free period lasting 121 days. The an-
nual average rainfall is 476.33 mm, and the average relative humidity is 69.2%. The nature
reserve features a typical alpine forest ecosystem, encompassing forests, shrubs, wetlands,
and meadows. The forests include coniferous forests, coniferous and broad-leaved mixed
forests, and broad-leaved forests, boasting a high forest coverage of 82.4% [14]. The main
plant species in the study area include Larix gmelinii larch, Betula platyphyllabirch, black
birch, Betula dahurica, Quercus mongolica, Mongolian oak, Amur linden (Tilia amurensis),
diamond willow (Chosenia arbutifolia), aspen (Populus davidiana), bird cherry (Prunus padus),
Salix raddeana, and alder trees (Alnus mandshurica).

2.2. Sample Collection

In June 2022, three typical land use types: plantation Larix gmelinii forest, natural forest
(mixed forests of Larix gmelinii forest, Betula platyphylla forest, and Betula dahurica forest),
and agricultural land (soybean cultivation) were selected in this nature reserve. Each land
use type included three independent replicates, and each replicate also included three
standard quadrats, so a total of nine standard quadrats were established. Each quadrat
set is 50 × 50 m. Soil samples were collected at a depth of 0–20 cm using a soil shovel
with a five-point sampling method, which were mixed as one soil sample. After collection,
the soil samples were first cleaned of plant debris and then passed through a 2 mm sieve.
The processed soil samples were then sealed in ziplock bags and stored at −20 ◦C in the
laboratory for subsequent analysis.

2.3. Analysis of Soil Physicochemical Properties

Soil total nitrogen was determined using the Kjeldahl method, whereas available ni-
trogen was assessed using the alkaline hydrolysis diffusion method. Soil total phosphorus
was determined via the sulfuric acid-perchloric acid digestion method followed by the
molybdenum-antimony colorimetric technique, while available phosphorus content was
quantified using the bicarbonate method. The total potassium content of the soil was ana-
lyzed using the sodium hydroxide fusion-flame photometer method. Available potassium
was quantified using ammonium acetate extraction, followed by flame photometry. Soil
organic carbon content was measured with additional heating using an oil bath.

2.4. Sample DNA Extraction

Genomic DNA was extracted using the E.Z.N.A.® Soil Kit (Omega Bio-tek, Norcross,
GA, USA). The quantity and integrity of the extracted DNA were then preliminarily exam-
ined using 1% agarose gel electrophoresis. Afterward, the DNA was precisely quantified
using the QuantiFluor™—ST Blue Fluorescence Quantitation System (Promega Corpora-
tion, Madison, WI, USA). Finally, the samples were proportionally mixed according to the
sequencing requirements for subsequent experiments.

2.5. 16RsRNA Sequence Amplification and Library Construction

To prevent excessive sequence length for sequencing while maintaining amplification
heterogeneity, the primer set 515F/907R was selected for amplifying the bacterial 16S rDNA
fragment from total DNA samples. Polymerase chain reaction (PCR) amplifications were
conducted using the following gene-specific primers: 515F: 5′-GTGCCGCCAGCMGCCGG-
3′, 907R: 5′-CCGTCAATTCMTTTRAGTTT-3′. PCR reactions were prepared in triplicate
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with a 20 μL reaction volume, and the DNA template concentration was 10 ng. To ensure
accurate and reliable data, a lower cycle number was employed for amplification, aiming
for uniform cycle numbers across all samples. After preliminary experimentation, 25 cycles
were determined to be optimal. The PCR protocol consisted of an initial denaturation
step at 95 ◦C for 2 min, followed by 25 cycles of denaturation at 90 ◦C for 30 s, annealing
at 55 ◦C for 30 s, extension at 72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min.
The PCR products from the same sample were pooled and analyzed using 2% agarose gel
electrophoresis. Gel extraction of PCR products was conducted using the AxyPrepDNA Gel
Recovery Kit (Axygen Biosciences, Union City, CA, USA), followed by elution in Tris-HCl
buffer and subsequent analysis via 2% agarose gel electrophoresis. For accurate quantifica-
tion, the PCR products were quantified using the QuantiFluor™—ST Blue Fluorescence
Quantitation System (Promega Corporation), based on the preliminary results obtained
from gel electrophoresis. Subsequently, the samples were proportionally mixed according
to the sequencing requirements for each sample. The mixed samples were subjected to
high-throughput sequencing using the Illumina HiSeq 2500 platform (Shanghai BIOZE-
RON Biotech., Shanghai, China). This sequencing strategy aimed to balance sequence
length for effective sequencing while ensuring adequate representation of genetic diversity
across the samples. All the sequences were deposited in the NCBI, and the serial number
was PRJNA1059507.

2.6. Sequencing Data Processing and Analysis

The data extracted based on index sequences were stored in fastq format. Quality
control filtering was performed on reads using barcode information to distinguish between
different samples. After filtering, paired-end (PE) reads were analyzed to identify overlap-
ping regions and subsequently merged into a single sequence. High-quality sequences were
obtained for each sample by splitting based on barcode and primer sequences. Sequence
directionality was corrected based on the orientation of the forward and reverse barcodes
and primers, while chimeras were removed during this process. A quality control filter was
applied to trim bases with a quality value below 20 at the end of the reads. Additionally,
a sliding window of 10 base pairs was implemented to identify regions with an average
quality value lower than 20, and bases beyond this window were trimmed. Reads shorter
than 50 base pairs after quality control were filtered out. The PE reads were consolidated
into a single sequence with a minimum overlap length of 10 base pairs. The maximum
allowable mismatch rate in the overlapping region of merged sequences was set to 0.2, and
sequences not meeting this criterion were removed. Samples were demultiplexed based on
barcode and primer regions, with barcode mismatch set to zero and a maximum primer
mismatch of 2. A combined de novo and reference approach using Usearch (V10) software
and the Gold database was employed to remove chimeric sequences. This rigorous process
ensured the generation of high-quality, non-chimeric sequences suitable for subsequent
analysis.

For soil alpha diversity analysis, Chao1, Shannon, Simpson, and ACE indices in soil
samples were determined using Mothur (version 1.35.1). This analysis was conducted
using the Uclust algorithm (version 1.2.22q) to categorize species based on representative
operational taxonomic unit (OTU) sequences at a 97% similarity threshold. Analysis of
species composition and disparities within each soil sample was performed at both the
phylum and genus levels. Additionally, redundancy analysis across different samples was
conducted using the Canoco 5.0 software. Basic data analysis was conducted using Excel
2020, whereas the SPSS 26.0 software was employed for statistical analysis. Origin 2019 and
the R programming language (3.6.3) were used for data visualization. This comprehensive
array of tools and software enabled a thorough exploration and understanding of soil
microbial communities and their diversity.
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3. Results

3.1. Physicochemical Properties of the Soil

The physicochemical properties of soil varied significantly depending on land use
(Table 1). Specifically, TN and AN reached their highest levels in industrial forests at
4.17 g/kg and 156.33 g/kg, respectively, whereas natural forests exhibited the lowest values
of 1.67 g/kg for TN and 85.17 g/kg for AN. SOC reached its peak concentration in natural
forests at 71.47 g/kg, contrasting with its lowest value in agricultural land, measuring
43.64 g/kg. TP content was 0.59 g/kg for farmland and 0.26 g/kg for natural forest. Lastly,
TK exhibited the highest (9.76 g/kg) and lowest (6.25 g/kg) concentrations in natural
forests.

Table 1. Soil physical and chemical properties of different land use types.

Soil
Sample

TN (g/kg) AN (mg/kg) TP (g/kg) AP (mg/kg) TK (g/kg) AK (mg/kg) SOC (g/kg)

NF 1.672 ± 0.159 b 85.167 ± 5.09 b 0.264 ± 0.02 a 5.32 ± 0.67 b 6.25 ± 0.28 b 61.80 ± 4.32 a 71.47 ± 7.11 b
AF 4.166 ± 0.948 a 156.333 ± 21.61 a 0.479 ± 0.06 b 5.24 ± 0.85 b 9.76 ± 0.62 a 64.08 ± 20.46 a 64.23 ± 4.65 a
FL 3.155 ± 0.464 ab 135.333 ± 9.33 a 0.586 ± 0.32 b 30.76 ± 3.72 a 9.31 ± 0.334 a 86.42 ± 18.04 a 43.64 ± 3.77 a

Note: The data are means ± standard error (SE), different letters indicate significant levels (p < 0.05). a and b
stand for Duncan’s multiple-range test. TN (total nitrogen); AN (immediate nitrogen); TP (total phosphorus); AP
(immediate phosphorus); TK (total potassium); AK (immediate potassium); SOC (organic carbon); NF (natural
forest); AF (artificial forests); FL (farmland).

3.2. Microbial α-Diversity Analysis

Significant differences were observed among the soil bacterial α-diversity of different
land uses (Table 2). The Chao1 index reached its peak at 4475.56 in agricultural land,
whereas the lowest value (3775.49) was recorded in natural forest. Moreover, the highest
Shannon’s diversity index of 10.44 was observed in natural forests, whereas the lowest
value (9.55) was detected in agricultural land. Similarly, Simpson’s index exhibited the
greatest diversity at 0.56 in natural forest, contrasting with its lowest value (0.027) in
agricultural land.

Table 2. α Diversity of soil bacteria under different land uses.

Land Use Type Chao1 Shannon Simpson Coverage

NF 4343.4 ± 14.939 a 10.2 ± 0.108 a 0.027 ± 0.001 b 0.974 ± 0.005 a
AF 3775.5 ± 159.176 b 10.41 ± 0.198 a 0.557 ± 0.011 a 0.974 ± 0.002 a
FL 4475.6 ± 116.811 a 9.6 ± 0.3555 b 0.193 ± 0.003 b 0.973 ± 0.003 a

Note: The data are means ± standard error (SE), different letters indicate significant levels (p < 0.05). a and b
stand for Duncan’s multiple-range test.

3.3. Structural Composition of Microbial Communities

The results of our high-throughput sequencing analyses yielded a total of 334,356
valid sequences from all of the examined soil samples, with an average length of 363.88 bp.
Out of these sequences, 8260 sequences were categorized as OTUs and further classified
into 41 phyla, 102 orders, 232 orders, 296 families, 523 genera, and 601 species (Figure A1).
The number of OTUs varied among the different land use types: 5821 species in agricultural
land, 5630 species in natural forests, and 5102 species in planted forests. There were a
total of 3207 OTUs in the three sampling plots, with agricultural land, natural forests, and
planted forests encompassing 1274, 1055, and 845 OTUs, respectively (Table A1).

As outlined in Table 3, significant differences were observed in the levels of bacterial
phyla under different land uses, with Myxococcota, Acidobacteriota, Actinobacteriota,
Chloroflexi, Gemmatimonadota, and Planctomycetota showing significant differences. In
contrast, Bacteroidia, Proteobacteria, and Verrucomicrobiota were not significantly different
(Table A2). The Acidobacteria phylum exhibited the highest abundance (31.2%) in natural
forests and the lowest (14.6%) in agricultural land. The Actinobacteria phylum displayed
the highest abundance (18.7%) in agricultural land and the lowest (11.8%) in natural forests,
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whereas the Gemmatimonadota phylum was the highest at 8.6% in agricultural land and
the lowest at 3.8% in artificial forests (Figure 1).

Table 3. Spearman correlation analysis between soil physicochemical properties and microorganisms.

Phylum
Physical and Chemical Properties of the Soil

AK AN TN TP TK AP SOC

Myxococcota 0.2333 −0.569 −0.4833 −0.2333 −0.6667 * 0.35 −0.5167
Acidobacteriota −0.2 0.2343 0.2333 −0.05 0.3833 −0.5333 0.4
Actinobacteriota 0.5 0.159 0.1333 0.45 −0.1333 0.6833 * −0.1

Chloroflexi 0.4667 −0.1255 −0.0833 0.2333 −0.4 0.5167 −0.1
Bacteroidota −0.3667 −0.0084 −0.15 −0.5333 −0.5833 −0.2833 −0.1353

Gemmatinnonadota 0.1333 −0.7029 * −0.6833 * −0.333 −0.8333 ** 0.1167 −0.75 *
Planctomycetota 0.0833 0.3264 0.3533 −0.0333 0.35 −0.3833 0.5
Proteobacteria −0.05 0.4268 0.3333 0.25 −0.0167 0.2667 0.3667

Verrucomicrobiota 0.1833 0.0418 0.0667 −0.0167 0.2167 0.0167 −0.1167
Chao1 0.35 −0.0335 −0.05 0.2833 −0.3833 0.4833 −0.3167

Shannon 0.4333 −0.1506 −0.1333 0.25 −0.4167 0.5 −0.4

Note: AK, AN, TN, TP, TK, AP, AK, AN, TN, TP, TK, AP, and SOC represent quick-acting potassium, quick-
acting nitrogen, total nitrogen, total phosphorus, total potassium, quick-acting phosphorus, and organic carbon,
respectively; * p < 0.05; ** p < 0.01. The bold indicates a significant correlation between soil physicochemical
properties and soil bacterial phyla.

Figure 1. Bacterial community composition in different soil samples at the phylum level.

At the genus level (Figure 2), bacterial taxa with a relative abundance greater than 5%
included Sub-group 2_norank (11.69%), Gaiellales_norank (6.6%), Gemmatimonadaceae_uncultured
(6.21%), Acidobacteriales_norank (5.94%), and Bradyrhizobium (5.13%). Bacterial taxa with a
relative abundance of less than 1% accounted for more than 30% of the three land use types.

3.4. Correlation between Soil Physical and Chemical Properties and the Relative Abundance of
Microbial Communities

Redundancy analysis (RDA) of the soil biological communities of the three land
use patterns at the genus level was conducted to preliminarily analyze the effects of
soil physicochemical factors on soil microbial communities (Figure 3). The RDA results
indicated that the two axes explained a total of 93.67% of the community changes, with the
vertical axis explaining 8% of the community changes and the horizontal axis explaining
85.67% of the community changes. The composition of the bacterial community of natural
forests was primarily influenced by AP and AK, whereas that of artificial forests was
influenced by TK, AN, TN, and SOC, and the bacterial community composition of farmland
soil was mainly influenced by TP, AP, and AK.
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Figure 2. Bacterial community composition in different soil samples at the genus level.

Figure 3. RDA of microbial community composition and soil physicochemical properties.

Spearman correlation analysis was conducted to reveal the relationship between
the microbial community composition and the physical and chemical properties of the
three soil types depending on land use (Table 3). The results revealed that the Chao1
index and Shannon index were not significantly correlated with physical and chemical
properties. However, significant correlations existed between the dominant bacterial groups
(Mucor, Actinobacteria, and Bacillus) and soil physicochemical properties. In contrast, the
dominant bacterial phyla such as Aspergillus and Acidobacteria, did not exhibit significant
correlations with any of the examined physicochemical properties. Specifically, the genus
Mucor exhibited a significant negative correlation with total potassium content (p < 0.05),
whereas the phylum Actinobacteria exhibited a significant positive correlation with quick-
acting phosphorus content (p < 0.05). The phylum Bacillus displayed a significant negative
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correlation with quick-acting nitrogen content (p < 0.05), a highly significant negative
correlation with total potassium content (p < 0.01), and a significant negative correlation
with soil organic carbon content (p < 0.05).

4. Discussion

Soil microorganisms are crucial components of ecosystem dynamics and play a pivotal
role in plant and soil nutrient cycling metabolism [16,17], with bacteria being among the
most diverse and numerous microorganisms in soil [18]. Their multifaceted impact extends
to plants, animals, and soils, influencing soil nutrient cycling, fertility maintenance, and
enhancement, as well as plant growth and development [19].

This study revealed Proteobacteria, Acidobacteria, and Actinobacteria as dominant
bacterial phyla in soils of different land use types. However, land use significantly altered
the relative abundance of soil bacterial phyla, which was consistent with the results of Zou,
Xiaoxiao and Cai, Guanxia [20–23]. Moreover, we summarized other studies in different
regions and found that the dominant soil bacterial phyla were all the same in different
land use types, but the structure and diversity of soil microbial communities changed
significantly (Table A3). In this study, we observed substantial changes in the relative
abundance of dominant phyla, with the highest relative abundance of Actinobacteria reach-
ing 18.7% in agricultural land, whereas the lowest level of 14% was observed in natural
forests. This variation may be attributed to manual straw crushing practices in farmland,
leading to the highest relative abundance of Actinobacteria, which accelerates apoplastic
material decomposition [24]. It may also be related to the potential ecological properties
of actinomycetes, where bacteria of the phylum Actinomycetes play a key role in organic
matter decomposition, facilitating the decomposition and cycling of organic matter. The
highest relative abundance of Acidobacteria was identified in artificial forests at 31.2%,
contrasting with the lowest in agricultural land at 14.6%. Although previous studies have
suggested that Acidobacteria abundance is higher in nutrient-poor environments [25–27],
the present findings align with Junjie Liu et al.’s observations in black soil, indicating a
unique distribution pattern and a correlation with soil nutrient content [28]. It may also
be related to the life habits of Acidobacteria, which are usually abundant in more acidic
soils and are adapted to acidic environments. The highest abundance of Proteobacteria was
observed in agricultural land at 31.8% and the lowest in natural forest at 30%. This may
be linked to Proteobacteria preference for eutrophically rich soils [29], which is consistent
with the relatively high nutrient content in agricultural land (nitrogen, phosphorus, and
potassium). The adaptability of Proteobacteria, often parthenogenetic or aerobic bacteria,
could also contribute to their higher abundance [30]. Additionally, artificial fertilization
in farmland may have influenced the soil structure, enhancing the suitability of green
leafy plants, known for their stress tolerance, in nutrient-poor environments [31]. It is also
possible that this may be related to the cultivation of soybean at the site, which is a nitrogen-
fixing plant, and that some members of the phylum Ascomycota are involved in nitrogen
fixation and nitrification-reduction processes, which have an important influence on the
nitrogen cycle in the soil. However, the slightly higher relative abundance of the Gemmati-
monadota phylum in agricultural land may be related to organochlorine pesticide use, as
its abundance has been shown to increase with the application of organochlorine [32].

From Table 3, Actinobacteriota, Myxococcota, and Gemmatinnonadota were more
strongly correlated with soil chemical properties. Among them, Actinobacteriota showed
some degree of positive correlation on AK, AN, TN, TP, TK, AP, and SOC, especially on AP
and SOC. This may be due to the fact that some members of Actinobacteriota may have
the potential to decompose organic phosphorus. Organic phosphorus is an important pool
of phosphorus in the soil, and its degradation helps to provide plant-available inorganic
phosphorus. Thus, the positive role of Actinobacteriota may involve the production of
organic phosphorus-degrading enzymes that promote efficient phosphorus utilization in
the soil. On the other hand Actinobacteriota are usually known for decomposing organic
matter. They may be involved in the decomposition of complex organic matter in the soil,
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producing secondary metabolites, and contributing to the soil carbon cycle. The positive
correlation in terms of SOC may be related to the involvement of Actinobacteriota in or-
ganic matter degradation. They may decompose residues and organic matter and promote
the decomposition and mineralization of organic matter in the soil. Myxococcota may be
more sensitive to the utilization of fast-acting potassium. This may involve a decrease
in the relative abundance of Myxococcota in areas enriched in fast-acting potassium, as
their metabolic activities are affected by fast-acting potassium concentrations. The nega-
tive correlation of Myxococcota may be related to their specific functions in the nitrogen,
phosphorus, and carbon cycles. Possible mechanisms include their utilization of certain
nutrients in the soil or their sensitivity to specific environmental conditions. Gemmatin-
nonadota showed negative correlations for a wide range of soil nutrients (AK, AN, TN, TP,
TK, AP), which may be due to its high sensitivity relative to the concentrations of these
nutrients. It is possible that its metabolic activities are directly affected by changes in the
concentrations of these nutrients. The negative correlation with TK and SOC may indicate
that Gemmatinnonadota is highly sensitive to organic carbon levels in the soil. This group
of bacteria may increase in relative abundance in environments with relatively low SOC in
response to decreasing organic carbon levels.

At the genus level, a total of 523 microbial genera were detected in natural forests,
artificial forests, and farmland under different land use modes over the long term, and the
distribution patterns of these microbial genera were notably distinct. Subgroup 2_norank
exhibited the highest relative abundance in plantation forest soils and belonged to the Aci-
dobacteria phylum. This observation may be attributed to the predominance of eutrophic
Acidobacteria in natural forests, where nutrient content is relatively high. It could also be
linked to the unique distribution pattern of Acidobacteria in black soils [28], consistent with
our study’s findings. The relative abundance of Gaiellales_norank was higher in farmland
than in natural and artificial forests, potentially connected to farmland tillage. Aerobic
bacterium characteristics of Gaiellales_norank may be favored by crop tillage, increasing
soil oxygenation [33].

Differences in soil utilization not only impact variations in microbial community
structure but also influence the diversity of soil microbial communities [34]. In this study,
significant differences in soil microbial community diversity were observed among different
land use modes. The bacterial diversity of natural forests was higher than in other land
use modes, consistent with the results of Jiao et al. [35]. The higher bacterial diversity
in natural forests may be attributed to long-term management practices such as artificial
nurturing and inter-logging, which influence the soil microbial community and promote
or inhibit the growth of specific microorganisms, thus enhancing bacterial diversity [30].
Land use practices have substantial effects on soil chemical properties (e.g., TN, AN, SOC,
TK, etc.), as well as on soil microbial diversity. Our RDA results revealed that soil SOC,
TN, AN, and TK had a significant impact on soil bacterial diversity, aligning with previous
studies indicating the strong influence of soil nutrients on the diversity and abundance
of soil microbial communities [36]. Here, we observed that the lowest bacterial diversity
index in farmland may be attributed to the lack of nutrients and organic matter in the soil
due to prolonged cultivation, even with artificial fertilization. Additionally, factors such
as the absence of ground cover, prolonged exposure of the soil surface to sunlight, and
soil dryness may hinder the survival and reproduction of bacteria. The SOC content may
also play a role, as studies suggest that the conversion of forests into farmland leads to a
25% to 50% decrease in SOC content in the soil [37]. Wang G et al. [38] found that lower
SOC content may reduce the number of antagonistic bacteria in the soil, subsequently
diminishing soil bacterial diversity. The results of this study suggest that changes in
nutrient elements and chemical properties in soils of different land use types may directly
affect the ecological niche and metabolism of microorganisms. Also, it may be related to
vegetation types, which provide different root secretions and organic matter, which directly
affect the type and number of microorganisms in the soil.
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Related studies have indicated that soil microbial abundance increases after converting
native vegetation to agricultural land [39], aligning with the findings of this study. The high-
est bacterial abundance was observed in agricultural land, possibly linked to anthropogenic
disturbance. Lammel et al. noted a substantial increase in soil bacterial abundance from
primary rainforests and savannahs to agricultural land in the southern part of the Amazon
due to sustained anthropogenic disturbance [40]. Frequent anthropogenic disturbances
may stimulate the enrichment of bacterial OTUs [41]. Natural forests exhibited relatively
lower bacterial abundance, possibly due to the variable responses of different bacterial
communities to changes in soil nutrient levels. Changes in the soil microenvironment,
including nutrients, can also influence microbial diversity [42]. In this study, Spearman
analysis indicated that SOC and TN had a lesser effect on soil diversity, contrary to previous
studies suggesting a greater impact of soil nutrients on the diversity and abundance of soil
microbial communities [43]. Seasonal factors must also be considered, as highlighted in
the study by Ji Chuning et al., where pH and moisture content significantly affected the
diversity of soil fungal communities during fungal community succession in reclaimed
soils in a mining area [44]. Various factors, including seasonal variations, land use, and
management practices, significantly impact bacterial abundance and diversity [45,46].
Sampling was conducted during the summer season, when plants naturally grow and
differences in vegetation can cause changes in soil physicochemical properties, affecting soil
microorganisms. Agricultural management practices and variations in climatic conditions
during the summer may alter soil properties, subsequently influencing soil microorganisms.
Although this study provides clear evidence that land use type significantly affects soil
microbial community composition, there are still several uncertainties and limitations
that must be addressed. The response of the microbial community to land use changes
is time-dependent. However, this study only examined short-term responses. To better
understand the impact of different land use types on the structure and diversity of soil
microbial communities and provide a reliable basis, long-term and continuous monitoring
across various land use types is essential.

5. Conclusions

Our findings demonstrated significant differences in soil bacterial diversity among
different land use modes in the Black-billed Grouse Nature Reserve at the Central Station
of Heilongjiang. Soil bacterial diversity in artificial forests was significantly higher than
that in farmland, indicating a notable variation in microbial richness. The nutrient content
of soil in artificial forests and farmland exhibited a significant increase compared to that in
natural forests. Additionally, microbial abundance in farmland was significantly higher
than that in artificial forests. Meanwhile, the dominant microbial taxa in natural forests,
plantation forests, and farmlands were essentially the same, but their community structures
differed. The primary environmental drivers for these variations might include TN, AN,
SOC, and AP.
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Appendix A

Table A1. Summary of the high-throughput sequencing data.

Land Use Types Sequences Average Length Coverage OTU

NF 110,686 263.3 0.9775 5630
AF 109,092 263.2 0.9714 5102
FL 114,581 263.6 0.9776 5821

Table A2. ANOVA of dominant bacterial abundance at the phylum level (relative abundance > 1%).

Phylum NF AF FL

Myxococcota 0.034 ± 0.003 a 0.022 ± 0.005 b 0.031 ± 0.006 ab
Acidobacteriota 0.175 ± 0.171 b 0.312 ± 0.06 a 0.146 ± 0.014 b
Actinobacteriota 0.14 ± 0.015 ab 0.113 ± 0.023 b 0.187 ± 0.008 a

Chloroflexi 0.073 ± 0.005 a 0.038 ± 0.003 b 0.086 ± 0.007 a
Bacteroidota 0.068 ± 0.01 a 0.061 ± 0.01 a 0.047 ± 0.002 a

Gemmatimonadota 0.077 ± 0.01 a 0.024 ± 0.002 b 0.063 ± 0.002 a
Planctomycetota 0.048 ± 0.002 ab 0.058 ± 0.004 b 0.037 ± 0.008 a
Proteobacteria 0.3 ± 0.002 a 0.315 ± 0.024 a 0.318 ± 0.019 a

Verrucomicrobiota 0.018 ± 0.004 a 0.015 ± 0.003 a 0.016 ± 0.005 a
Note: The data are means ± standard error (SE), different letters indicate significant levels (p < 0.05). a and b
stand for Duncan’s multiple-range test.

Table A3. Summary of data on dominant phyla and diversity in different regions.

Different Regions Dominant Soil Bacterial Phylum (Top 4 Abundance) α Diversity

The results of this
study
Natural forests

Proteobacteria Acidobacteriota Actinobacteriota Chloroflexi

Agricultural land had the
highest Chao1 index,
while natural forests had
the lowest values. In
addition, the Shannon
diversity index was
highest in natural forests
and lowest in
agricultural lands.

Artificial forests Proteobacteria Acidobacteriota Actinobacteriota Chloroflexi

Farmland Proteobacteria Acidobacteriota Actinobacteriota Chloroflexi

Sichuan [23]
Sandy wetland Proteobacteria Actinobacteriota Acidobacteriota Chloroflexi

Chao1 index showed
muddy wetlands > sandy
wetlands > natural forest
land > farmland

Farmland Proteobacteria Actinobacteriota Acidobacteriota Chloroflexi

mud wetland Proteobacteria Actinobacteriota Acidobacteriota Chloroflexi

natural forest land Proteobacteria Actinobacteriota Acidobacteriota Chloroflexi
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Table A3. Cont.

Different Regions Dominant Soil Bacterial Phylum (Top 4 Abundance) α Diversity

Guizhou [21]
bare soil

Proteobacteria Acidobacteriota Chloroflexi Actinobacteriota

The Chao1 and α diversity
of soil bacteria in
grassland are both at high
levels and significantly
higher than those in other
land use types.
and significantly higher
than other land use types.
The abundance and alpha
diversity of soil bacteria in
grassland are both at high
levels and significantly
higher than those in other
land use types.
and significantly higher
than other land use types.

Farmland Proteobacteria Acidobacteriota Chloroflexi Actinobacteriota

Grassland Proteobacteria Acidobacteriota Chloroflexi Actinobacteriota

Shurb Proteobacteria Acidobacteriota Chloroflexi Actinobacteriota

GuangXi [20]
Farmland Actinobacteriota Proteobacteria Acidobacteriota Chloroflexi

No significant differences
in the richness and
diversity indices were
found among the three
plots. Chao, Simpson, and
Shannon diversity indices
were the highest in
farmland, followed by
grassland and plantations.

Grass land Actinobacteriota Proteobacteria Acidobacteriota Chloroflexi

Artificial forest Actinobacteriota Proteobacteria Acidobacteriota Chloroflexi

Figure A1. Venn diagram of the OTU distribution.
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Abstract: This study investigates the resilience of the unicellular green microalga Chlorella
vulgaris to extreme atmospheric conditions simulating those of Mars, Jupiter, and Titan.
Using Earth as a control, experiments were conducted under autotrophic and mixotrophic
conditions to evaluate the organism’s photosynthetic efficiency, oxygen production, and
biomass growth over 2, 5, and 12 days. Photosynthetic performance was analyzed through
chlorophyll a fluorescence induction (JIP-test), metabolic activity via gas chromatography,
and biomass accumulation measurements. Despite the extreme atmospheric compositions—
ranging from the CO2-rich, low-pressure Martian atmosphere to the anoxic atmospheres
of Jupiter and Titan—C. vulgaris demonstrated resilience and a functional photosynthetic
apparatus, maintaining growth and oxygen production. Notably, the Martian atmosphere
enhanced photosynthetic performance, with fluorescence curves and Fv/Fm ratios surpass-
ing Earth-like conditions, likely due to elevated CO2 and low pressure. Under mixotrophic
conditions, the addition of glucose further enhanced metabolic activity and biomass growth
across all atmospheres. These findings highlight the potential of C. vulgaris for bioregenera-
tive life support systems, enabling oxygen production, CO2 sequestration, and resource
cultivation in extraterrestrial habitats. The study showcases the organism’s adaptability to
extreme environments, with implications for astrobiology, space exploration, and sustain-
able extraterrestrial ecosystems. These findings expand habitability criteria and explore
extremophiles’ potential to support life beyond Earth.

Keywords: Chlorella vulgaris; photosynthesis; extraterrestrial environments; Martian atmo-
sphere; Jovian atmosphere; Titan atmosphere; metabolic plasticity

1. Introduction

Earth’s atmosphere is a gaseous layer surrounding the planet, held in place by gravity,
and extends to the Kármán line at approximately 100 km above sea level, where space is
conventionally considered to begin. Atmospheric drag on spacecraft becomes noticeable
below altitudes of about 150 km. The boundary between the atmosphere and space is not
clearly defined; it gradually thins out and dissipates into space. Earth’s atmosphere protects
life by absorbing ultraviolet solar radiation, retaining surface heat through the greenhouse
effect, and moderating temperature fluctuations between day and night. The composition
of dry air is primarily 78.08% nitrogen (N2), 20.95% oxygen (O2), 0.93% argon, 0.04% carbon
dioxide (CO2), and traces of other gases [1]. When comparing the atmospheric compositions
of some planets in our solar system (excluding their densities), like the atmospheres of
Jupiter (90% H2 and 10% He), Titan (a moon of Saturn—98% N2 and 2% CH4), and Mars
(approximately 100% CO2 at a pressure of <10 mbar), significant differences emerge relative
to Earth’s atmosphere.

Life 2025, 15, 117 https://doi.org/10.3390/life15010117
74



Life 2025, 15, 117

The selection of Mars, Titan, and Jupiter for this study reflects their distinct atmo-
spheric compositions and relevance in astrobiological research. Mars and Titan are among
the few bodies in the solar system with solid surfaces, making them of particular interest
for studying potential habitability. Mars offers a CO2-rich atmosphere and low pressure,
while Titan has a nitrogen-dominated atmosphere with trace hydrocarbons. These unique
environments provide valuable test conditions for the adaptability of terrestrial organ-
isms. Jupiter was included as a representative of the gas giant planets, with its hydrogen-
helium-dominated atmosphere serving as a model for understanding how photosynthetic
organisms might behave in such extreme, anoxic environments.

Microalgae exhibit remarkable adaptability to various extreme environments [2–4].
The ability of microalgae to thrive in extreme environmental conditions has been exten-
sively studied [2–5]. The microalga Chlorella vulgaris is notable for its exceptional tolerance
to extreme conditions, including high CO2 concentrations. This feature is crucial for envi-
ronmental and astrobiological applications. Studies have shown that C. vulgaris can thrive
in atmospheres with up to 60% CO2 without significant stress, performing photosynthesis
and producing oxygen simultaneously [2]. This resilience makes it suitable for carbon
capture applications, such as near power plants. High CO2 concentrations also enhance
Chlorella’s photosynthetic activity, boosting biomass and O2 production while protecting its
photosynthetic mechanism from photoinhibition [2].

Moreover, Wang et al. [3] have shown that Chlorella withstand space-like conditions.
When exposed to high altitudes using scientific weather balloons, Chlorella cells experi-
enced low temperatures, intense UV radiation, and reduced atmospheric pressure. While
these harsh conditions caused significant physiological damage—such as DNA damage,
reduced cell viability, and substantial mortality—the microalga was able to survive. Tran-
scriptomic analyses revealed adaptive responses, including the expression of 3292 genes
associated with heat shock proteins, antioxidant enzymes, DNA repair systems, and ribo-
somal proteins [3]. Notably, this study focused on survival rather than active growth or
photosynthesis at stratospheric altitudes.

Additionally, under drought conditions, Chlorella develops protective mechanisms
to mitigate stress effects, such as rapid recovery of photosynthetic activity, increased
chlorophyll content, and accumulation of osmotic regulators like sucrose and trehalose [4].
Furthermore, C. vulgaris has been investigated for its potential role in bioregenerative life
support systems (BLSS) due to its ability to produce essential biomolecules such as proteins,
lipids, vitamins, and minerals [6].

Zerveas et al. [5] demonstrated that microalga Scenedesmus obliquus, in closed systems
under anoxic conditions, can alter the atmosphere by enriching it with oxygen (O2) through
photosynthesis using solar energy. Specifically, when exposed to atmospheres containing
100% nitrogen (N2) or 100% helium (He), devoid of CO2 and O2, the microalga seems to
metabolize organic reserves, such as starch, through respiration to produce CO2. This
CO2 is then used in photosynthesis to generate O2. Part of the produced O2 enriches the
atmosphere, while the rest supports metabolic processes like respiration and biomass pro-
duction. The recycling of products and substrates between photosynthesis and respiration
contributes to an oxygen-enriched atmosphere and the microalgae’s survival.

Microalgae are photosynthetic organisms capable of harnessing solar energy and
absorbing large amounts of carbon dioxide, thus contributing to the production of atmo-
spheric oxygen on Earth. Chlorella vulgaris has served as an essential model organism due
to its simple structure, rapid growth under autotrophic, mixotrophic, and heterotrophic
conditions, and high photosynthetic efficiency [7]. C. vulgaris consists of microscopic
spherical cells with diameters ranging from 2 to 10 μm. The reproduction of C. vulgaris
is asexual and occurs through a process called autosporulation. During autosporulation,
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the parent cell produces daughter cells within its cell wall before releasing them into the
environment [7,8].

The aim of this study is to investigate the resilience and metabolic functionality of
the unicellular eukaryotic microalga C. vulgaris under conditions simulating the atmo-
spheres of Mars, Jupiter, and Titan. Specifically, it examines whether this microalga can
survive, photosynthesize, and grow in extreme extraterrestrial atmospheres significantly
different from Earth’s. The findings will deepen our understanding of the microalga’s
immediate adaptive mechanisms in extreme conditions, highlighting its astrobiological
and astrobiotechnological potential.

2. Materials and Methods

2.1. The Microalga Chlorella vulgaris—Culture Conditions and Experimental Procedures

A wild type strain of the unicellular green alga Chlorella vulgaris (SAG Number 211-11b)
(Beyerinck, 1890) was cultured using Bold Basal Medium (BBM) as the nutrient medium [9].
Initial C. vulgaris cultures were prepared in 250 mL glass tubes shaped like saxophones
(dimensions: 5 cm × 50 cm). The “saxophones” had an open top covered with hydrophobic
cotton, and an air pump that provided continuous airflow (~50 L/h) through a tube at
the bottom, ensuring optimal aeration and mixing to prevent sedimentation and enhance
nutrient exchange (Supplementary Figure S1). These cultures were maintained under
constant light intensity (about 50 μmol m−2 s−1) and room temperature (25 ◦C) for one
week, serving as mother cultures for subsequent experimental procedures.

Both autotrophic and mixotrophic BBM media were prepared for experimental proce-
dures. The autotrophic medium was identical to the original BBM, while the mixotrophic
medium included an additional 5 g/L glucose to provide an external organic carbon source.
All experiments were conducted in hermetically sealed 125 mL glass vials with septa
(dimensions: 5 cm × 9.5 cm), simulating the atmospheric conditions of Earth (atmospheric
air—control), Jupiter (90% H2 and 10% He), Titan (98% N2 and 2% CH4), and Mars (about
100% CO2). Each vial contained 50 mL of the medium and 75 mL of the gaseous phase.
The initial cell concentration was 1 μL PCV (packed cell volume)/mL. In all cases except
the Mars simulation, the atmospheric pressure was approximately 1000 mbar. For Mars,
the pressure was much lower (<10 mbar), achieved using a SpeedVac Vacuum Concentra-
tor [10]. To establish a 100% CO2 atmosphere, a compressed CO2 gas cylinder was used.
Using two sterilized needles (one for gas inflow and the other for outflow), the bottles
were filled while maintaining a continuous gas flow to degas the medium and completely
replace the air atmosphere. It took approximately 2 min to completely replace the bottle’s
atmosphere with CO2. The atmospheric composition inside the bottle was verified using
gas chromatography with thermal conductivity detection (GC-TCD). To achieve extremely
low pressures nearing a vacuum (<10 mbar), a Heto freeze-dryer system (Heto, Maxi
Dry Lyo model, Allerod, Denmark) equipped with a vacuum pump was employed. This
system is capable of simulating pressures close to a vacuum (<10 mbar). After establish-
ing the desired atmospheric composition in each closed culture system (100% CO2), the
septum-sealed bottles were placed inside the SpeedVac chamber. During the initiation of
vacuum incubation (<10 mbar), a syringe was inserted into the septum of each bottle. This
allowed the pressure of the atmosphere inside the bottles to adjust to match the atmospheric
pressure of the SpeedVac chamber (<10 mbar) without altering the composition of the at-
mosphere within the bottles (100% CO2). Under these conditions, the liquid medium began
to evaporate slowly and gradually under low pressure. To address this issue, we stopped
the vacuum after approximately five days of incubation, replenished the evaporated water
with distilled water, repeated the gas phase formation process (100% CO2) as described
earlier, and resumed incubation until the 12th day.

76



Life 2025, 15, 117

For Jupiter’s (90% H2 and 10% He) and Titan’s (98% N2 and 2% CH4) atmospheres, cul-
tures were initially prepared using 100% H2 and 100% N2, respectively. To create Jupiter’s
atmosphere, 10% of the 100% H2 atmosphere was removed using a gas-tight syringe, and
10% He was added. Similarly, for Titan’s atmosphere, 2% of the 100% N2 atmosphere was
removed and 2% CH4 was introduced. The atmospheric composition inside the bottle was
verified using gas chromatography with thermal conductivity detection (GC-TCD).

We note that this study aimed to replicate the gas compositions and pressures of
these extraterrestrial environments while maintaining laboratory temperatures (25 ◦C)
conducive to sustaining C. vulgaris, as the goal was to assess the resilience of the organism’s
photosynthetic and metabolic activity under these atmospheric conditions.

2.2. Fluorescence Induction Measurement (JIP-Test)

Fluorescence induction was measured using the Plant Efficiency Analyzer (Handy
PEA, Hansatech Instruments, King’s Lynn, Norfolk, UK). The JIP-Test is a widely used
technique in plant physiology to evaluate the efficiency of the photosynthetic apparatus,
particularly of Photosystem II (PSII).

During photosynthesis, only part of the energy absorbed by pigments is used for
photochemical processes, while the rest is emitted as heat or fluorescence. Fluorescence
induction in photosynthetic organisms, first observed by Kautsky and Hirsch [11], exhibits
two phases: rapid and slow [12]. Today, analyzing the fluorescence induction curve,
particularly the rapid phase, is a tool for investigating the structure and function of the
photosynthetic apparatus.

Rapid fluorescence phase measurements were recorded at 10 μs intervals over one
second. Fluorescence was measured at a 12-bit resolution, with excitation via three red-light
LEDs (intensity 3000 μmol m−2 s−1). For fluorescence induction measurements, we placed
the flat bottom of the small culture bottle (Ø 5 cm) directly on the PEA sensor using a
specialized adapter that ensured complete darkness for at least 5 min, allowing the PSII
reaction centers to fully open before exposure to saturated light. Under these conditions,
and without opening the culture bottles, we conducted measurements of the culture in
ambient conditions using the JIP-test [13]. Data analysis was conducted using Biolyser HP
4.0 software.

Key parameters studied included the Fv/Fm ratio (indicative of the maximum quan-
tum efficiency of photosystem II and overall photosynthetic efficiency), Sm (a measure
of the electron transport reservoir size), dV/dt0 (electron transfer speed), N (number of
QA reduction cycles required to close all reaction centers), TR0/RC (energy trapped per
reaction center), ETo/RC (electron flow per reaction center), RC/CS0 (density of active
reaction centers per cross-sectional area), ABS/RC (functional antenna size per reaction
center), DI0/RC (non-photochemical energy dissipation per active center), and PI(abs) (a
performance index combining the efficiency of energy absorption, trapping, and electron
transport). Additionally, it is important to note that chlorophyll a fluorescence, particularly
the steady-state fluorescence compared to the transient peak, provides complementary
information to O2 evolution. This relationship underscores that the fluorescence measure-
ments reflect overall photosynthetic activity, not solely the status of photosystems.

2.3. Gas Chromatography—Thermal Conductivity Detection (GC-TCD) for
Photosynthetic Activity

For qualitative and quantitative gas analysis, particularly oxygen, in closed culture sys-
tems, gas chromatography using thermal conductivity detection (GC-TCD) (Shimadzu GC
2010 Plus, Kyoto, Japan) was employed, with argon as the carrier gas at 5 bar pressure. A
250 μL gas sample was injected using a gas-tight precision syringe. Gases (O2 and N2) were
separated based on thermal conductivity differences. The thermal conductivities of argon,
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nitrogen, and oxygen were 0.0001772 W/cmK, 0.0002598 W/cmK, and 0.0002674 W/cmK,
respectively. A long capillary column (Ø 5 Å) was used, with detector temperature main-
tained at 200 ◦C, oven at 120 ◦C, and injection point at 180 ◦C. Quantitative gas analysis
was performed using reference curves derived from known gas concentrations. According
to the GC-TCD measurements for photosynthetic activity estimation, we recorded O2

production during the first 2 days of incubation time (GC-TCD measurements at 0 and
2 days). Additionally, we know the biomass in the closed bottles (in μL PCV/mL) and the
photosynthetic rate, expressed as mLO2·mL PCV−1·day−1.

2.4. Measurement of Packed Cell Volume (PCV)

To measure the packed cell volume of individual cultures, 1000 μL samples were
centrifuged in calibrated capillary tubes for 5 min at 1500 g to sediment the cells [10].
Cellular concentration was expressed as packed cell volume (PCV) per mL of culture. This
method assessed the growth rate of microalgal cultures under different conditions.

2.5. Data Analysis

All the experiments were conducted with a minimum of three repetitions to ensure
reliability. Error bars on the diagrams represent the standard error of the mean (SEM),
providing a measure of variability and precision in the sample means.

3. Results

3.1. Resilience of the Autotrophic Culture Chlorella vulgaris in the Atmospheres of Mars, Jupiter
and Titan

This experiment examined the ability of the eucaryotic unicellular green microalga
Chlorella vulgaris to survive and maintain its photosynthetic activity under conditions simu-
lating the atmospheres of Jupiter, Titan (a moon of Saturn), and Mars. To assess whether
the microalga could survive in these extraterrestrial environments, several parameters
were monitored over time. These included the functional performance of the photosyn-
thetic apparatus through chlorophyll a fluorescence induction measurements (JIP-test), its
ability to metabolize and produce oxygen via photosynthesis using gas chromatography
with thermal conductivity detection (GC-TCD), and its capacity to multiply assessed by
measuring the growth of the cultures, expressed in μL PCV/mL. The Earth’s atmosphere
was used as a control, and the experiments were conducted under both autotrophic and
mixotrophic conditions. Measurements were taken after incubating the cultures in the
different atmospheres for 2, 5, and 12 days.

The atmospheres of the other celestial bodies differ significantly from that of Earth.
The compositions used were as follows: Earth’s atmosphere consisted of 78% N2, 21% O2,
and 0.04% CO2; Jupiter’s atmosphere contained 90% H2 and 10% He; Titan’s atmosphere
consisted of 98% N2 and 2% CH4; and Mars’ atmosphere was composed of approximately
100% CO2 at a pressure of <10 mbar. In all experimental setups, fluorescence induction
curves were examined to provide fundamental insights into photosynthetic efficiency
under autotrophic conditions in different planetary environments.

Fluorescence induction measurements reflect the functionality of the photosynthetic
apparatus. On day 2, the fluorescence curves were nearly identical across all atmospheres
and retained the characteristic shape of the OJIP curve observed in the control (Earth). This
indicated proper functioning of the photosynthetic mechanism and efficient electron flow
despite the extreme atmospheric conditions, suggesting that C. vulgaris under autotrophic
conditions was capable of surviving and maintaining photosynthetic activity under these
anoxic extreme conditions (Figure 1).
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Figure 1. Fluorescence induction curves for all treatments with autotrophic cultures of the microalga
Chlorella vulgaris under different simulated atmospheres (Jupiter, Titan, Mars) compared to the control
treatment (Earth atmosphere) after incubation under these conditions for (A) 2 days, (B) 5 days, and
(C) 12 days.

By day 5, the fluorescence curves began to diverge between atmospheres. The Earth’s
curve showed a slight decline but retained its characteristic shape, whereas those for Jupiter
and Titan displayed noticeable drops, indicating stress on the cells. However, the curves
still maintained the characteristic OJIP profile. On Mars, the fluorescence curve exceeded
that of Earth, likely due to the CO2 rich atmosphere (100%) combined with low atmospheric
pressure (<10 mbar), which appeared to enhance photosynthesis (Figure 1).

By day 12, the curves had decreased in amplitude and steepness across all atmospheres,
but still indicated photosynthetic activity. The overall decline, including in Earth condi-
tions, was attributed to nutrient depletion in the closed system rather than atmospheric
composition. These findings suggest that C. vulgaris can survive and photosynthesize in
the atmospheres of Jupiter, Titan, and Mars under autotrophic conditions without prior
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adaptation. However, it is important to note that these results are based on controlled
simulations and do not account for the absence of liquid water in such environments.

Further investigations examined structural and functional changes in the photosyn-
thetic mechanism across conditions using the JIP-test. Figure 2 presents normalized param-
eter values relative to the control (Earth). Key parameters studied included the Fv/Fm ratio
(indicative of photosynthetic efficiency), Sm (a measure of the electron transport reservoir),
dV/dt0 (electron transfer speed), N (number of QA reduction cycles), TR0/RC (energy
trapped per reaction center), ETo/RC (electron flow per reaction center), RC/CS0 (active
reaction center density), ABS/RC (functional antenna size), DI0/RC (non-photochemical
energy dissipation per active center), and PI(abs) (photosynthetic efficiency).

Figure 2. Differentiation of selected parameters from the JIP test (highlighting the structure and
function of the photosynthetic mechanism) for treatments under simulated Jupiter, Titan, and Mars
atmospheres compared to the control treatment (Earth atmosphere) under autotrophic conditions,
after incubation under these conditions for (A) 2 days, (B) 5 days, and (C) 12 days.

On day 2, the Fv/Fm ratio on Mars was higher than that on Earth, indicating in-
creased photosynthetic efficiency, likely due to the high CO2 concentration [10]. In Titan’s
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atmosphere, Fv/Fm was slightly lower than Earth’s, while in Jupiter’s atmosphere, it
was slightly elevated. Sm values were higher for all three extraterrestrial atmospheres
compared to Earth, reflecting a larger electron transport reservoir (the number of available
electron carriers between the reaction centers of photosystem II and the plastoquinone
pool). The dV/dt0 values were similar across all atmospheres, suggesting functional and
healthy photosystems. The RC/CS0 and ABS/RC values were also comparable to Earth’s,
indicating no stress. PI(abs), a sensitive parameter reflecting PSII functionality, showed
comparable values between Earth, Jupiter, and Titan, with Mars exhibiting significantly
higher values, indicating robust photosynthetic activity even after 48 h of incubation in
extreme conditions.

On day 5 (120 h of incubation), parameter values across the planets showed no
significant deviations from Earth’s normalized values, except for PI(abs) and DI0/RC.
Jupiter and Titan cultures demonstrated slight stress in their photosynthetic apparatus.
Stress responses included decreased active center density (RC/CS0), increased antenna
size (ABS/RC), higher non-photochemical energy dissipation (DI0/RC), and reduced
Fv/Fm and PI(abs). In contrast, the Mars atmosphere showed enhanced photosynthetic
performance, expressed as increased Fv/Fm and PI(abs). These changes suggest that the
microalgae remained capable of photosynthesis despite moderate structural and functional
adjustments to the PSII.

By day 12 (288 h of incubation), significant gradients emerged between Earth’s pa-
rameters and those of other planetary atmospheres, reflecting stress without PSII collapse.
All cultures, even those in Earth-like conditions, exhibited stress, attributed to nutrient
depletion in the closed system. These stressors influenced PSII efficiency, electron transport,
and energy management. However, the photosynthetic apparatus remained functional
across all conditions.

To confirm metabolic functionality, net photosynthesis was measured (expressed as mL
O2·mL PCV−1·day−1) using GC-TCD, except under Mars conditions where low pressure
prevented measurement. The results showed oxygen production in all tested atmospheres.
Earth’s atmosphere supported the highest photosynthetic activity, followed by Titan and
then Jupiter. This confirmed active metabolism and oxygen production by the microalgae
despite adverse atmospheric conditions (Figure 3).

Figure 3. Photosynthetic O2 production rate of Chlorella vulgaris under autotrophic conditions in
different atmospheres.

Lastly, we assessed the ability of C. vulgaris to multiply under these extreme conditions
by monitoring biomass changes over time, expressed as μL PCV/mL. All cultures started at
1 μL PCV/mL and exhibited biomass growth over time, indicating active proliferation in all
atmospheric conditions (Figure 4). The distinct biomass production trends observed under
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autotrophic conditions in the reducing atmospheres of Jupiter and Titan compared to the
oxidizing conditions of Earth and Mars suggest potential shifts in metabolic pathways. In
the methane-rich atmosphere of Titan, Chlorella vulgaris may partially rely on alternative
metabolic processes, such as fermentative or anoxygenic pathways, to build biomass,
which could explain the surge followed by a plateau. This interpretation is supported by
the inverse relationship between biomass production (Figure 4) and oxygen production
(Figure 3) under these conditions.

0 2 5 12

Figure 4. Biomass differentiation kinetics of Chlorella vulgaris for all treatments under autotrophic
conditions.

These findings suggest the potential capability of microalgae to survive, photosynthe-
size, and reproduce under the simulated extreme atmospheres of Jupiter, Titan, and Mars.
However, it is important to note that these results are based on controlled simulations and
do not account for the absence of liquid water in such environments.

3.2. Resilience of Mixotrophic Chlorella vulgaris Cultures in the Atmospheres of Mars, Jupiter
and Titan

We conducted experiments under mixotrophic conditions by supplementing inor-
ganic nutrients with glucose (5g/L) to examine the behavior of mixotrophic cultures in
various planetary atmospheres. The fluorescence induction curves of C. vulgaris under
mixotrophic conditions in four different atmospheres (Earth, Jupiter, Titan, Mars) and after
different incubation periods (2, 5, and 12 days) were comparable to or even higher than
those observed under autotrophic conditions (Figure 5). This indicates that the microalga
retains a highly active photosynthetic system. The fluorescence induction curve under
Earth’s atmosphere was sharp and high, nearly overlapping with the curve observed under
Jupiter’s atmosphere. The Mars curve was the highest among all atmospheres, while
Titan’s curve was the lowest. These findings suggest a healthy and active photosynthetic
mechanism in the microalga (Figure 5A).

By Day 5, the fluorescence curves remained almost unchanged from Day 2. The
Mars atmosphere continued to exhibit the highest fluorescence curve, while the curves for
Earth and Titan remained at similar levels, and Jupiter’s curve showed a slight decline
(Figure 5B). By Day 12, the fluorescence curves under mixotrophic conditions were similar
to those observed on Day 5, albeit slightly reduced (Figure 5C). These results suggest that
the microalgae can maintain its photosynthetic capacity over longer periods when utilizing
both light and an external organic carbon source, regardless of the incubation atmosphere.
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Figure 5. Fluorescence induction curves of chlorophyll for all treatments with mixotrophic cultures of
the microalga Chlorella vulgaris under different simulated atmospheres (Jupiter, Titan, Mars) compared
to the control treatment (Earth atmosphere), after incubation under these conditions for (A) 2 days,
(B) 5 days, and (C) 12 days.

In addition to the fluorescence induction curves, we evaluated JIP-test parameters re-
lated to the structure and functionality of the photosynthetic mechanism under mixotrophic
conditions. This was performed to better determine the functionality of the photosynthetic
system in extraterrestrial atmospheres. The values of the parameters were normalized to
the control (Earth). The same parameters evaluated under autotrophic conditions were ex-
amined, including Fv/Fm, Sm, dV/dt0, N, TR0/RC, ET0/RC, RC/CS0, ABS/RC, DI0/RC,
and PI(abs). These parameters provided a comprehensive view of the photosynthetic
activity of C. vulgaris under mixotrophic conditions in different planetary atmospheres.

On Day 2, all parameters were nearly identical to the normalized Earth values
(Figure 6A). Several Mars parameters were higher than those of Earth, with the PI(abs)
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parameter being significantly higher for Mars compared to Earth, while the DI0/RC ratio
was considerably lower. This indicates that the photosynthetic efficiency of the microalga
in a Martian atmosphere is high, with low non-photochemical energy dissipation.

Figure 6. Differentiation of selected parameters from the JIP test (highlighting the structure and
function of the photosynthetic mechanism) for treatments under simulated Jupiter, Titan, and Mars
atmospheres compared to the control treatment (Earth atmosphere) under mixotrophic conditions,
after incubation under these conditions for (A) 2 days, (B) 5 days, and (C) 12 days.

On Day 5, the parameters remained nearly unchanged compared to Earth and
Day 2 values. The Sm and dV/dt0 parameters for the other planets were similar to the
control (Earth), indicating a large electron transfer pool and high electron transfer rate.
This demonstrates that the photosynthetic mechanism continues to function efficiently
(Figure 6B). By Day 12, the deviations among the parameters of the various planets were
slightly more pronounced. However, the recorded stress was minimal and significantly
less than that observed under autotrophic conditions (Figure 6C).

To confirm the functionality of the microalga’s metabolism under mixotrophic condi-
tions, we measured photosynthetic activity (net photosynthesis), expressed as mL O2·mL
PCV−1·day−1, using gas chromatography with a thermal conductivity detector (GC-TCD).
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The results showed significant photosynthetic activity in all extraterrestrial atmosphere
experiments under mixotrophic conditions (except for Mars, where the extremely low at-
mospheric pressure made GC-TCD measurements impossible). The highest O2 production
rate was observed in Earth’s atmosphere, followed by Titan and then Jupiter (Figure 7).
Additionally, photosynthetic rates under all extraterrestrial conditions were higher than
those observed under autotrophic conditions (Figure 7).

Figure 7. Net photosynthesis rate of Chlorella vulgaris under mixotrophic conditions in different
atmospheres.

Tracking biomass differentiation over time revealed that C. vulgaris cultures grown
under mixotrophic conditions in various planetary environments for 2, 5, and 12 days ex-
hibited greater growth than under corresponding autotrophic conditions. This confirms the
metabolic functionality of the microalga in all experiments (Figure 8). All measurements on
Day 0 began with 1 μL PCV/mL. Over subsequent days, the biomass increased significantly
compared to cells grown in autotrophic nutrient media. This is due to the greater energy
production enabled by the presence of organic carbon in the medium, leading to higher cell
division rates and biomass differentiation between autotrophic and mixotrophic cultures.
Biomass growth was observed in all planetary environments, not just Earth, demonstrating
that the cells can not only survive but also proliferate in extraterrestrial environments under
mixotrophic conditions.

Figure 8. Biomass differentiation kinetics of Chlorella vulgaris for all treatments under mixotrophic
conditions.
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4. Discussion

This study investigated the ability of the unicellular eukaryotic green alga Chlorella vul-
garis to survive and metabolize by maintaining its photosynthetic processes under various
extraterrestrial atmospheric conditions. These included simulated atmospheres resembling
those of Mars, Jupiter, and Titan. Using Earth as a control and comparing autotrophic and
mixotrophic conditions across different planetary atmospheres, the experimental approach
provided valuable insights into the adaptability (without any acclimation period) and
metabolic functionality of this microalga in environments vastly different from Earth.

Analysis of the structure and functionality of the photosynthetic machinery of C. vul-
garis using the JIP-test revealed that the microalga maintained its photosynthetic efficiency
under all simulated atmospheres, including those of Mars, Jupiter, and Titan. Fluorescence
induction curves indicated that the microalga’s photosynthetic efficiency remained largely
intact (or only marginally stressed) in all atmospheres. Fluorescence induction curves
revealed a substantial decline in fluorescence by day 12 across all autotrophic cultures
regardless of atmospheric composition, indicating that while the photosynthetic apparatus
remained functional, it was significantly stressed. This decline appears to be a generic effect
of the closed culture system rather than a direct result of the atmospheric conditions. In
contrast, the mixotrophic cultures exhibited more stable fluorescence patterns, likely due to
the supplemental energy and carbon provided by glucose, which mitigated these stresses
and sustained growth. The similarity between these curves and those of the Earth-like
control suggests that the microalga can survive and operate its photosynthetic machin-
ery, without any acclimation period, in entirely foreign, anoxic planetary environments.
Specifically, Fv/Fm values, which represent the maximum photosynthetic efficiency of
Photosystem II (PSII), showed no significant photoinhibition or PSII stress in any tested
environment.

Particularly intriguing were the results from the simulated Martian atmosphere, where
the fluorescence curves and Fv/Fm values surpassed those observed under Earth-like
conditions, reflecting the health and high photosynthetic performance of the microalga.
These findings are further supported by the higher biomass growth observed in purely
photosynthesizing cultures under the Martian atmosphere. The elevated Fv/Fm values
and fluorescence curves not only highlight the robust photosynthetic performance of C.
vulgaris, but also align with its enhanced capacity to efficiently utilize the CO2-rich, low-
pressure environment of Mars for growth. Previous studies have shown that elevated
CO2 concentrations stimulate photosynthesis in microalgae by enhancing carbon fixation
rates. Specifically, C. vulgaris exhibits peak photosynthetic activity at 30–40% CO2, while
concentrations above 60% inhibit photosynthetic efficiency [2]. However, in conditions
approximating 100% CO2—such as those of the Martian atmosphere—coupled with near-
vacuum atmospheric pressure (<10 mbar), the photosynthetic mechanism remained almost
unaffected. These findings are consistent with recent studies [10], which suggest that the
reduction in atmospheric pressure on Mars may increase thylakoid membrane fluidity,
enhancing plastoquinone (PQ) mobility and potentially improving electron transport and
photosynthetic activity. However, we also acknowledge that the observed improvement in
CO2 fixation under Martian conditions may be more simply explained by the elevated CO2

concentrations (even at very low atmospheric pressures), which could directly enhance
photosynthetic performance independent of pressure effects.

After extended incubation periods of 5 and 12 days in closed systems, deviations in
fluorescence curves became more pronounced, particularly in the atmospheres of Jupiter
and Titan, indicating signs of stress. This stress cannot be attributed to a lack of O2, as
these cultures generated their own oxygen through photosynthesis (Figure 3). Instead,
it is likely due to imbalances in metabolic processes under these reducing atmospheres.
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For instance, CO2 may be generated via fermentative metabolism, providing a substrate
for photosynthesis. In the absence of atmospheric O2 or CO2, organic reserves within the
microalgae can be metabolized through fermentative pathways, producing CO2, which is
then reinvested in photosynthesis to generate organic matter and O2. Previous studies [5]
suggest that such conditions hinder or reduce photosynthetic efficiency without completely
suppressing it. The initial metabolism of these organic reserves, in the absence of atmo-
spheric O2 and CO2, appears to rely on nitrogen oxides likely derived from nitrate in the
culture medium or other cellular mechanisms, facilitating the production of O2 through
photosynthesis [14,15]. However, a significant portion of the photosynthetically produced
O2 is reinvested in respiration, reducing its release into the atmosphere. This explains
the lower photosynthetic activity (expressed as mL O2·mL PCV−1·day−1) observed under
these extraterrestrial atmospheres compared to Earth-like controls, despite the retention
of high photosynthetic efficiency (expressed as Fv/Fm). Such metabolic dynamics also
contribute to the more limited growth observed under these conditions.

By day 12, fluorescence curves across all autotrophic conditions (including the control)
showed increased stress, likely due to the constraints of closed systems. After 12 days of
incubation, nutrients began to deplete as they were consumed by the microalgae. Nutrient
limitations can reduce electron transport rates, chlorophyll content, and carbon assimilation,
explaining the overall decline in photosynthetic efficiency across all atmospheres, including
Earth [16]. Despite this stress, C. vulgaris continued to survive and photosynthesize,
highlighting the resilience of its photosynthetic machinery in extreme environments.

Under mixotrophic conditions, C. vulgaris exhibited enhanced photosynthetic activity
across all examined planetary atmospheres compared to autotrophic conditions. The
presence of an external organic carbon source such as glucose allowed the cells to utilize
both photosynthesis and respiration through feedback between these metabolic pathways.
This resulted in increased energy production (compared to autotrophic conditions) and,
consequently, higher growth rates [17]. Fluorescence curves consistently showed high
photosynthetic activity throughout the experiment (up to the 12th day of incubation).
Mixotrophic conditions enable C. vulgaris to thrive by utilizing both light and organic
substrates for energy production, making it particularly suitable for environments where
light may be limited or intermittent [18]. Furthermore, the stability of several JIP-test
parameters, such as Sm and dV/dt0, under different planetary atmospheres suggests that
the electron transport system remained even more efficient under mixotrophic conditions,
resulting in enhanced photosynthetic activity and sustained growth.

Our findings build upon previous investigations into terrestrial life’s adaptability
to extraterrestrial conditions, which have demonstrated the resilience of methanogenic
bacteria [19] and non-methanogenic organisms [20,21] to various atmospheric compositions.
Unlike anaerobic systems or those reliant on chemical energy, the photosynthetic activity
of C. vulgaris highlights the potential of oxygenic photosynthesis to sustain life and recycle
atmospheric gases in extraterrestrial habitats. This resilience and adaptability of C. vulgaris
in extreme (by Earth standards) planetary atmospheres highlights its potential use in bio-
regenerative life support systems (BLSS). These systems are designed to regenerate oxygen,
water, and food while recycling waste to sustain closed-loop ecosystems, making them
crucial for long-term human survival in deep space [22,23]. Cultivation of this microalga
could contribute to sustained oxygen production in future astronaut colonies on other
planets by consuming the CO2 exhaled by astronauts [2,24]. Additionally, the organism is
nutrient-rich and considered a superfood [25]. The rapid biomass production, particularly
in mixotrophic cultures where external carbon sources are available, underscores the
potential for enhancing microalgal productivity in space habitats where light alone may be
insufficient for sustained growth.
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This study highlights the resilience of C. vulgaris in simulated extraterrestrial atmo-
spheric compositions under laboratory conditions, emphasizing its potential for biore-
generative applications in space exploration. While the initial gas compositions and
pressures reflected those of Mars, Jupiter, and Titan, the incubation temperature (25 ◦C)
was maintained to support active photosynthesis and metabolism, differing from the actual
environmental temperatures of these celestial bodies. Pressure dynamics within the sealed
vials likely shifted during the experiments, altering initial conditions. Unlike studies fo-
cusing on survival under extreme low pressures, such as methanogens at 6–143 mbar [26],
our research examines active metabolic and photosynthetic responses. These findings
complement existing research by expanding our understanding of life’s adaptability to
extraterrestrial environments.

The findings of this study underscore the versatility of C. vulgaris, a common uni-
cellular eukaryotic organism, not only to survive, but also to immediately adapt its pho-
tosynthetic mechanism to extraterrestrial environments. The orchestrated ability of this
microalga to function in extreme planetary atmospheres, such as those of Mars, Jupiter, and
Titan, demonstrates that the microalga can respond with different “metabolic compositions”
depending on its environment. These data offer a new perspective on supporting life in
space and open new pathways for revisiting the potential transfer of life through the theory
of panspermia. This study illustrates that, in the vast universe, even though conditions may
appear harsh and the survival of terrestrial microorganisms unlikely, life, as exemplified
by C. vulgaris, has ways of orchestrating its metabolism to persist in extreme atmospheric
conditions [27]. The survival and growth of C. vulgaris in non-terrestrial atmospheric
conditions redefine the concept of habitable zones and environments, demonstrating that
Earth-like life can adapt to a broader range of atmospheric and environmental conditions
than previously thought, expanding our criteria for assessing the habitability of exoplanets.
However, it is important to note that these results are based on controlled simulations and
do not account for the absence of liquid water in such environments.

The discovery that the eukaryotic unicellular green alga C. vulgaris can survive and
function effectively in the atmospheres of Mars, Jupiter, and Titan holds profound im-
plications for astrobiology, space exploration, and biotechnological applications under
extreme conditions.

5. Conclusions

The results of this study demonstrate the remarkable resilience of the microalga
Chlorella vulgaris in extreme extraterrestrial environments, showcasing its ability to survive,
photosynthesize, and proliferate under simulated atmospheric conditions of Mars, Jupiter,
and Titan. This resilience, observed under both autotrophic and mixotrophic conditions,
underscores the potential of C. vulgaris as a key biological component for sustaining life in
space. Its capacity to maintain photosynthetic activity and growth in atmospheres vastly
different from Earth’s highlights its suitability for bioregenerative life support systems, re-
source utilization, and potential terraforming efforts. Furthermore, the findings contribute
valuable insights into the resilience of terrestrial life forms, challenging traditional defini-
tions of habitability and providing a foundation for exploring astrobiological possibilities.
By leveraging the unique capabilities of C. vulgaris, humanity can take significant strides
toward sustainable space exploration, resource-independent missions, and the long-term
goal of extraterrestrial colonization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life15010117/s1, Supplementary Figure S1: Preparation of Chlorella
vulgaris cultures for experimental setup.
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Abstract: This study explores the production of bio-nutrients from bioactive compound-rich spent
coffee grounds (SCG) and biochar (BC) through composting after inoculation with a biological agent
and its impact on the growth performance of garden cress and spinach. The SCG was composted
with six doses of BC (0, 5, 10, 15, 20, and 25%). The compost with 10% BC exhibited the best maturity,
humification, and phytotoxicity index values of dissolved organic carbon (DOC), humification index
(E4/E6), and germination index (GI). A metagenome analysis showed that compost starter enhanced
the bacterial community’s relative abundance, richness, and diversity in SCG and BC treatments. This
improvement included increased Patescibacteria, which can break down noxious phenolic compounds
found in SCG and BC. The BC enriched the compost with phosphorus and potassium while preserving
the nitrogen. In plant growth experiments, the total chlorophyll content in compost-treated garden
cress and spinach was 2.47 and 4.88 mg g−1, respectively, which was significantly greater (p ≤ 0.05)
than in unfertilized plants and similar to the plants treated with traditional fertilizer. Overall, the
results show that the compost of SCG + BC was well-suited for promoting the growth of garden cress
and spinach, providing adequate nutrients as a fertilizer for these leafy vegetables.

Keywords: poultry litter biochar; starter inoculation; plant nutrients; spinach; garden cress

1. Introduction

In today’s world, there is a significant amount of disposable bio-waste that must be
effectively managed to align with the United Nations Sustainable Development Goals.
Failing to do so could lead to considerable environmental damage and loss of valuable
nutrients [1]. Circular economy models offer an array of valorization methods to mitigate
the adverse effects of bio-waste by keeping resources in the economy for as long as possible
and minimizing waste. These approaches enable the reutilization of resources, thus creating
additional value [2]. One widely used biotechnological method is composting, which
involves converting various organic raw materials, including harmful compounds found in
spent coffee grounds (SCG), into nutrient-rich biofertilizers through a diverse and beneficial
microbial community. This biofertilizer can then be reused in crop production, promoting
carbon neutrality [3] and supporting the transition to recyclable technology and domestic
resource security [4].

Spent coffee grounds (SCGs) and the thermochemical process by-product biochar
are the latest of decades of research into the full or partial replacement of peat with other
organic and inorganic materials [5]. Both SCG and biochar are sterile to microbes due
to high temperature production and contain stable carbon and plant nutrients, making
them an interesting material for research topics from an agri-environmental perspective [6].
Similar to other bio-wastes, SCG is mainly disposed of in landfills and thus poses a threat
to the environment as it contains useful plant nutrients and chemical compounds of
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biotechnological interest, such as organic acids, tannins, and phenolic compounds [7].
Although SCG contains significant amounts of plant nutrients, the direct use of SCG for
soil improvement is associated with limitations due to its fine nature, low C/N ratio, and
high moisture content, such as clogging of soil porosity, hydrophobicity of soil aggregates,
phytotoxicity, and nutrient imbalance for crops [8] even for plants lower in acid. In this
context, bioconversion through composting was proposed as a safe practice to improve
challenges of SCG in order to fully exploit its nutritional value and soil mitigating potential.

Combining acidic spent coffee grounds (SCGs) with alkaline biochar through compost-
ing could present a sustainable solution for utilizing high-nutrient waste in the preparation
of bio-nutrient or growing media constituents. Composting is a safe and straightforward
process that contributes to the circular economy model and efficient waste management [9],
enabling renewability in crop production. However, raw SCG and biochar do not possess
the necessary characteristics for ideal growing media due to their structural, biological, and
chemical limitations [10]. For example, SCG contains various bioactive compounds, such
as polyphenols, tannic acid, organic acids, lipids, and caffeine, which can be phytotoxic to
certain plants [11]. Similarly, although biochar offers benefits such as carbon sequestration,
acting as a nutrient source and retaining nutrients in the soil–plant matrix, its alkaline
nature restricts its direct use, potentially causing toxic effects or nutrient imbalances, thus
requiring conditioning before use [12]. By leveraging the potentially favorable chemical
composition of SCG and the porous physical properties of biochar, favorable composting
conditions can be created, providing a natural organic nutrient source for potted crops [13].
Composting is a microbial-driven process that rapidly breaks down readily available or-
ganic matter into humus, yielding several organic acids that are essential for optimizing
both materials for crop fertilization.

In recent years, biochar was found to be capable of enhancing biological processes,
increasing bacterial diversity by providing a promising microbial environment for several
forms of aerobic and anaerobic degradation, particularly for composting microorgan-
ism [14]. In this regard, the use of biochar as a microbial-enhancing tool would be a highly
desired for rapid composting processes, where noxious bioactive compounds present in
SCG and BC can be converted into nonphytotoxic plant nutrients that are safely applicable
to cultivated crops.

Setting up new circular economic approaches in waste management in urban ecosys-
tems by valorizing by-products of the agro-food industry as a secondary feedstuff for
the crop production cycle is crucial for the sustainability of the urban farming and the
environment. The present research aimed to examine the feasibility of producing a nutrient-
rich bio-nutrient source by composting spent coffee grounds with poultry litter biochar
and evaluate their potential use as a nutrient resource in pot growing media for leafy
vegetable production in an urban vertical growing system setting. It was hypothesized that
composting SCG with biochar would be a suitable growing media option for nutrient-rich
horticultural substrates. To test this hypothesis, pot experiments were performed in a verti-
cal growing system using two leafy vegetable crop garden cresses and spinach employing
different percentages of compost to replace peat-based growing substrates.

2. Materials and Methods

2.1. Composting and Growing Media Preperation

The raw materials used in the compost experiments consisted of spent coffee grounds
collected from the coffee shop market Sakarya, Turkey. Biochar was provided by a com-
mercial gasification plant (Bolu province, Turkey) that uses poultry litter collected from
a nearby poultry farm with wood shavings/saw dust bedding material for chicks. The
gasification plant process wastes at 600 ◦C with a residence time of 3.5 h to produce mainly
syngas for electricity generation. At the same time, several byproducts are generated,
such as biochar. The main characteristics of SCG and BC based on elemental analyzer
(LECO CHN628, St. Joseph, MI, USA) in accordance with ASTM D5373-14 guidelines are
presented in Table 1. The pH, total nitrogen content (TN), and total organic carbon (C)
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of SCG were 5.61, 2.16, and 52.06%, respectively. The main physical characteristics of
poultry litter biochar were as follows: alkaline in nature, particles of 2–4 mm, the Brunauer–
Emmett–Teller (BET) surface area of 13.58 m2 g−1 and total pore volume of 1.55 cm3 g−1,
and average pore diameter 6.21 Å) (Figure 1). It is rich in non-volatile essential nutrients
for plant fertilizer such as P and K (Table 1, Figure 1).

Table 1. Properties of raw spent coffee ground and poultry litter biochar as received form.

Parameters Spent Coffee Ground Biochar

Moisture content (%) 63.62 10.26
Ash content (%) 3.15 35.82

Volatile matter (%) 96.85 51.43
pH 5.61 10.25
C % 52.06 52.25
H % 5.87 2.04
N % 2.16 1.27
S % 0.20 0.05
O % 58.17 44.39
C/N 24.08 23.12

Figure 1. SEM image and EDS analysis of poultry litter biochar.

The experiment used small 6 L insulated reactors (with a diameter of 27.5 cm and a
height of 17 cm) for 45 days. Different compost treatments were mixed with BC at varying
percentages (5%, 10%, 15%, 20%, and 25% dry basis v/v) to create biochar-amended SCG
composts. The control treatment used SCG without BC amendment. All the treatments
were mixed with bacterial aliquots, and the moisture content was adjusted to 60%. The
mixture (about 3 kg) was then placed into compost reactors with a hole at the bottom for
leachate drainage or airflow.

Microorganisms from well-matured maize straw compost were extracted to serve as a
starter for SCG, BC compost samples, which are initially sterile due to exposure to high
temperatures. The mature compost was sourced from farm-based windrow composting
facilities of maize straw that were curing for eight months, making it an excellent source
of microorganisms. The process involved mixing 100 g of compost samples with 1 L of
distilled water and shaking the mixture for 2 h to produce eluates rich in composting
bacteria. The resulting solution was then evenly sprayed onto the compost materials as a
composting starter.

The compost mixtures were mechanically aerated daily for the first two weeks and
every third day for the following 6 weeks to ensure oxygenation and homogenization. The
mixing process was carried out rapidly to reduce heat and evaporation loss. Temperatures
initially reached the thermophilic range (>55 ◦C) and remained there for the first week.
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After that, temperatures gradually decreased to ambient temperatures (20–25 ◦C) in the
following weeks. After 4 weeks of composting, the mixtures were left open during the
curing stage to reach maturity. Compost samples were collected after four weeks to
determine maturity and chemical characteristics.

2.2. Microbial Community Analysis in Compost Samples

The composted samples collected at the end of the composting experiments from the,
inoculated SCG compost and inoculated SCG + BC10 were used for microbial community
analysis compared to the uninoculated SCG compost. The 16S rRNA gene was amplified
and analyzed using QIIME 2. Following amplification with specific primers, purification
was carried out to create the library. Illumina binary indexes and adapters were added in
the index PCR step using the Nextera XT index kit, followed by another round of purifi-
cation. The library concentration was measured using real-time PCR (Kyratec, SC-300G,
SuperCycler, Caboolture, QLD, Australia) and then diluted to 4 nM before normalization.
Normalized samples were pooled together. During sequencing, fluorescence of the added
base was optically observed and recorded each time a new deoxyribose nucleotide triphos-
phate (dNTP) was incorporated using the synthesis method. The raw data generated after
sequencing were converted to FASTA format for analysis. It is important to note that the
FASTA format is used to encode nucleotide or amino acid sequences, and raw sequence
data in FASTA or FASTQ format can be directly used in next-generation microbiome bioin-
formatics platforms such as QIIME. The detailed analytical procedures were described
by [9]. The sequence analysis of the compost obtained from the PCR products and the
reporting of the microbial communities were performed by the laboratory of BM Labosis.

2.3. Physical and Chemical Analysis

For a phytotoxicity test, seed germination and germination index (GI%) were esti-
mated using garden cress (Lepidium sativum L.) obtained from local market. Briefly, a
solution of 2.5 g dw of compost in 25 mL of water was prepared, shaken for 2 h, then cen-
trifuged at 3000 rpm, and filtered by Whatman 2 filtering paper. Ten seeds were placed on
sterilized filter paper in a Petri dish, with three replicate dishes for each growing compost.
Afterwards, 5 mL of the compost solution was added to the corresponding Petri dishes.
Similarly, a control was prepared with deionized water. All the Petri dishes were incubated
in the dark for 72 h at 25 ◦C. GI was calculated from the relative seed germination % and
relative root length % (GI (%) = 100 × G/Gc × L/Lc) [15], where G and L stand for the
germinated seeds and root length of the samples, respectively, and Gc and Lc stand for the
corresponding values for the distilled water. For relative germination, living seedlings that
germinated were counted. Similarly, for relative root length, living roots were measured.

In order to measure dissolved organic carbon (DOC), the samples were treated with
ultra-pure water at a solid to water ratio of 1:10 (dw/v), using a horizontal shaker at 200 rpm
for 3 h, followed by centrifugation at 3000× g for 20 min and filtration with 0.45 μm syringe
filters. The DOC of the leaching solution was analyzed using a TOC analyzer (Shimadzu,
VCSH, Kyoto, Japan).

The pH values in the compost samples were determined in water extracts obtained
with a solid to liquid ratio of 1:10 (dw/v) using a pH meter (Schott CG 840, Eindhoven,
The Netherlands).

To determine the degree of humification, a 1 g air-dried sample was agitated in a 50 mL,
0.5 M sodium hydroxide (NaOH) solution for 2 h, followed by centrifugation at 3000 rpm
for 25 min. The absorbance of the supernatant was measured using a spectrophotometer
(Hewlett–Packard Company, Wilmington, DE, USA) over a range of 190 to 1100 nm to
assess the decomposition level. The optical density of the solution was recorded at 465 nm
(E4) and 665 nm (E6), and the E4/E6 ratio was then determined to characterize the intensity
of decomposition.

The essential plant nutrients and trace element quantifications of the composts, sub-
strates, were conducted using an Inductively Coupled Plasma Optical Emission Spectrom-
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etry (ICP-OES) (Spectro Arcos, Kleve, Germany) after nitric (HNO3) and perchloric acid
(HClO4) digestion at 200 ◦C [15].

For leaf chlorophyll content estimation, plant leaves that are picked directly from the
plant at the end of the 30 days are used. The obtained chlorophyll content in plant leaves
under the respective treatment is assessed according to the methodology of Ozdemir et al.
(2021) [16], using 100 mg of fresh leaf extracted overnight with 80% acetone and centrifuged
at 10,000× g for 5 min. Then, the solution was put into a cuvette and its absorbance was
measured at wavelengths of 645, 663, and 470 nm using a UV–visible spectrophotometer
(Hitachi-U2001, Tokyo, Japan).

2.4. Plant Cultivation Experiments

To evaluate the potential fertilizing capacity of the SCG composts, four growing media
were prepared by mixing SCG-BC10 compost as fallows: commercial peat without compost
(T0); commercial peat + 15% SCG-BC (T1); commercial peat + 30% SCG-BC (T2); commercial
peat + 50% SCG-BC (T3); and commercial peat with fertilizer (T4). Garden cress (L. sativum)
and spinach (Spinacia oleracea L.) were chosen for the plant production experiment because
they germinate quickly, grow fast, are easy to measure, and respond to organic nutrients.
The seeds were planted directly into 7 × 7 cm pots and the pots were placed on the vertical
trellis growth system. The pots were manually watered daily by spraying tap water to
each pot until reaching field water capacity to prevent drainage. Emergence was observed
after 2 days for garden cress and after 5 days for spinach. After 30 days of emergence, the
plant growth experiments were terminated and fresh leaves were collected at the end of
the experiments to determine the chlorophyll content.

2.5. Statistical Analysis

An analysis of variance (ANOVA) was performed to assess the variations among the
physical and chemical properties of the composts and their agronomic potential. When the
p-value for the ANOVA was less than 0.05, the means were compared using Tukey’s test
at a 0.05 significance level. All statistical analyses were carried out using the StatsDirect
software package (V2.7.2, StatsDirect, Ltd., Altrincham, Cheshire, UK).

3. Results and Discussion

3.1. Chances in Compost Maturity Parameters

The dissolved organic carbon (DOC) is a key component of the organic matter pool that
induces rapid decomposition, and its decrease indicates good microbial activity, effective
composting, and high-quality compost [17]. Figure 2a demonstrates the impact of adding
biochar on the DOC levels. The DOC content reduced from 5.63 mg kg−1 in SCG to 4.14 mg
kg−1 in the treatment with 25% biochar. Furthermore, the DOC levels decreased during
composting, particularly at higher biochar rates. The recommended DOC content for
mature compost is 4–10 mg kg−1 [18]. According to these values, the addition of biochar
accelerated the composting process, with biochar-amended compost reaching stability
by week 4, while the SCG control compost stabilized after week 6. The porous nature
of biochar decreased compost density, improved aerobic conditions, offered a habitat for
microorganisms, and enhanced microbial activity, leading to DOC decomposition [17].
Moreover, the high porosity and large surface area of biochar allowed for the absorption
of DOC, contributing to the decrease in its concentration. Importantly, the DOC levels
observed in this study met the stability and maturity requirement (<10 g kg−1) as reported
in previous research [18].
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Figure 2. Variations in (a) DOC, (b) pH, (c) E4/E6, and (d) GI during composting of spent coffee
grounds with various levels of biochar. The red line indicates DOC’s stability boundary and GI’s
phytotoxicity boundary.

PH is a critical factor influencing microbial growth and is commonly used to assess
compost maturity. The addition of biochar had a significant effect on pH. The pH values of
SCG-BC increased from 6.34 to 8.35 when 5% or 25% biochar was added to the SCG. Despite
the acidic nature of fresh SCG, the addition of biochar increased the pH of the compost,
which could be related to the formation of alkali metals such as P, K, and Ca, which are
abundant in poultry litter [9]. In Figure 2b, it can be seen that the pH values of SCG and
SCG-BC decreased significantly during the initial phase, increased during the thermophilic
phase, and finally stabilized during the curing phase. The pH of the compost was lowered
during the initial rapid decomposition phase by the formation of organic acids and then
stabilized by the removal of ammonia [6], the development of humic substances [19], or
buffering by biochar [5] in all composts. Maintaining an appropriate pH is essential to
promote effective microbial activity and the smooth running of the composting process.
The standard for organic fertilizers and compost in Turkey specifies that the pH of the
compost should be in the range of 5.5 to 8.5. All compost treatments reached the specified
pH range after 6 weeks, indicating the maturity of the compost samples.

Spectroscopic analysis allows us to assess how mature compost is by examining
the transformation properties of the organic matter. The E4/E6 ratio, measured by the
optical density of compost extract solution at 465 and 665 nm, reflects the degree of
humification of the compost. A low E4/E6 value means that the compost is highly mature
and stabilized [18]. In the study, it was found that the E4/E6 values decreased significantly
when BC was added to the compost at 10 and 15%, indicating that adding BC can improve
compost maturity (Figure 2c). However, the decrease in E4/E6 values was slower at 20 and
25% BC-added compost, possibly due to the relatively high pH over 8.5. The quality of the
compost was improved due to the stimulation of microbial abundance and biomass, as well
as the provision of habitat by adding BC, leading to increased condensation of aromatic
humus components during composting.

Germination index (GI) is a sensitive parameter used to evaluate the maturity and
phytotoxicity of compost. A GI value of over 80% is necessary to meet maturity standards.
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At the end of the fourth week of composting, GI values ranged from 47 to 61%, indicating
the presence of phytotoxic substances and immaturity of the compost (Figure 2d). By the
fifth week, the GI in compost samples improved and reached the maturity threshold of
80%. After the sixth week, the GI values of the final compost ranged between 81.46% and
132.46% (Figure 2d), indicating complete maturity. The increasing GI values correlated
with the rate of biochar addition, showing a peak at 15% biochar, with the highest GI
value of 132.46%, a 30.48% increase compared to the SCG. This increase signifies reduced
phytotoxicity, attributed to the adsorption and reduced production of phytotoxic substances
due to biochar addition. This shows the efficacy of the biochar acting as a bulking agent,
also being able to adsorb volatiles and toxic substances. However, at higher biochar
levels of 20% and 25%, the GI value decreased (Figure 2d), likely due to the presence of
harmful compounds in biochar, such as polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, and other toxic compounds [20].

3.2. Bacterial Community and Diversity

Bacteria are the predominant group in composting processes as they have the ability
to attack highly complex, versatile organic substrates by releasing a broad spectrum of ex-
tracellular enzymes. Therefore, their characterization based on their diversity and richness
is fundamental for the understanding of the composting process and especially for the
composting of bioactive molecules such as SCG. The roasting, brewing, and cooking of SCG
enriches a variety of bioactive compounds in SCG [21]. In the present study, uninoculated
SCG, inoculated SCG, and inoculated SCG + BC10 compost samples were subjected to
bacterial community and diversity index analysis after six weeks in the maturation phase.

Figure 3 illustrates the impact of starter inoculation on the bacterial community com-
position at the phylum level and the alpha diversity indices in spent coffee grounds and
spent coffee grounds biochar at a 10% mixture. At the end of composting, the compost treat-
ments showed different relative abundance of bacterial communities at the phylum level.
There were five dominant phyla in the studied treatments: Bacteroidota (25–37%), Proteobac-
teria (19–25%), Planctomycetota (5–17%), Firmicutes (3–16%), and Actinobacteriota (2–11%)
(Figure 3a), which is common for compost experiments [22]). However, the five dominant
strains were detected in all treatments. Previous studies showed that the sequence of the
bacterial community during the composting process is as follows: Proteobacteria in the
initial phase, Firmicutes in the thermophilic and mesophilic phases, and Bacteroidota in
the maturation phase [23]. On the other hand, inoculation with compost starter increased
the relative abundance of Firmicutes and Actinobacteriota in both the SCG and SCG-BC
composting processes, which replaced the Bacteroidota and Planctomycetota compared to the
non-inoculated treatment. These dominant bacterial phyla collectively have a strong ability
to decompose organic waste and are usually the most abundant phylum in organic-rich
environments [9]. However, the presence of Firmicutes and Actinobacteriota in higher abun-
dance in the inoculated treatments could apparently be due to a more mature compost.
Firmicutes and Actinobacteriota are prevalent in mature corn straw compost [24], suggesting
that the success of starter inoculation and the degradation and maturity it promotes in the
final compost. The presence of Patescibacteria, which are capable of hydrolyzing phenolic
compounds [25], in the inoculated treatments compared to the non-inoculated compost,
indicates the effectiveness of the compost starter. In addition, the presence of Actinobacteria
in the maturation phase indicates a high conversion of lignocellulose to humus [14].
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(a) (b) 

Figure 3. Effect of starter inoculation on compost bacterial community composition at the phylum
level (a) and, alpha diversity indices (b) in spent coffee grounds and spent coffee grounds biochar at
a 10% mixture.

The SCG is a rich source of bioactive compounds, such as phenolics (i.e., chlorogenic,
gallic, caffeic, quinic, ellagic, cinnamic, coumaric, and ferulic acids), alkaloids (i.e., caffeine,
trigonelline), and flavonoids (i.e., catechin, epicatechin, rutin, quercetin, and naringin) [26].
These compounds possess potent biological properties and can function as antimicrobial,
antifungal, and antiviral agents [11]. Thus, it is crucial to promote the proliferation of
active microbial communities during composting, as these communities play a vital role
in neutralizing harmful substances present in SCG. Alpha diversity is utilized to assess
the richness and relative abundance of bacteria in compost samples (Figure 3b). The
bacterial community diversity and richness of mature compost were notably higher in
SCG and SCG + BC. This increase in diversity and richness of the bacterial communities
was attributed to bacterial inoculation [27]. The Chao1 index serves as an estimator of
species richness, reflecting the total number of distinct species in each sample. Microbial
inoculation significantly elevated the Chao1 values in SCG and SCG-BC compost, indicating
a greater species richness. SCG-BC exhibited the highest Chao1 value (1496), followed
closely by SCG (1454), suggesting that bacterial inoculation significantly boosted microbial
species richness. Furthermore, the Shannon index evaluates species diversity and evenness
within each sample, with higher values indicating a more balanced distribution of species
abundance [28]. SCG-BC and SCG displayed relatively higher Shannon index values
(7.40 and 6.20, respectively) compared to uninoculated SCG (3.49), suggesting a more
balanced representation of microbial species in inoculated composts [29]. The Shannon
diversity index integrates species richness and evenness, with higher Shannon values
indicating increased diversity and evenly distributed microbial communities in compost
samples. Overall, the alpha diversity results indicate that bacterial inoculation derived
from mature compost significantly impacts the creation of diverse microbial communities
in SCG and BC that initially did not contain microorganisms. According to the Shannon
and Chao1 index, both SCG and SCG-BC exhibited higher diversity than uninoculated
SCG, indicating a more varied microbial composition. Therefore, it is possible to expect
more rapid composting, as well as the removal of bioactive compounds in spent coffee
grounds that have a negative impact on compost maturity and phytotoxicity parameters.

3.3. Effects of Biochar on Nutrient Contents of Composting Products

The variation in essential plant nutrients in the final compost product affected by
biochar addition are shown in Table 2. In this study, the content of TN of the final BC-
compost products were 2.21–2.88%, which is significantly smaller than the TN content of
the SCG compost without biochar amendment (3.20%). Some previous studies showed
that the TN contents of the final compost depends on type and rate of bulking agent mixed
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to compost. Some studies also report that biochar addition had a significant effect on the
TN content due to preserving TN in compost [15]. The response of final compost TN to
biochar addition was significantly influenced by composting conditions, such as compost
method, initial carbon to nitrogen ration, and initial moisture content [30], which may vary
dramatically among different material and studies.

Table 2. Nutrient content of increased dose of biochar added spent coffee ground composts (mean ± sd).

Parameter SCG SCG-5%BC SCG-10%BC SCG-15%BC3 SCG-20%BC SCG-25%BC

TN (%) 3.20 ± 0.43 a 2.88 ± 0.22 b 2.72 ± 0.11 c 2.61 ± 0.22 d 2.46 ± 0.04 e 2.21 ± 0.02 f
TP (%) 0.20 ± 0.02 f 0.28 ± 0.02 e 0.39 ± 0.01 d 0.42 ± 0.02 c 0.47 ± 0.04 b 0.53 ± 0.01 a
TK (%) 0.49 ± 0.03 f 0.54 ± 0.01 e 0.66 ± 0.06 d 0.71 ± 0.02 c 0.79 ± 0.01 b 0.84 ± 0.02 a
Ca (%) 0.14 ± 0.05 f 0.18 ± 0.03 e 0.24 ± 0.04 d 0.32 ± 0.02 c 0.37 ± 0.03 b 0.43 ± 0.03 a
Mg (%) 0.10 ± 0.02 e 0.11 ± 0.02 d 0.13 ± 0.01 d 0.16 ± 0.02 c 0.19 ± 0.01 b 0.21 ± 0.01 a
S (%) 0.01 ± 0.01 d 0.02 ± 0.01 c 0.02 ± 0.01 c 0.03 ± 0.01 b 0.03 ± 0.05 b 0.04 ± 0.04 a

Fe (mg kg−1) 124 ± 1.21 f 136 ± 1.21 e 144 ± 1.21 d 149 ± 1.21 c 153 ± 1.71 b 157 ± 1.23 a
Mn (mg kg−1) 58 ± 0.04 f 64 ± 0.89 e 67 ± 1.01 d 72 ± 0.82 c 76 ± 1.03 b 78 ± 0.92 a
Zn (mg kg−1) 85 ± 0.91 f 88 ± 0.79 e 92 ± 0.85 d 95 ± 0.87 c 97 ± 0.92 b 103 ± 0.84 a
Cu (mg kg−1) 26 ± 0.68 f 40 ± 1.15 e 43 ± 0.93 d 46 ± 1.33 c 50 ± 0.86 b 52 ± 1.44 a
B (mg kg−1) 14 ± 0.01 c 15 ± 0.24 c 15 ± 0.34 c 17 ± 0.37 b 17 ± 0.22 b 19 ± 0.51 a

For each row, different lowercase letters indicate significant differences among treatments according to the Tukey
test (p < 0.05).

In the presence of biochar, the total phosphorus and potassium contents in compost
increased from 0.20 to 0.53%, 0.49 to 0.84%, respectively, and significantly higher than with
sole SCG control compost (Table 2). This increase could be attributed to the higher levels
of P and K in poultry litter BC (Table 1). Previous studies also indicated that compost
mixed with biochar can effectively boost essential plant nutrients [31,32]. Compost users
criticized the low nutrient content of composts, stating that a large amount of compost is
required to meet plant requirements [9]. In this context, nutrient-rich poultry litter BC as a
compost additive can satisfy user expectation. Moreover, there is evidence suggesting that
organic nutrient sources, when applied at maximum yields, can lead to organic build-up,
acting as a slow-release fertilizer due to beneficial microbial action, thus promoting plant
growth [15].

The impact of adding biochar on the levels of major plant nutrients N, P, and K
is crucial for the quality and potential applications of compost products to cultivated
crops. When 10% biochar was added to the final composting product, the P content
almost doubled compared to the sole SCG compost, and the K content similarly increased
almost twofold. However, the addition of biochar led to a reduction in TN content at
each increased level of added BC, ranging from 2.88 to 2.21% (Table 2). This effect is
likely due to biochar addition improving the P and K in compost mixture while mitigating
N loss through volatilization, attributed to its favorable structure and aeration of the
compost substrate, driven by characteristics such as porosity, large specific surface area,
and functional nutrient binding groups [13]. Furthermore, alongside the enhancement of
plant nutrients, the desired promotion of nutrient mineralization dynamics by microbial
enzymes in the compost matrix is typically sought to enhance compost quality and nutrient
availability [9]. Therefore, these results confirm the hypothesis of this study that composted
SCG can be used as a low-cost and environmentally friendly bio-nutrient resource due to
its high nitrogen content and sufficient essential macro and micro plant nutrients.

3.4. Leafy Vegetable Pigment Contents

The chlorophyll content in leaves serves as a significant indicator of photosynthetic
activity, which in turn contributes to enhanced plant growth as a result of the positive
response to vital plant nutrients provided by applied composts [16]. The levels of chl-
a, chl-b, and total chlorophyll in garden cress leaves increased with the application of
increasing amounts of SCG-BC compost in the growing media (Figure 3a). Notably, plants
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fertilized with inorganic fertilizer exhibited the highest chl-a and total chlorophyll content,
with no significant difference observed compared to compost-treated plants at 30 and
50% compost mixtures. Conversely, unfertilized plants showed the lowest chlorophyll
content. The increased leaf chlorophyll content, compared to the control group, may be
attributed to the improved nutrient supply provided by the nutrient pool of SCG-BC [33],
thereby indirectly indicating enhanced photosynthetic activity. Garden cress, being a leafy
vegetable, is particularly receptive to nutrients such as nitrogen, and organic amendments
are effective in providing nutrients due to their slow-release properties, as opposed to
inorganic nutrients [12].

The levels of chlorophyll a and b, as well as the total chlorophyll (Chl a + b) content
in spinach leaves per unit of fresh weight, were significantly influenced by the treatments
(p < 0.01), indicating a positive response of spinach to the increasing dose of SCG + BC
compost. Specifically, the Chl-a content in the leaves was significantly higher in the fer-
tilized treatment (Figure 4b). Among the treatments, T3 (50% compost) resulted in the
highest chlorophyll content in spinach leaves compared to the other compost treatments,
which received 15 and 30% compost. These findings demonstrate that the nutrient content
and mineralization rate support spinach growth without the need for additional mineral
fertilizer, which is crucial for sustainable leafy vegetable cultivation in the short term and
reducing the environmental impact of excessive use of inorganic fertilizers. Numerous
previous studies demonstrated the sufficiency of organic nutrient sources in potted culti-
vation due to the improved nutrient use efficiency [34], although some studies indicated
the necessity of additional inorganic fertilizers to support plant growth and achieve higher
yields [35]. This may be attributed to the limited mineralization rate of organic nutrients
from bio-nutrient resources [36]. However, in this study, the nutrient mineralization plant-
providing rate of SCG and the nutrient retention capacity of BC proved to be effective
in meeting the plant’s nutrient demands during a one-month growth cycle. Nonetheless,
longer crop growth cycles may require additional fertilizer, as suggested in previous studies
that recommend combining compost with fertilizer to maintain optimum tissue nutrient
levels, leaf chlorophyll content, and ultimately achieve higher yields [9,18].

  

Figure 4. Chlorophyll and carotenoid contents of L. sativum (a) and S. oleracea (b) grown in increasing
amounts of SCG + BC compost. Values are means for triplicate samples. Different lowercase letters
on the histogram of the same color indicate significant differences at p < 0.05.

4. Conclusions

The outcomes of composting experiments indicate that it is possible to produce
nutrient-rich compost suitable for crop fertilization by combining spent coffee grounds
and poultry litter biochar at a 10% ratio and introducing the mixture to starter inoculum
obtained from maize straw compost. The incorporation of biochar notably increased the
abundance, richness, and diversity of microorganisms involved in composting, including
Patescibacteria, which are crucial in breaking down phenolic compounds found in spent
coffee grounds and biochar. Moreover, the biochar enriched the compost with phosphorus
and potassium while preserving nitrogen content. Additionally, increasing the amount
of compost in growing media led to a significant rise in chlorophyll content in the leaves
of garden cress and spinach during a 30-day growth period. Taken together, the findings
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suggest that the compost derived from spent coffee grounds and biochar is well-suited for
enhancing the growth of garden cress and spinach, providing effective nutrients for these
leafy vegetables, and facilitating soil–plant–atmosphere nutrient cycling. It is expected that
composting spent coffee grounds with biochar could produce nutrient-rich biofertilizer in
line with a circular economy strategy, offering a high-quality organic fertilizer suitable for
the cultivation of leafy vegetables in agriculture. Returning waste organic resources to the
soil can help build up carbon, reduce reliance on chemical inputs, and contribute to farmer
welfare while minimizing waste accumulation and protecting the environment.
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34. Titova, J.; Baltrėnaitė, E. Physical and chemical properties of biochar produced from sewage sludge compost and plants biomass,
fertilized with that compost, important for soil improvement. Waste Biomass Valor. 2021, 12, 3781–3800. [CrossRef]

35. Caliskan, S.; Ozok, N.; Makineci, E. Utilization of spent coffee grounds as media for stone pine (Pinus pinea) seedlings. J. Soil. Sci.
Plant Nutr. 2020, 20, 2014–2024. [CrossRef]

36. Gunes, A.Y.D.I.N.; Inal, A.; Sahin, O.; Taskin, M.B.; Atakol, O.; Yilmaz, N. Variations in mineral element concentrations of poultry
manure biochar obtained at different pyrolysis temperatures, and their effects on crop growth and mineral nutrition. Soil. Use
Manag. 2015, 31, 429–437. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

102



Article

Rootstock Genotype Dictates Phosphorus Deficiency Tolerance
and Transcriptional Plasticity in Grafted Camellia oleifera Plants

Zhihua Ren 1,2, Juan Liu 1,*, Jin Zeng 3, Li Cheng 1, Huiyun Liu 1, Yunyu Zhang 4, Qinhua Cheng 5, Wenjuan Su 6,

Huaiyuan Wu 4 and Dongnan Hu 2,*

1 College Forestry, Jiangxi Agricultural University, Nanchang 330045, China; zhihuaren2023@163.com (Z.R.);
suosuodecl@163.com (L.C.); huiyunliu@foxmail.com (H.L.)

2 Jiangxi Key Laboratory of Subtropical Forest Resources Cultivation, Nanchang 330045, China
3 School of Mechanical Engineering, Wuhan Polytechnic University, Wuhan 420023, China;

zengjin0819@163.com
4 Xinyu Forestry Development Service Center, Xinyu 338099, China; yyzh1949@163.com (Y.Z.);

ericwhy1993@163.com (H.W.)
5 Gannan Arboretum, Ganzhou 341299, China; qinhua19990315@163.com
6 College of Forestry and Grassland, Nanjing Forestry University, Nanjing 210037, China; suwenj0126@163.com
* Correspondence: liujuan@jxau.edu.cn (J.L.); dnhu98@jxau.edu.cn (D.H.)

Abstract: Rootstock choice offers a powerful lever for tailoring economically important
trees to adverse environments. Camellia oleifera Abel., a premier oil-producing species
cultivated widely on red-soil hills, suffers large yield losses under chronic phosphorus
deficiency. We grafted a single elite scion (CL4) onto three contrasting rootstocks (CL4,
CL3, CL53) and monitored growth and root transcriptomes for 1.5 years under adequate
(1 mM) or limiting (0 mM) P supply. Under low-P stress, the rootstock identity reshaped
the root architecture: CL4/CL3 produced the longest, most extensive network, increasing
the total root length by 49.7%, the surface area by 52.9%, and the volume by 42.6% relative
to the control, whereas leaf morphology responded solely to P supply, not to the graft
combination. CL4/CL3 also accumulated up to more than 17.5% of root biomass and 28.25%
of whole-plant biomass than any other combination. Physiologically, CL4/CL3 acted as an
aggressive P miner, accumulating 67.8% more P in its roots than the self-grafted control
under P limitation, while CL4/CL4 maximized the internal P use efficiency, showing a
44.74% higher root P use efficiency than CL4/CL53—two contrasting yet effective strategies
for coping with low-P stress. Transcriptome profiling uncovered 1733 DEGs in the CL4/CL3
and 2585 in the CL4/CL4 roots, with 150 and 255 uniquely co-expressed genes, respectively.
CL4/CL3 up-regulated organic-acid and phenylpropanoid pathways; CL4/CL4 activated
defense and phosphate transport networks. qRT-PCR of six genes confirmed that CL4/CL3
mounted a stronger low-P response via MAPK, hormonal, and lipid–metabolic signaling.
These results provide a mechanistic framework for rootstock-mediated P efficiency and
establish a foundation for the molecular breeding of C. oleifera under nutrient-limited
conditions.

Keywords: low-P stress; Camellia oleifera; rootstocks; transcriptomics

1. Introduction

Phosphorus (P) is an essential element for plants, significantly influencing their growth
and development [1]. It plays a vital role in various plant functions, such as metabolic
regulation, energy transfer, and protein activation [2–4]. While P is mainly present in
natural soil, it is mostly in the form of organophosphorus compounds, leading to a low
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concentration of inorganic phosphate (Pi) available for plant uptake [5]. Over the past
century, the excessive use of P fertilizers has been driven by the need to meet food demands
and maintain high crop yields but has resulted in increased costs and negative environ-
mental impacts [6]. Moreover, the depletion of rock phosphate, a key component of these
fertilizers, is a growing concern, with reserves projected to be exhausted within the next
50–100 years [7,8].

Native plant species have evolved unique strategies to adapt to low-Pi availability in
soil [9]. Progress has been made in enhancing plant P acquisition efficiency through root
foraging and phosphorus use efficiency (PUE) through P remobilization strategies [10,11].
For example, the presence of a growing number of root hairs and a relative high root-to-
shoot ratio have been considered as symbiotic traits that contribute to high P acquisition
efficiency [12,13]. Studies have shown that by increasing the length of the root system, the
number of lateral roots, and the branching angle of the root system, plants increase the
contact area between the root system and the soil, thereby increasing P absorption [11,12].
For instance, cotton plants respond to low-P stress by enhancing P absorption through
increased lateral roots, branching density, and root hair length [14]. Furthermore, the
response to Pi starvation is consistently regulated by gene regulatory networks, which
involves numerous Pi transporters and Pi starvation-induced genes [15]. Many transcrip-
tion factors, signal molecules, and other upstream regulators could be activated by Pi
starvation. For example, the transcript factor WRKY has been demonstrated to participate
in the regulation of Pi acquisition under low-Pi condition [16].

Grafting is a cornerstone horticultural technique that accelerates clonal propagation
while preserving elite traits and stabilizing heterosis. By reshaping root architecture and
physiology, it also enhances tolerance to environmental stresses, including water stress
and nutrient deficiency [17,18]. Given that rootstocks are responsible for nutrient absorp-
tion, grafted plants can take up more ions and water compared to self-rooted plants and
transport these to the scion. Utilizing the grafting technique to select a highly tolerant root
system as a rootstock under nutrient deficiency can enhance nutrient absorption and/or
utilization in plants. For example, Adam & Ulas (2023) reported that the tomato genotypes
HelenaF1 and ALT exhibit exceptional rootstock potential, manifested through coordinated
morphological, physiological, and biochemical traits that confer pronounced resilience
under low-nitrogen conditions [19]. In citrus, the FA-5 rootstock confers superior drought
tolerance by enhancing the osmotic adjustment capacity, thereby markedly improving
the performance of grafted trees under water deficit conditions [20]. Yet, the rootstock-
mediated mechanisms that orchestrate P acquisition, remobilization, and signaling under
chronic P limitation—particularly in long-lived woody species—remain largely unexplored.

Camellia oleifera Abel. is an essential woody oil-producing tree species endemic to
China. The tea oil extracted from the seeds of this species is highly valued for human
health and is favored by consumers as a high-quality edible oil. With the growing oil
demand, C. oleifera planting area has been continuously expanding in recent decades. It
has been reported that the cultivated areas have reached 4.5 million ha in 2022 and will
be 6 million ha in 2025. This species is naturally grown and widely planted in the acidic
red soil regions of Southern China, which are characterized by a notable P deficiency. The
shortage of Pi in these areas has significantly hampered the development of the C. oleifera
industry [16]. In practice, the plants of C. oleifera are often propagated by sprout anvil
grafting [21]. Many studies have focused on the variability in P among different scion
varieties. For example, when the vigorous variety of the ‘Gan 8’ scion was grafted with
the rootstock of ‘Ganwu 2’, it showed better performance in shoot P accumulation and
root PUE under low-P stress [22]. A comprehensive assessment of seedling from twelve C.
oleifera half-sib families revealed that the plants from ‘Changlin 4’ (CL4) half-sib families,
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which had higher root/shoot ratio, root area, and PUE, were categorized as P-efficient.
On the other hand, the plants from ‘Changlin 3’ (CL3) half-sib families performed poorly
in these features and were categorized as P-inefficient. However, the rootstock-mediated
effect on low-P stress in C. oleifera has yet to be investigated. It is still unknown whether
the tolerance of the grafted seedling to a low P supply would vary when different types of
P-efficient plants are used as rootstocks for the same scion.

In this study, we investigated the response of grafted C. oleifera combinations, with the
same commercial scion variety grafted onto three different rootstocks under P deficiency
and control conditions (0 mM and 1 mM). The research focused on the following aspects:
(1) the influence of rootstock and P availability on the morphology and biomass of the
grafted plants; (2) the impact of rootstock and P availability on P accumulation and PUE
of the grafted plants; (3) the effect of rootstock and P availability on unigenes and their
underlying signaling pathways.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The experiment was conducted at the Science Park of Jiangxi Agricultural University
(115◦49′ E, 28◦45′ N), in Nanchang, Jiangxi Province, China. The locale is characterized
by a subtropical monsoon climate, experiencing 147–157 precipitation days annually, with
the annual rainfall ranging between 1600 and 1700 mm and an average annual temper-
ature fluctuating between 17 ◦C and 17.7 ◦C. Building on our earlier findings [23], we
employed three semi-sibling rootstocks that differ markedly in phosphorus use efficiency
(PUE): CL3 (low PUE), CL4 (high PUE), and ‘Changlin 53’ (CL53; moderate–high PUE).
The scion chosen for all grafting combinations was the ‘Changlin 4’ (CL4) cultivar. Con-
sequently, we produced three grafted assemblies—CL4/CL3, CL4/CL4, and CL4/CL53
(scion/rootstock)—with the self-grafted CL4/CL4 acting as the internal benchmark, and
CL4/CL3 and CL4/CL53 as the experimental grafts. This single-scion design stripped
away scion variability and directly exposed each rootstock’s influence on phosphorus
acquisition, echoing the commercial practice of pairing uniform elite clones with diverse
rootstocks to tailor orchards to specific stresses.

In December 2018, Camellia seeds underwent cold stratification in sand, a process
critical for germination. By May 2019, these germinated seeds were selected for anvil
grafting. The grafting methodology was described by [22]. The germinated C. oleifera
seeds were trimmed 2–3 cm above the seed, and the trimmed roots were extracted as root-
stocks. Branches and leaves, selecting one leaf per scion, were collected from the C. oleifera
germplasm resource nursery. The wedge-shaped tip of each scion branch was inserted into
a V-shaped cleft in the root, which had been cut vertically for 1 cm, and was subsequently
wrapped and then placed on the seedbed and cultivated to form a grafted plant for ex-
perimental treatment. A grafting substrate, a mixture of peat, perlite, and vermiculite in
a 3:1:1 ratio (available P: 14.95 ± 0.26 mg/kg, available potassium: 464.39 ± 3.34 mg/kg,
hydrolyzable nitrogen: 419.01 ± 6.77 mg/kg), was utilized, resulting in a high survival rate
among all grafted plants, without significant variance in compatibility among the three graft
combinations. In January 2021, a critical transplantation stage was initiated, transferring
the plants into pots with a river sand substrate (available P: 1.06 ± 0.14 mg/kg, available
potassium: 27.19 ± 0.33 mg/kg, hydrolyzable nitrogen: 5.36 ± 1.23 mg/kg). Commencing
in June 2020, healthy and uniform grafted plants were subjected to experimental treat-
ments. Prior trials showed that C. oleifera survives in P-impoverished red soils; 0 mM P has
therefore been our validated threshold for P-stress studies. Therefore, P regimes were set as
1 mM (control) and 0 mM (deficiency). KH2PO4 was used as the P source. Since June 2020,
the grafted plants were irrigated monthly with 100 mL of 1/2 Hoagland nutrient solution
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(no P included). Standard horticultural practice was maintained by applying 100 mL of tap
water weekly and adjusting the amount according to weather, increasing irrigation during
hot periods and reducing it when it rained. To disentangle acute from chronic responses to
phosphorus limitation, we implemented a staggered-harvest time series (0, 30, 90, and 180
d). In November 2021, all grafted plants were collected and immediately dissected into
distinct tissues for downstream analyses. Each treatment combination was represented by
three independent biological replicates to guarantee the robustness and reproducibility of
our findings.

2.2. Determination of the Morphology

Leaf morphometrics, including leaf area, length, width, and perimeter, were quantita-
tively assessed using a specialized leaf area measuring instrument of the handheld laser leaf
area meter CI-203-CID (CID Bio-Science, Camas, WA, USA). Subsequently, the leaf shape
index was calculated as the ratio of leaf length to leaf width. Three measurement rounds
were taken on every plant (n = 3 per treatment, all plants measured, no random selection).

The entire root systems of the C. oleifera grafted plants were carefully excavated and
cleansed for root analysis. The roots were then meticulously severed at the branching
nodes and arranged in a transparent plastic container for imaging. Utilizing a scanner
Expression 10000XL3.49 (Epson America, Los Alamitos, CA, USA), high-resolution scans
of the entire root system were obtained. Advanced image analysis was performed using
the Win Rhizo Pro2012b (Regent Instruments Inc., Quebec, QC, USA) software, enabling
the precise quantification of total root length, surface area, and volume.

2.3. Determination of Biomass and P Concentration

All grafted plants were meticulously harvested. The roots and shoots were segregated
and individually encased in brown paper envelopes. At each of the four harvest time
points, triplicate samples were taken from three different grafted plants per treatment and
initially placed in an oven set at 105 ◦C for two hours, followed by a drying phase at 65 ◦C
until a constant weight was achieved. Each tissue’s mass was precisely measured using an
electronic balance with a sensitivity of 0.01 g. The root-to-shoot ratio and total dry weight
were subsequently calculated. The root-to-shoot ratio, expressed in g/g, was determined as
the root weight divided by the shoot weight. The total dry weight, in grams, was computed
as the sum of the dry weights of the root and shoot.

For P content analysis, three replicated samples per treatment were analyzed using
the molybdenum–antimony colorimetric method, with measurements conducted via a
GENESYS 180 UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Phosphorus use efficiency (PUE) was estimated based on the total P accumulation by the
plant. P accumulation, measured in mg, was calculated as the product of P concentration
(mg/g) and dry weight (g). PUE, denoted in g/mg, was determined as the dry weight
divided by the total P accumulation.

2.4. RNA Extraction, Illumina Sequencing, and Data Analysis

In order to elucidate the P deficiency rootstock-mediated adaptability in C. oleifera, we
focused on the rootstocks CL3 and CL4 because of their differential performance under the
P deficiency condition and further explored the underlying molecular mechanisms using
root transcriptome sequencing. In this study, the roots of the CL4/CL3 (scion/rootstock)
combination in the control and P deficiency treatment groups were designated as R34P1
and R34P0, respectively. Similarly, the roots of the CL4/CL4 combination under control
and low-P conditions were labeled as R44P1 and R44P0, respectively. Each treatment had
three replicates.
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Total root RNA extraction was performed using TRIzol® reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. RNA integrity
and quantity were assessed using a 5300 Bioanalyzer Agilent (Agilent Technologies, Santa
Clara, CA, USA) and an ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), respectively. RNA samples with high quality were selected for the construction
of the sequencing library.

The RNA-seq transcriptome library was prepared using Illumina® Stranded mRNA
Prep and a ligation method, starting with 1 μg of total RNA. Subsequently, double-stranded
cDNA synthesis was performed using the SuperScript double-stranded cDNA synthesis
kit (Thermo Fisher Scientific, Waltham, MA, USA) with random hexamer primers from
Illumina. Post-quantification with Qubit 4.0 (Thermo Fisher Scientific, Waltham, MA, USA),
the paired-end RNA-seq sequencing library was processed on the NovaSeq 6000 sequencer
(Illumina, San Diego, CA, USA), generating reads of 2 × 150 bp. RNA purification, reverse
transcription, library construction, and sequencing were completed by Shanghai Majorbio
Bio-pharm Biotechnology Co., Ltd., Shanghai, China.

In this study, raw paired-end reads were meticulously trimmed and subjected to
quality control using fastp with its default parameters. Clean reads were independently
aligned to the reference genome in orientation mode utilizing HISAT2 (http://ccb.jhu.edu/
software/hisat2/index.shtml, accessed on 5 November 2022). Subsequently, StringTie was
employed in a reference-based approach to assemble the mapped reads of each sample.
Differentially Expressed Genes (DEGs) between two distinct samples were identified by
calculating the expression level of each transcript using the Transcripts Per Million reads
(TPM) method, quantifying gene abundances. Further, functional enrichment analysis,
including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, identified DEGs significantly enriched in GO terms and metabolic pathways,
with a Bonferroni-corrected p-value of ≤0.05, in comparison to the entire transcriptome
background. GO functional enrichment and KEGG pathway analyses were executed.

2.5. Quantitative Real-Time PCR Analysis

Several candidate genes were selected to validate the transcript expression using
quantitative real-time PCR (qRT-PCR). RNA extraction was carried out using RNAprep
Pure DP441 (Tiangen, Beijing, China). The reverse transcription of RNA to synthesize
cDNA was performed according to the iScriptTM cDNA Synthesis Kit protocol (Bio-Rad,
Hercules, CA, USA), utilizing a PCR instrument 846-x-070-301 (Bio-Rad, Hercules, CA,
USA) set to a specific temperature and time program (25 ◦C for 5 min, 46 ◦C for 20 min,
95 ◦C for 1 min, and holding at 4 ◦C).

Primers for these genes were designed based on the sequencing results, using the
online tool available at Primer3 (https://www.primer3plus.com/, accessed on 12 October
2023) online and synthesized by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd.,
Shanghai, China (Table 1). EF1a1 was chosen as the internal reference gene. Real-time
quantitative detection was conducted using iTaqTM Universal SYBR® Green Supermix
1725121 (Bio-Rad, Hercules, CA, USA) in a CFX ConnectTM Real-Time System 788BR07708
(Thermo Fisher Scientific, Waltham, MA, USA), following a temperature and time program
of 95 ◦C for 2 min, 95 ◦C for 5 s, 60 ◦C for 30 s, for 40 cycles, with a final to obtain a melt
curve (95 ◦C for 5 s, 65 ◦C for 5 s, and 95 ◦C for 5 s). The relative gene expression levels
were quantified using the 2−ΔΔCt method.

2.6. Statistical Analysis

Two-factor analysis of variance (ANOVA) was employed to investigate the effects of
rootstock varieties and P availability, as well as their interaction effects, in the different
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grafted plants. One-way ANOVA was employed to assess differences between the control
and the P deficiency conditions using Student’s t-test at the 5% significance level.

Table 1. Primer Information.

Name Gene_id Description Primer Sequences

MAPK
augustus_masked-HiC_scaffold_

13-processed-gene-1462.3
MAPK signaling

pathway
F: CACTCGCCACAAACAATCCC
R: TACGCTTGTGGGTTGTCGAA

CBs
snap_masked-HiC_scaffold_

6-processed-gene-823.4
Carotenoid

biosynthesis
F: CTCAGAGCGTGATGGGGATC
R: ATTCTTGTTGAGCCGAGGCA

ELM
maker-HiC_scaffold_
14-snap-gene-732.64

Ether lipid
metabolism

F: TACCCATGGTGGTTGCCTTC
R: ACGGGCCTGACTAATTGCAT

FBs
augustus_masked-HiC_scaffold

_10-processed-gene-1746.20
Fatty acid

biosynthesis
F: GTCCCACTCCGACATTCTCC
R: TGGTTAAGTCGGTTGGAGGC

PPI
augustus_masked-HiC_scaffold

_1-processed-gene-131.29
Plant–pathogen

interaction
F: CCAGTGGCGGAGTCCAAATA
R: GGGCGGGTCATGATGTAGAG

PHST
snap_masked-HiC_scaffold
_14-processed-gene-167.29

Plant hormone
signal transduction

F: GTGCCCTCTCAAATGGTGGA
R: GGCCTAAGCTAGCACTACCG

3. Results

3.1. Effects of Different Rootstocks on the Morphology of C. oleifera Grafted Plants

In this study, the morphological characters of leaves and roots were assessed among
the C. oleifera plants grafted with CL4, CL3, and CL53 rootstocks under control and P
deficiency conditions. The results showed that P availability could affect significantly
the leaf area and leaf circumference of the C. oleifera grafted plants (Figure 1), but no
significant difference in leaf morphologies was found among grafted plants with different
rootstock genotypes.

Figure 1. Effects of the rootstock on leaf morphology of the grafted plants under control and low-P
conditions. (A) Leaf area, (B) leaf circumference, and (C) leaf shape index. Lowercase and uppercase
letters on the bars indicate significant differences in grafting combinations between control and P
deficiency supply treatments at the p ≤ 0.05 level, respectively. (The statistical test used was one-way
analysis of variance). The upper right of the figure shows the ‘Interaction Effect Analysis’ (the
statistical test used was two-way analysis of variance); ‘Rootstock’, ‘Phosphorus’, and ‘Rootstock
× Phosphorus’ indicate ‘the impact of rootstock genotypes’, ‘the impact of phosphorus’, and ‘the
interaction of rootstock genotypes and phosphorus’, respectively. ‘*’ indicate that the interactions are
significant at the p ≤ 0.05 level, respectively, and ‘ns’ indicate no significant difference.

The results of the root morphology analysis indicated that P availability did not affect
the root characters. The rootstock genotypes significantly affected the root length and
total root surface area but did not influence the total root volume (Figure 2). Among
the C. oleifera plants grafted with different rootstocks, CL4/CL3 boosted the total root
length by 49.7%, the surface area by 52.9%, and the root volume by 42.6% relative to the
control under P deficiency.
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Figure 2. Root morphology of C. oleifera plants. (A) Total root length, (B) total root surface area, and
(C) total root volume. Lowercase and uppercase letters on the bars indicate significant differences
in grafting combinations between control and P deficiency supply treatments at the p ≤ 0.05 level,
respectively. (The statistical test used was one-way analysis of variance). The upper right of the figure
shows the ‘Interaction Effect Analysis’ (the statistical test used was two-way analysis of variance);
‘Rootstock’, ‘Phosphorus’, and ‘Rootstock × Phosphorus’ indicate ‘the impact of rootstock genotypes’,
‘the impact of phosphorus’, and ‘the interaction of rootstock genotypes and phosphorus’, respectively.
‘*’ indicate that the interactions are significant at the p ≤ 0.05 level, respectively, and ‘ns’ indicate no
significant difference.

3.2. Effect of the Rootstock on the Biomass of Grafted C. oleifera

The results of the biomass of C. oleifera indicated that root biomass, shoot biomass,
whole-plant biomass, and root/shoot ratio in the grafted plants of three rootstocks were
not affected by P availability and the rootstock genotypes (Figure 3). However, we found
that different grafted plants had different performance under the P deficiency treatment.
For example, the root biomass and the entire plant biomass of CL4/CL3 were much greater
compared to those of the other grafted plants. Under P deficiency treatment, the root
biomass of CL4/CL3 increased by 17.51% compared with that of the control and was 4.06%
higher compared to that of CL4/CL4. The whole-plant biomass of CL4/CL3 under low P
supply was improved by up to 28.25% compared to that of the control.

Figure 3. Biomass of each part of the grafted plants. (A) Root biomass, (B) shoot biomass,
(C) whole-plant biomass, and (D) root/shoot ratio. Lowercase and uppercase letters on the bars indicate
significant differences in grafting combinations between control and P deficiency supply treatments at
the p ≤ 0.05 level, respectively. (The statistical test used was one-way analysis of variance). The upper
right of the figure shows the ‘Interaction Effect Analysis’ (the statistical test used was two-way figure
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shows the ‘Interaction Effect Analysis’ (the statistical test used was two-way analysis of variance);
‘Rootstock’, ‘Phosphorus’, and ‘Rootstock × Phosphorus’ indicate ‘the impact of rootstock genotypes’,
‘the impact of phosphorus’, and ‘the interaction of rootstock genotypes and phosphorus’, respectively.
‘ns’ indicate no significant difference.

3.3. Effects of the Rootstock on P Content, P Accumulation, and PUE in the Grafted C. oleifera

We further investigated the P content, P accumulation, and PUE among the C. oleifera
plants grafted with three rootstock genotypes in different tissues under control and P
deficiency availability. The findings indicated that root P content, root P accumulation,
and root PUE in the grafted plants were significantly affected by both rootstock genotypes
and P availability (Figure 4). Meanwhile, whole-plant P accumulation and whole-plant
PUE exhibited similar performance and were significantly affected by both rootstock×P,
rootstock variety, and P availability. But shoot P content, shoot accumulation, and shoot
PUE in the grafted plants were mainly affected by P availability.

Among the three graft combinations, CL4/CL3 achieved the greatest P accumula-
tion in roots, shoots, and whole plants under P-limited conditions; for instance, root P
accumulation was 67.8% higher than in the self-grafted CL4/CL4 control. On the other
hand, CL4/CL4 exhibited modestly superior root P use efficiency—44.74% higher than that
of CL4/CL53—and, under P deficiency, maintained the highest whole-plant PUE while
accumulating less P in every tissue under both treatments. It seemed that CL4/CL3 and
CL4/CL4 had different strategies to adapt to a P-deficient environment. The former showed
high P-mining capacity by increasing root P absorption from the soil and accumulating P
in the whole plant to cope with the P deficiency. The latter enhanced P use efficiency by
optimizing the P application rate to meet the plant’s P demand. Therefore, CL4/CL3 and
CL4/CL4 were selected for further transcriptomic analysis under two P availability levels
in this study to clarify the underlying mechanisms.

3.4. Transcriptomic Analysis for Different Grafted Plants Under Two Treatments

Based on the different performance on P content, P accumulation, and PUE under low
P levels, the roots of the CL4/CL3 (scion/rootstock) and CL4/CL4 grafted combinations
were chosen for further transcriptional sequencing analysis to investigate the response
mechanisms of plants grafted with different rootstocks (Figures 5 and 6). PCA analysis
of all samples revealed a strong correlation within each treatment and significant differ-
ences between the treatment groups, indicating sufficient reliability for further analysis
(Figure 5A). The results of DGE analysis between control and P deficiency conditions
showed that there were 1064 up-regulated genes and 669 down-regulated genes in the
CL4/CL3 roots, while 1415 up-regulated and 1170 down-regulated genes were found in
the CL4/CL4 roots (Figure 5B). The Venn diagram was used to present the presence of
uniquely expressed genes in each of the four combinations. The results indicated that
there were 150 co-expressed genes in the CL4/CL3 combination under the two different
treatments, and 255 genes in the CL4/CL4 combination (Figure 5C).

The GO enrichment analysis revealed distinct functional specializations of root genes
in the CL4/CL3 and CL4/CL4 graft combinations when investigating the DEGs of each
combination under the two P levels (Figure 6). When compared to the DEGs of the
CL4/CL3 roots under control and P deficiency conditions, gene functions primarily related
to monocarboxylic acid biosynthesis, phenylpropane metabolism, secondary metabolite
biosynthesis, phosphoenolpyruvate family amino acid catabolism, and cinnamic acid
metabolism (Figure 6A). The DEGs in the CL4/CL4 roots under the two different treatments
were primarily involved in pathways associated with defense reaction, hemicellulose
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metabolism, phosphate ion transport, phosphoenolpyruvate family amino acid catabolism,
and cell wall macromolecular metabolism (Figure 6B).

Figure 4. P content, P accumulation, and PUE in each part of the grafted plants. (A) Root P
content, (B) shoot P content, (C) root P accumulation, (D) shoot P accumulation, (E) whole-plant P
accumulation, (F) root PUE, (G) shoot PUE, and (H) plant PUE. Lowercase and uppercase letters on
the bars indicate significant differences in grafting combinations between control and P deficiency
supply treatments at the p ≤ 0.05 level, respectively. (The statistical test used was one-way analysis of
variance). ‘*’ and ‘**’ on the bars indicate a significant difference between control and low-P-treated
plants at the p ≤ 0.05 and p ≤ 0.01 levels, respectively. (The statistical test used was Student’s test).
The upper right of the figure shows the ‘Interaction Effect Analysis’ (the statistical test used was
two-way analysis of variance); ‘Rootstock’, ‘Phosphorus’, and ‘Rootstock × Phosphorus’ indicate
‘the impact of rootstock genotypes’, ‘the impact of phosphorus’, and ‘the interaction of rootstock
genotypes and phosphorus’, respectively. ‘*’ and ‘**’ indicate that the interactions are significant at
the p ≤ 0.05 and p ≤ 0.01 levels, respectively, and ‘ns’ indicate no significant difference.
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Figure 5. Comparative analysis of differential genes under control and low P conditions. (A) PCA
analysis of the samples, (B) up-regulated and down-regulated DEGs, and (C) Venn diagram with the
number of DEGs. ‘R34P01’ indicates ‘R + 3 + 4 + P0 + 1’, which represents ‘root + rootstock (CL3 or
CL4) + scion (CL4) + phosphorus level (P0 or P1) + repeat (1, 2 or 3)’.

KEGG analysis based on the DEGs in the CL4/CL3 roots under the two P lev-
els showed a significant enrichment in phenylalanine metabolism, starch and sucrose
metabolism, glutathione metabolism, pentose and glucuronate interconversions, plant
hormone signal transduction, glycosphingolipid biosynthesis, and flavonoid biosynthesis.
KEGG analysis of the CL4/CL4 roots under the two different treatments indicated a notably
enrichment in phenylpropane biosynthesis, plant–pathogen interaction, plant hormone
signaling, flavonoid biosynthesis, glutathione metabolism, zeatin biosynthesis, MAPK
signaling pathway, and other metabolic pathways.

In order to verify the accuracy of the gene expression analysis, six genes based on
the transcriptomic sequencing analysis were selected to conduct qRT-PCR under the two
P treatments (Table 1). The results showed that the relative gene expression using RNA-
Seq and qRT-PCR of five genes were matched (except for MAPK), indicating that the
transcriptomic sequencing analysis was reliable (Figure 7). For example, the expression
of MAPK was induced in the CL4/CL3 grafted combination under P deficiency, with
an expression level 2.73 times higher than that in the control. In the CL4/CL4 grafted
combination, the expression level of MAPK was 1.28 times higher than that in the control.
The gene CBs in the grafted CL4/CL4 showed similar low expression levels under both
treatments. But the expression level of this gene in CL4/CL3 under P deficiency was
2.26 times higher than that in the control. The lipid metabolism genes ELM and FBs are
involved in P metabolism. The expression of ELM gene was induced by P deficiency, with
similar performance in both grafted combinations. The expression of the FBs gene was
repressed in the two grafted plants under P deficiency conditions compared to the control.
The expression of PPI (a gene involved in plant–pathogen interaction) in both grafted
plants was significantly induced in P deficiency conditions. And the expression level of
this gene in CL4/CL3 was much higher than in CL4/CL4. The expression of PHST (a
plant hormone signaling gene) was also induced under P deficiency conditions, being three
times higher in CL4/CL3 than in CL4/CL4. This suggests that the P deficiency condition
could induce the expression of hormone-related genes, Overall, P deficiency conditions
stimulate intracellular signaling, leading to the secretion of hormones and metabolites like
carotenoids, which then regulate lipid metabolism and facilitate the plant’s response to
P deficiency.
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Figure 6. GO and KEGG enrichment analysis. (A) R34P1 vs. R34P0 GO enrichment analysis of
DEGs, (B) R44P1 vs. R44P0 GO enrichment analysis of DEGs, (C) R34P1 vs. R34P0 KEGG enrichment
analysis of DEGs, and (D) R44P1 vs. R44P0 KEGG enrichment analysis of DEGs.
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Figure 7. Real-time quantitative expression analysis and RNA-Seq validation analysis. (A) MAPK,
(B) CBs, (C) ELM, (D) FBs, (E) PPI, and (F) PHST.

4. Discussion

Breeding highly nutrient-efficient varieties has been demonstrated as an effective
way to address the nutrient shortage [24]. Grafting scion varieties maintains good bud
characteristics while improving the plant’s ability to adapt to environmental stress [25,26].
A growing body of research has begun to dissect how rootstocks modulate plant perfor-
mance under phosphorus-limited conditions, with particular attention given to apple [27],
peach [28], and grapevine [29]. In this study, we examined the effects of P deficiency on
the same scion of C. oleifera grafted with different rootstocks. The results showed that
the rootstocks of the C. oleifera grafted plants did not affect the leaf morphology but had
a significant impact on the root length and total root surface area. Moreover, different
grafted plants were found to have different root biomass, root P content, and PUE under
P deficiency. The CL4/CL3 grafted combination performed better in nutrient absorption
under P-limited conditions.

Phosphorus deficiency has been widely documented to impair growth and develop-
ment across a broad range of crop species, including soybean [30] and cotton [31,32]. In this
study, under P-limited conditions, the leaf area and leaf circumference were reduced ap-
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parently in three grafted combinations. This is because P deficiency could reduce stomatal
opening, with less captured CO2 and reduced triose phosphate, significantly influencing
the recycling of NADPH and ATP, thus inhibiting plants’ photosynthetic capacity and
growth [33]. Moreover, rootstocks have been reported to alter scion morphology in some
fruit trees, including apple [34,35], peach [36], and pear [37], where dwarfing or invigo-
rating rootstocks can modulate leaf size, thickness, and specific leaf area via changes in
endogenous hormone levels and hydraulic conductance. In this study, the three exam-
ined rootstock genotypes had little impact on the leaf morphologies of the grafted plants.
Rootstocks would be more likely to modulate below-ground traits than above-ground leaf
architecture under P limitation. In this study we observed that the three rootstocks scarcely
altered scion leaf morphology, yet significantly changed root length and surface area. This
divergence suggests that rootstock-mediated P acquisition operates primarily through root
plasticity—enhancing soil exploration and P uptake—rather than through alterations in
leaf size or shape.

Grafting is often considered to improve the nutrient uptake of plants. In this study,
the rootstocks significantly affected the root morphology, which is supported by the find-
ings of other studies [38,39]. Liu et al. [40] demonstrated that apple scions grafted onto
Malus prunifolia or Chistock #1 produced significantly longer, more vigorous root systems
than their non-grafted counterparts. Under the low P level condition, the rootstock CL3
performed better than the rootstock CL4. Although the latter showed a little higher ev-
idence of changes in root morphology, there was no significant differences between the
two rootstocks under the P-sufficient condition. Furthermore, the rootstock CL3 seemed
to also have greater P accumulation and P content in the roots. Leaf functional traits
allow for plant survival and maintain plants’ ecosystem function [41]. Through grafting,
the rootstock has the capability to modify the phenotype of certain scions. The leaf area
was affected positively by the rootstock in mango [42]. Specifically, soybean rootstocks
can influence the chlorophyll levels in the leaves, thereby impacting the process of leaf
aging [43]. Consequently, rootstocks that align with desired traits are often chosen for graft-
ing in agricultural production. For chili peppers, employing drought-resistant rootstocks
can shield the plants from oxidative stress due to water scarcity, enhancing their drought
tolerance [44]. Different apple rootstock types uniquely influence pollen germination, with
specific varieties enhancing cold stress tolerance during flowering [45]. In this study, it was
found that the rootstock did not have a significant impact on leaf morphology. However,
the rootstocks did have a significant effect on P accumulation in the shoot. This could be
attributed to the interaction between the rootstocks and the scions. The influence of the
rootstock–scion interaction has been observed and discussed in various crops and fruit
trees, including soybeans [30], cotton [31], and apple [34,35,40]. Some researchers have
proposed that the apparent interaction between rootstocks and scions for certain traits in the
grafted plants is primarily controlled by the rootstocks. For example, potato grafting using
late blight-resistant varieties as rootstocks could enhance resistance to late blight in scions
derived from susceptible varieties by up-regulating the expression of disease-resistant
genes in the scions [41]. The contents of sugars, acids, and volatiles in heterografted tomato
pericarps are influenced by the rootstocks [46]. It was further demonstrated that rootstocks
play an essential role in grafting. Our results further demonstrated that grafting the scion
CL4 to the rootstock CL3 improved the plant growth and increased the P content more than
grafting to the rootstocks CL4 and CL53 under low-P stress, which suggests that rootstock
may have a crucial regulating effect on grafted C. oleifera.

The mechanisms underlying the response to low-P conditions in C. oleifera have been
widely discussed by many researchers. Su et al. [16] suggested that CoWRKYs in the
P-efficient CL40 variety of C. oleifera may play a crucial role in P deficiency tolerance,
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being involved in the transportation and recycling of P in the leaves and affecting diverse
metabolic pathways. Three hub target genes, ARF22, WRKY53, and SCL6, which may play
key roles in CL166 of C. oleifera in controlling transcriptomic regulation in response to
low Pi stress, were identified [47]. In this study, some pathways were identified related to
low P levels in oil-tea species, which were overlooked by previous studies. For example,
mitogen-activated protein kinase (MAPK) signaling pathways play a very important role
in plant abiotic stress [48]. Under low-P stress, MAPK was strongly up-regulated. It
significantly modified plant growth under stress conditions and dramatically modified
the root architecture through transcriptional regulation of the auxin transport-associated
genes [49]. Overexpression of a member of the MAPK gene family enhanced tobacco’s dry
mass production, Pi uptake capacity, and root system architecture establishment under
low-Pi stress [50]. It is important to note that our study did not find differences in the
expression of transcription factors common in the low-P response. For example, Su et al. [16]
indicated that 32 CoWRKYs participated in the regulation of responses to P deficiency stress
in C. oleifera. The complexity of the rootstocks–scion interaction-dominated P response
mechanism may account for this phenomenon.

Moreover, this study delivers an integrated, molecular-level roadmap illustrating how
distinct rootstocks steer the low-phosphorus adaptive strategies of grafted C. oleifera. GO
and KEGG profiling exposed sharp functional partitioning between the two graft com-
binations, with each rootstock–scion pair deploying a unique transcriptional program to
confront P limitation. CL4/CL3 preferentially up-regulated phenylpropanoid–flavonoid
metabolism, organic-acid biosynthesis, glutathione-mediated antioxidant systems, and
phytohormone signaling, thereby constructing a metabolic network centered on efficient
P acquisition, mobilization, and translocation. In contrast, CL4/CL4 prioritized defense
responses, cell wall remodeling, and MAPK cascades, reflecting a ‘defend-and-conserve’
strategy that enhanced P use efficiency rather than P uptake. This functional separation
aligned with phenotypic data: CL4/CL3 exhibited marked increases in root length and
surface area and a 28% rise in whole-plant P accumulation under low P, whereas CL4/CL4
improved the PUE while maintaining the biomass. The MAPK signaling cascade was the
most strikingly differentially expressed pathway. qRT-PCR confirmed that MAPK expres-
sion in the CL4/CL3 roots reached 2.73-fold that of the control—significantly higher than
the 1.28-fold increase in CL4/CL4—indicating that MAPK-mediated auxin transport and
root architectural remodeling underpin the superior P acquisition of CL4/CL3. Similarly,
the stronger up-regulation of the hormone-related gene PHST and the defense gene PPI in
CL4/CL3 not only intensified the immediate root response to P limitation but may also
have activated systemic acquired resistance, indirectly reducing P diverted to defense.
Moreover, the up-regulation of the lipid metabolism gene ELM and the down-regulation
of FBs jointly suggest coordinated membrane lipid turnover and P recycling. Collectively,
rootstock–scion interactions do not merely sum additive effects; instead, they reprogram
the root transcriptional networks to confer either a ‘CL3-type P-capture’ or a ‘CL4-type
P-saving’ strategy under low P.

5. Conclusions

In this study CL4 scions were grafted onto three rootstocks and exposed to low P or
control conditions. CL3 markedly improved scion P uptake and P use efficiency (PUE);
under low P it stimulated its own root growth, which translated into greater biomass and
total P in the shoot. Transcript profiling further suggested that CL3 primed the scion by
up-regulating MAPK, hormone, and defense-related genes, although these candidates still
await direct validation. Together the data underline the pivotal role of rootstock choice in
grafted crops grown on P-deficient soils and provide a molecular framework for future
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rootstock–scion studies. The next steps are to confirm that the CL3 low-P advantage persists
in the field and to test its performance under drought and in combinations with other
commercial scion varieties.
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Abstract: Spent mushroom substrate (SMS), a nutrient-dense byproduct of mushroom culti-
vation, has emerged as a promising feedstock for biochar production, offering a sustainable
solution to modern agricultural and environmental challenges. This review explores SMS
properties, its conversion into biochar, and its various applications. Due to its lignocellu-
losic structure, high organic matter (OM), and essential nutrients, SMS is ideal for pyrolysis,
a process that enhances biochar’s porosity, nutrient retention, and carbon stability. These
properties improve soil fertility, water retention, microbial activity, and plant growth while
also contributing to climate change mitigation through carbon sequestration. SMS-derived
biochar stands out for its superior benefits, including a balanced pH, a rich nutrient profile,
and the ability to adsorb heavy metals, which mitigates soil and water contamination
and minimizes toxic risks in the food chain. By enhancing soil structure, nutrient cy-
cling, and moisture retention, SMS-derived biochar supports sustainable farming practices
that reduce chemical fertilizer use and boost climate resilience. Beyond soil applications,
SMS-derived biochar is effective in wastewater treatment, mitigating plant diseases, and
improving mushroom cultivation substrates, thereby enhancing mycelial growth and pro-
ductivity. Economically, it is a cost-effective alternative due to the abundant availability
and inexpensive nature of SMS. Nevertheless, challenges still exist, particularly in opti-
mizing production methods and ensuring consistency in biochar properties, influenced
by variations in pyrolysis conditions and SMS types. Advances in production technology
and sustainable practices are vital for scaling up SMS-derived biochar production. This
paper emphasizes the transformative potential of SMS-derived biochar, advocating for
its integration into circular economy frameworks and sustainable agricultural systems.
Recommendations for future research and policy support are provided to maximize the
ecological and economic benefits of SMS-derived biochar, fostering its widespread adoption
in global agricultural and environmental strategies.
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1. Introduction

SMS, a byproduct of mushroom cultivation, represents both a valuable resource and
a waste management challenge in modern agricultural systems [1]. With an organic-
rich composition and a nutrient profile often enriched with nitrogen (N), phosphorus (P),
potassium (K) as well as other minerals (calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe),
manganese (Mn), zinc (Zn), copper (Cu), and sodium (Na) [1,2], SMS has garnered interest
for its potential as a raw material in biochar production. However, given the extensive
global production of mushrooms (estimated at approximately 48.34 million metric tons),
particularly in the top 10 mushroom-producing countries in the world, including China,
Italy, the United States of America, the Netherlands, Poland, Spain, France, Iran, Canada,
and the United Kingdom, SMS disposal presents considerable environmental challenges [3].
As a significant byproduct of mushroom farming, SMS is frequently considered waste. If
improperly managed, it can contribute to greenhouse gas emissions, leach nutrients into
groundwater, and accumulate as waste, resulting in environmental hazards through the
development of pathogenic microflora and the spread of fungal diseases. It also increases
eutrophication and adds to the financial, logistical, and ecological burdens for mushroom
farms [4,5]. Crucially, unsuitable disposal can result in disagreeable smells and draw
insects, causing additional issues for the environment and community wellness [6]. Despite
these challenges, SMS holds considerable potential as a valuable feedstock and carbon
source, particularly for biochar production, which offers a sustainable solution to waste
disposal while providing numerous agricultural benefits. Converting SMS into biochar not
only addresses these environmental concerns but also yields a material with wide-ranging
agricultural benefits, aligning with the principles of sustainable and circular economy
practices [7–9].

Biochar, a form of carbon-rich material produced through pyrolysis, has shown im-
mense promise for soil health, pollutant remediation, and water management, improves
material sustainability, and even supports urban agriculture and green infrastructure [10].
When applied to agricultural soils, SMS-derived biochar can improve soil fertility, water
retention, and carbon sequestration, making it a valuable asset in sustainable farming
practices and modern agricultural systems [7]. The pyrolysis process, which heats organic
material in low-oxygen conditions, allows for SMS to be transformed into a stable carbon
form that is resistant to decomposition, locking carbon into the soil for extended peri-
ods [10,11]. Optimal pyrolysis conditions for SMS-derived biochar production involve
carefully controlled temperatures and residence times, which affect the physicochemical
properties of the resulting biochar [11,12]. This thermochemical conversion process requires
energy and technical considerations; yet, it has proven to be economically viable for agri-
cultural use, particularly when offset by the benefits to soil and crop productivity [7,13,14].

The physicochemical properties of SMS-derived biochar, including high porosity and
surface area, pore size distribution, high carbon content, as well as nutrient and moisture re-
tention capabilities, make it particularly effective in various agricultural applications [13,14].
Its chemical characteristics, such as pH, cation exchange capacity (CEC), and the potential
for heavy metal adsorption, distinguish it from biochars derived from other organic wastes,
positioning it as a robust soil amendment for multiple agricultural purposes [13–15]. SMS-
derived biochar’s stability and persistence in the soil enable it to improve soil structure
and nutrient availability, thus enhancing plant growth, yield, and biochemical response,
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while simultaneously resulting in reduced incidence of disease [7,16,17]. Additionally, the
biochar’s ability to adsorb heavy metals and organic pollutants opens opportunities for its
use in agricultural wastewater treatment, protecting water resources from contamination
by pesticides [16].

Currently, SMS-derived biochar’s applications extend beyond soil health and include
carbon sequestration, nutrient retention, improved plant growth and biochemical response,
and even an enhancement of mushroom production systems [1,7,14,16,18]. Moreover,
several previous studies have indicated that several biochars offer a natural approach to
plant disease management [17,19]. This presents a good guideline for further utilization of
SMS-derived biochar in the future. Several comparative studies reveal that SMS-derived
biochar performs similarly or even superiorly to traditional biochars made from wood or
agricultural residues, largely due to SMS’s unique nutrient profile and structural prop-
erties [14,20]. This performance, coupled with its abundance and low cost, supports
SMS-derived biochar’s environmental and economic viability as an amendment in modern
farming systems [14,15,21].

Despite its potential, challenges remain in standardizing SMS-derived biochar produc-
tion and addressing environmental concerns [22]. The influence of biochar on soil microbial
communities, potential contaminants, and regulatory needs are areas that require further
exploration to maximize the safety and efficacy of SMS-derived biochar in agricultural
systems. Moreover, long-term studies are essential to understand its persistence and impact
on soil ecology over time. Therefore, this review comprehensively examines SMS-derived
biochar’s properties, production methods, and diverse applications in modern agriculture,
exploring its potential benefits, limitations, and future directions. We also investigate
novel opportunities in precision agriculture, water management, and pollution control,
positioning SMS-derived biochar as a versatile and impactful component in sustainable
agricultural practices.

2. Properties of Spent Mushroom Substrate

2.1. Overview of the Composition and Nutritional Profile of SMS

SMS is a nutrient-rich organic byproduct generated after harvesting edible and
medicinal mushrooms, including widely cultivated genera such as Agaricus, Auricu-
laria, Coprinus, Flammulina, Ganoderma, Hericium, Lentinula, Lentinus, Pleurotus, and
Tremella [7,12,13,16,20,23–26]. This byproduct is composed of residual mycelium, lignocel-
lulosic compounds (lignin: 25–39.8%, hemicellulose: 19–34%, and cellulose: 38–48.7%),
bioactive compounds, fibers, proteins, non-cell-wall carbohydrates, and essential minerals
derived from agricultural residues such as sawdust, corn cob, cottonseed hull, straw, and
wood chips, along with amendments like gypsum, lime, and peat [1,6,27–29].

Each SMS batch offers unique physicochemical properties, enriched with both
macronutrients and micronutrients essential for plant growth (Table 1). For example, SMS
holds high OM (58.97 to 92.73%) and vital nutrients like N (0.46–2.72%), P (0.02–0.84%),
and K (0.02–2.40%). It is also a rich source of micronutrients such as Ca (0.52–10.92%),
Mg (0.09–0.91%), S (0.2–1.6%), Fe (7.60–920 mg·kg−1), Mn (100–1600 mg·kg−1), Zn
(26–220 mg·kg−1), Cu (10.80–79.67 mg·kg−1), and Na (433.33–6693.33 mg·kg−1), further
enhancing its effectiveness as a soil amendment.
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Table 1. The physicochemical properties of SMS remains from each mushroom production.

Properties

Spent Mushroom Substrates

Agaricus
bisporus

Coprinus
comatus

Flammulina
velutipes

Ganoderma
lucidium

Hericium
erinaceus

Lentinula
edodes

Pleurotus
ostreatus

Tremella
fuciformis

EC (dS m−1) 4.83–6.60 0.88 - 1.92 1.08 1.96 0.89–4.01 -
pH 5.02–8.05 5.80 5.83 7.10 4.24 3.79–4.33 5.54–6.49 6.12

OM (%) 66.98 - - 58.97 90.09 92.73 61.17–91.87 -
OC (%) 23.40–54.30 - 41.24 34.20–44.82 52.25 38.96–53.78 32.61–53.29 40

C/N ratio 11.50–25.43 - 29.88 27.33–74.35 92.60 26.69–40.95 19.00–79.31 19.51
Total N (%) 0.92–2.72 - 1.38 0.46–1.64 0.57 1.12–1.46 0.56–1.72 2.05
Total P (%) 0.21–0.84 - 0.04 0.09–0.36 0.10 0.02–0.07 0.05–0.77 0.03
Total K (%) 0.43–2.40 0.85 0.02 0.48–1.03 0.35 0.10–0.21 0.23–1.90 0.04

Ca (%) 4.70–10.80 5.15 - 2.66–10.92 0.84 0.52 0.68–10.44 -
Mg (%) 0.60–0.91 0.30 - 0.24–0.28 0.18 0.45 0.09–0.51 -
S (%) - - 0.7 - - 0.91 0.20 1.60

Fe (mg·kg−1) 174.27–920 - - 38.27–60 27.93 21.40 7.60–30.80 -
Mn (mg·kg−1) 241.20–1600 - - 100–291.80 282.80 225.40 134.87–225.93 -
Zn (mg·kg−1) 136.41–220 - - 37.47 26.00 56.47 28.20–49.20 -
Cu (mg·kg−1) 50.70–79.67 - - 14.93 11.60 25 10.80–11.60 -
Na (mg·kg−1) 600–6693.33 1900 - 886.67 660 1100 433.33–1233.33 -

WHC (%) 277.5 - - 231.39 324.10 366.30 347.31–699.68 -

References [16,23–25] [13] [7] [24,30] [24] [7,12,24] [20,24,26] [7]

Note: EC refers to electrical conductivity; C/N represents carbon-to-nitrogen ratio; and WHC refers to water-
holding capacity.

Notably, SMS has excellent physical properties, particularly its exceptional WHC,
which ranges from 231.39 to 699.68%, significantly higher than traditional growing media
like peat (~209.96%) or mixed plant growth media (~75.23%) [24]. This superior water
retention capacity is invaluable for agricultural applications. Moreover, the residual fungal
components in SMS contribute to a rich microbial profile, promoting soil biodiversity [31].
Its organic carbon (OC) and C/N ratio, ranging from 23.40 to 54.30% and 11.50:1 to 92.60:1,
respectively, depending on the original substrate, makes it ideal for composting and biochar
production. Similarly, its pH range (3.79–8.05) and EC (0.88–6.60 dS m−1) demonstrate its
versatility across different soil types and crops. As a sustainable and non-toxic resource,
SMS aligns with organic farming practices and supports the global movement toward
sustainable agriculture, helping to foster more resilient and productive ecosystems [6].

2.2. Benefits of Biochar Conversion

SMS offers several advantages as a biochar feedstock, making it a valuable resource for
sustainable biochar production [32]. As a material rich in lignocellulose, SMS has potential
carbon sources that enable efficient carbonization during the pyrolysis process, resulting
in its stable high-quality biochar [6,33]. This carbon-rich composition makes SMS-derived
biochar an effective medium for carbon sequestration in soils or other growing substrates
and could potentially mitigate climate change [34].

In addition, SMS contains a range of essential primary and secondary macronutrients,
which are largely preserved during conversion to biochar. This nutrient retention enhances
its role as a soil amendment by improving soil fertility and promoting plant growth
when applied to agricultural systems [20,35,36]. In mushroom cultivation, studies also
indicate that incorporating SMS-derived biochar into growing substrates can enhance
mycelial growth and overall yield, demonstrating its utility across agricultural practices [14,
20,36]. The physical properties of SMS, such as its natural porosity and high surface
area, are maintained when it is converted to biochar, providing an ideal structure for
water retention and fostering beneficial microbial habitats in soils [14,36]. Moreover,
producing biochar from SMS addresses the environmental challenges of SMS disposal,
transforming agricultural waste into a valuable byproduct and adding significant value
to mushroom cultivation residues [6,27]. These combined benefits highlight SMS as an
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effective and sustainable feedstock for biochar, supporting both agricultural productivity
and environmental health.

2.3. Environmental Concerns and Potential Impacts of SMS Disposal on the Ecosystem

The disposal of SMS presents several environmental challenges that can lead to signifi-
cant ecological impacts [6]. As a major byproduct of mushroom cultivation, SMS is often
regarded as waste, resulting in large quantities accumulating on farms or in landfills [37].
This accumulation can lead to various issues, such as the leaching of nutrients into water
systems, which contributes to eutrophication. This process promotes harmful algal blooms
that deplete oxygen levels in water environments, adversely affecting aquatic life and
disrupting ecosystems [31,38]. Additionally, improper disposal can lead to unpleasant
odors and attract pests, creating further environmental and public health concerns [6].

Additionally, SMS is rich in organic matter, and if not managed properly, it can
undergo anaerobic decomposition, releasing potent greenhouse gases like methane (CH4),
nitrous oxide (N2O), ammonia (NH3), and nitrate (NO3−), which have a far greater impact
on climate change than carbon dioxide [37,39]. Without effective management practices,
the environmental footprint of SMS can be considerable, highlighting the urgent need
for sustainable waste management solutions [27]. Converting SMS into biochar, compost,
or other value-added products offers a way to address these environmental challenges,
transforming waste into a sustainable resource that can enhance agricultural practices and
promote environmental health [6,27,28].

3. Production of Biochar from Spent Mushroom Substrate

3.1. Pyrolysis Process

Pyrolysis is a thermochemical process that converts biomass into biochar by heating it
under controlled oxygen-limited conditions. As pyrolysis occurs at varying temperatures,
the surface structure of the obtained biochar can change, influenced by the additional break-
down of lignin and other organic components in the feedstock [40]. The process generally
operates within a temperature range of 300 to 1300 ◦C, where the medium (300–800 ◦C)
and high temperatures (800–1300 ◦C) are tailored to optimize biochar properties depending
on the desired application [41–43]. For SMS-derived biochar, pyrolysis temperatures typi-
cally range between 300 and 900 ◦C [12,14,16,32,44–48], with optimal biochar properties
generally recorded at temperatures between 500 and 750 ◦C [14,44,49–51]. At these temper-
atures, the carbonization process enhances the stability and quality of the resulting biochar,
improving its adsorption capabilities and nutrient retention [49]. The pyrolysis yields three
primary products: gases (including carbon dioxide, carbon monoxide, and hydrocarbons),
liquids (such as organic solutions and tar), and solids (char) [52]. The specific proportions
and compositions of these products vary based on the type of biomass used, the pyrolysis
method, and the reactor design employed [53].

Various types of reactors can be utilized for the pyrolysis of SMS, including batch,
continuous, and fluidized bed reactors. Batch reactors are straightforward and allow for
flexibility in feedstock processing but may have lower efficiency. Continuous reactors, on
the other hand, facilitate a more efficient and scalable process by continuously feeding SMS
into the reactor, thereby enhancing productivity. Fluidized bed reactors are particularly
advantageous as they provide excellent heat transfer and uniform temperature distribution,
which are critical for consistent biochar quality [54]. By carefully selecting the pyrolysis
conditions and reactor type, producers can optimize the characteristics of SMS-derived
biochar for various applications.
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3.2. Influence of Parameters on Biochar Properties

The production of SMS-derived biochar is significantly influenced by various pyrolysis
parameters, including the conditions used in pyrolysis (temperature, pressure, heating
rate, final temperature, residence time, reactor atmosphere, and feed system), the type of
reactor (which affects the heating rate and process duration), and the characteristics of the
feedstock (particle size, type, and composition) [51,53,55]. Higher pyrolysis temperatures
typically enhance the carbon content, surface area, pore size, and some nutrients, like
the P and K contents of the resulting biochar, promoting a more stable structure [16,51].
For example, biochar produced at temperatures exceeding 500 ◦C typically exhibits high
hydrophobicity, increased surface area, and higher micropore volume, making it suitable
for adsorbing organic pollutants. In contrast, biochar produced at lower temperatures
(below 500 ◦C) retains more oxygenated functional groups, which are advantageous for
immobilizing inorganic pollutants [56,57]. These characteristics highlight the importance
of optimizing pyrolysis conditions to tailor SMS-derived biochar to specific environmental
and agricultural applications.

Residence time during pyrolysis plays a vital role in determining the quality and
properties of SMS-derived biochar. Extended residence times can enhance carbonization
but may also lead to the loss of volatile compounds, reducing nutrient availability, and po-
tentially degrading overall biochar quality [10,58]. Additionally, variations in the feedstock
type, such as different mushroom species or substrates, can affect the physicochemical prop-
erties of the biochar, including its pH, CEC, essential nutrients, and overall stability [7,10].
Understanding these mechanisms is essential for optimizing biochar production processes
to achieve specific characteristics suited for various applications, from soil enhancement
to environmental remediation [59]. Overall, careful control of pyrolysis conditions can
produce biochar from SMS with desirable properties, while preparing the raw material
by reducing its moisture content to below 15% before firing ensures higher biochar yield
and quality, extends furnace lifespan, and minimizes emissions. This enhances efficiency
in agricultural and ecological applications as the carbon in biochar also contributes to
reducing greenhouse gases [12,60].

Furthermore, the effectiveness of SMS-derived biochar can be enhanced through pre-
and post-treatment methods that modify its surface chemistry, porosity, and adsorption
capacity for targeted applications [61]. Pre-treatment often involves impregnating biochar
feedstocks with metallic (e.g., aluminum, iron, manganese, and zinc) or non-metallic
(e.g., nitrogen, sulfur, phosphorous, and boron) elements before pyrolysis, creating en-
gineered carbon structures that boost adsorption efficiency [62,63]. However, concerns
over metal leaching have led to interest in co-doping strategies, where metal/non-metal
combinations enhance stability [61,64]. Post-treatment methods, such as acid or alkaline
washing, alter surface functional groups and increase surface area [65]. Additionally, steam
modification and gas purging (CO2 and NH3) further optimize micropore structures and
chemical properties [66]. These modifications allow for biochar to be tailored to specific
contaminants, making it a highly adaptable material for environmental remediation and
soil enhancement in agricultural systems.

3.3. Energy Efficiency and Economic Viability

Producing biochar from SMS presents an opportunity for energy efficiency (biochar,
bio-oil, and bio-gas) while contributing to the commercial, industrial, and economic ben-
efits of society [9,27,67]. The carbonization process, which involves pyrolyzing SMS at
high temperatures, not only transforms this agricultural waste into a valuable resource
but also captures the energy released during the process. This captured energy can be
utilized to power biochar production itself, thereby improving the overall energy efficiency
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of the operation [13,68,69]. Studies indicate that SMS-derived biochar has an energy con-
tent ranging from 17.32 to 22.72 MJ/kg, highlighting its potential as a renewable energy
source [32,44,70,71].

Utilizing inexpensive lignocellulosic residues offers a cost-effective and environmen-
tally friendly approach to substrate production, facilitating their efficient management and
valorization [6]. Economically, producing biochar from SMS is notably more affordable
($60–117.50/ton or $0.06–0.1175/kg) compared to conventional feedstocks such as oak
wood ($0.77), coconut shell ($0.80), Oiltea camellia shell ($0.67), chicken manure ($1.30), and
virgin wood feedstock ($17.8) [14,50,72,73]. The use of widely available agricultural byprod-
ucts significantly lowers raw material costs, benefiting smallholder farmers and increasing
the profitability of mushroom producers [14]. Cost analyses reveal that SMS-derived
biochar production can be competitive, with production costs varying based on technology
and production scale [14,72,73]. Moreover, the potential for additional revenue streams
through the sale of biochar as a soil amendment or as a carbon offset can further enhance
its economic viability. The combination of energy recovery, reduced production costs, and
the generation of valuable byproducts positions SMS-derived biochar as a sustainable and
economically attractive alternative in the agricultural and energy sectors [8,74]. As research
continues to optimize environmentally friendly production methods and develop processes
that reduce carbon dioxide emissions into the environment, such as utilizing waste heat to
pre-dry high-moisture raw materials before pyrolysis, the anticipated economic benefits
are expected to increase, making SMS-derived biochar a promising solution for sustainable
agricultural practices and waste management.

4. Physicochemical and Biological Properties of SMS-Derived Biochar

4.1. Structural, Physical, and Chemical Properties

The physicochemical properties of SMS-derived biochar are pivotal in determining
its effectiveness as both a soil amendment and environmental remediation tool [7]. The
characteristics of biochar vary depending on the mushroom species from which the SMS
is derived (Table 2), but some common features stand out. One key attribute is its pore
structure, which significantly impacts its specific surface area (SSA) and particle size
(PS) [7,14]. SMS-derived biochar often exhibits a substantial SSA, ranging from 3.09 to
1095 m2g−1, enabling it to efficiently adsorb nutrients and contaminants [7,16,20,48]. Its
PS, typically between 0.92 and 50 mm, enhances interactions with soil components while
promoting root penetration and aeration in plants [16,20,33,46,48].

Chemically, SMS-derived biochar features a pH range of 6.49 to 12.31, making it
suitable for neutralizing acidic soils. Its EC, measured at 2.09 to 3.54 dS m−1, indi-
cates efficient ionic mobility in the soil. Nutritionally, it is enriched with macronutri-
ents such as N (0.44–2.71%), P (0.03–3.80%), and K (0.08–1.39%), along with significant
micronutrients, including Ca (0.40–9.69%), Mg (0.50–1.70%), and trace elements like Fe
(1500–24,000 mg·kg−1), Mn (10–1200 mg·kg−1), Zn (84–1000 mg·kg−1), Cu (10 mg·kg−1),
and Na (290–1100 mg·kg−1). This nutrient wealth supports plant growth and fosters
beneficial microbial activity in the soil.

Another standout property is its CEC, which measures its ability to retain and release
nutrients to plants. With CEC values between 19.37 and 32.29 cmol kg−1, SMS-derived
biochar serves as an effective nutrient reservoir [7]. Additionally, its high carbon content
ensures exceptional stability in the soil, resisting microbial degradation and maintain-
ing its benefits for a long time [7,14]. Interestingly, the stability and high carbon content
of SMS-derived biochar make it suitable for reuse in mushroom cultivation. Its strong
carbon–carbon double bonds resist reactions with water or lime during the preparation
of mushroom substrates at room temperature [14,20,75]. This durability and versatility
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position SMS-derived biochar as an ideal solution for sustainable agriculture and en-
vironmental management, offering long-term benefits for soil health, productivity, and
ecosystem resilience.

Table 2. The physicochemical properties of SMS-derived biochar from each mushroom species after
the pyrolysis process.

Properties

SMS-Derived Biochar

Agaricus
bisporus

Coprinus
comatus

Flammulina
velutipes

Ganoderma
lucidum

Lentinula
edodes Pleurotus sp.

Pleurotus
ostreatus

Tremella
fuciformis

EC (dS m−1) 2.09 3.54 - - - 2.81 - -
pH 8.10 10.05 9.84–11.64 7.78–11.38 6.49–12.07 9.27 9.58–12.31 11.32–11.63

C (%) 62.06 - 54.85–58.61 53.23–70.72 49.44–58.65 50 37.49–69.40 52.60–54.32
C/N ratio 8.67 - 33.9–47.44 27.30–27.73 21.64–24.47 172.41 53.40–85.20 25.89–29.30

CEC (cmol kg−1) - - 25.71–32.29 - 19.37–27.15 - - 26.71–28.98
Total N (%) - - 1.16–1.67 1.95–2.55 1.09–2.71 - 0.44–1.30 1.80–2.07
Total P (%) - - 0.11–0.12 0.71–0.95 0.03–0.06 0.58 3.80 0.06–0.07
Total K (%) - 1.19 0.08–0.10 0.84–1.26 0.11–1.25 1.39 - 0.12–0.15

Ca (%) - 9.69 - 3.75–8.94 7.48–11.35 13.36 0.40 -
Mg (%) - 0.81 - 0.50–0.72 1.09–1.12 1.70 - -
S (%) - - 1.32–1.60 - 0.04–0.49 1.01 - 0.07–0.14

Fe (mg·kg−1) 3500 - - 1500–2500 - 1895 24000 -
Mn (mg·kg−1) 1200 - - 10–20 - 33 - -
Zn (mg·kg−1) 1000 - - - - 84 - -
Cu (mg·kg−1) - - - 10 - -
Na (mg·kg−1) - 1110 - 290–660 520–920 500 - -
SSA (m2 g−1) 5.10 - 148.3–210.57 7.18–105.04 3.09–73.56 17.5–1095 24.47–51.73

PS (nm) 0.92 - - 2–50 2–50 - 2.75–21.8 -

References [16] [13] [7] [30,46] [7,12,33,46] [36] [20,33,48] [7]

4.2. Capability of Heavy Metal Adsorption

Biochar derived from SMS has shown significant potential in addressing heavy metal
contamination in soils and water sources, offering a sustainable and effective solution
for soil remediation and environmental protection [7,16,49]. Several studies have demon-
strated that biochar, regardless of its source, can reduce the bioavailability of heavy metals
in contaminated soils and polluted wastewater, thus limiting their potential to enter the
food chain and reducing ecological risks [7,13,15,16,76]. Specifically, SMS-derived biochar
has been recognized for its ability to adsorb and immobilize heavy metals such as cadmium
(Cd), chromium (Cr), Cu, lead (Pb), and Zn, making it an excellent option for treating con-
taminated water sources, as well as for protecting human health from long-term exposure
to these toxic elements [15,41,77].

The unique physicochemical properties of SMS-derived biochar, including its high
surface area, porous structure, and active functional groups, contribute to its exceptional
ability to bind heavy metals [49]. These characteristics enable SMS-derived biochar to
reduce the mobility and bioavailability of these metals in the soil, which prevents their
uptake by plants and reduces the associated environmental risks [15,41,77]. Furthermore,
the stable carbon matrix and high carbon content of SMS-derived biochar enhance its
long-term effectiveness by preventing the leaching of metals into groundwater, offering a
lasting solution to soil contamination [59,78]. The nutrient-rich composition of SMS-derived
biochar also supports the growth of beneficial microorganisms [7], which can further aid
in the degradation or transformation of pollutants, leading to a healthier and safer soil
environment [31,55].

The adsorption capabilities of biochar produced from SMS for the removal of heavy
metals are comprehensively described in Table 3, demonstrating its potential as an eco-
nomically feasible and environmentally conscious remediation method. The data show
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a considerable variation in adsorption efficiency depending on the type of mushroom
substrate used and the specific heavy metal being targeted.

Table 3. Overview of the SMS-derived biochar’s adsorption capabilities for the removal of heavy
metals following modifications and summaries from Madzin et al. [15] and Jiang et al. [79].

Sources of SMS-Derived Biochar
Adsorption Capacity of Heavy Metals (mg·g−1)

References
Cadmium Chromium Copper Lead Zinc

Spent mushroom substrate from A. bisporus 64.8 - 68.1 - 55.2 [47,80]
Spent mushroom substrate from A. auricula 114.6 118.0 - - - [79]
Spent mushroom substrate from L. edodes - - - 398 - [33]

Spent mushroom substrate from P. ostreatus 55.95 - - 326 - [33,77]
Spent mushroom substrate from G. lucidum 23.81–75.82 - - 141.59–262.76 - [30]

Spent mushroom compost - - 52.6–364 564 332 [49,81]

Among the various SMS-derived biochars, A. bisporus-derived biochar exhibited
strong adsorption capacities for cadmium (64.8 mg g−1), copper (68.1 mg g−1), and zinc
(55.2 mg g−1), making it a viable option for treating cadmium- and copper-contaminated
environments. Similarly, A. auricula-derived biochar demonstrated the highest chromium
(118.0 mg g−1) and cadmium (114.6 mg g−1) removal efficiencies, indicating its poten-
tial application in chromium-contaminated sites. The biochar produced from L. edodes
and P. ostreatus showed remarkable adsorption capacities for lead, with values reaching
398 mg g−1 and 326 mg g−1, respectively. Notably, G. lucidum-derived biochar exhib-
ited a wide range of cadmium (23.81–75.82 mg g−1) and lead (141.59–262.76 mg g−1)
adsorption efficiencies, suggesting that its adsorption performance may be influenced
by processing conditions or biochar modification techniques. In addition, spent mush-
room compost-derived biochar demonstrated exceptionally high adsorption capacities
across multiple heavy metals, including copper (52.6–364 mg g−1), lead (564 mg g−1), and
zinc (332 mg g−1). These results underscore its broad-spectrum potential for wastewater
treatment and heavy metal detoxification.

Overall, the findings demonstrate that SMS-derived biochar has an interesting po-
tential as an efficient heavy-metal-removal adsorbent, with some mushroom substrates
showing greater attraction for various metal ions. Further research into improving the
conditions and modification methods used to produce biochar may increase its adsorption
efficiency, providing the possibility for scalable uses in environmental remediation and
sustainable crop waste management.

4.3. Long-Term Stability and Environmental Persistence

The stability and environmental persistence of SMS-derived biochar are essential for
its effectiveness as a soil amendment [59]. Research studies indicate that SMS-derived
biochar is highly stable, owing to its unique physicochemical properties, such as an el-
evated carbon content and a porous structure. These features enhance its resistance to
microbial degradation, enabling it to remain in the soil for prolonged periods while grad-
ually enhancing soil health and fertility [14,55,59]. The slow decomposition of biochar
not only aids in carbon sequestration but also minimizes nutrient leaching, thereby im-
proving nutrient availability for plants over time [34]. Additionally, its incorporation into
mushroom-growing substrates also boosts yields, retains substrate moisture, and mini-
mizes nutrient loss [14]. One might assume that this helps maintain harvest stability and
yield quality consistency. Consequently, integrating SMS-derived biochar into agricultural
practices offers a sustainable approach to improving soil quality while contributing to
long-term environmental objectives.
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4.4. Beneficial Microbial Communities

SMS-derived biochar promotes the growth of beneficial microbial communities in the
soil, which in turn supports enhanced plant health and growth. Its porous structure and
nutrient-rich composition create an ideal habitat for microorganisms, particularly nitrogen-
fixing bacteria such as plant growth-promoting rhizobacteria (PGPR), which play a key role
in nutrient treatment and plant health [16]. The porous nature of biochar, consisting of mi-
cropores (less than 2 nm), mesopores (2–50 nm), and macropores (more than 50 nm), offers
an ideal habitat for a variety of microorganisms, such as bacteria, protozoa, and fungi [82].
These microhabitats support microbes from leaching, competition, predators, toxins, and
moisture loss, fostering their activity and interaction [83]. The macropores of biochar are
well-suited for microbial colonization, while mesopores and micropores store dissolved
nutrients and water, supplying the resources needed for microbial metabolism [84,85].
This synergy contributes to improved plant growth and resilience, aligning with recent
advancements in microbe-assisted plant development strategies [86]. Moreover, when
used in combination with microorganisms, SMS-derived biochar can improve soil structure
and increase nutrient cycling, thereby boosting nutrient availability and plant produc-
tivity [16,87]. Studies also suggest that combining biochar with mycorrhizal fungi can
enhance soil structure, disease resistance, and plant growth [88–90], opening up new av-
enues for further research on SMS-derived biochar. This dynamic relationship between
biochar and microbes supports sustainable agricultural practices, contributing to long-term
improvements in soil health and ecosystem balance.

In wastewater treatment, biochar also provides a stable environment for pollutant-
degrading bacteria, such as Acinetobacter [91], Pseudomonas putida [92], and Rhodobacter
capsulatus [93], which help break down organic contaminants and facilitate nitrogen re-
moval through nitrification and denitrification [94]. Combining SMS-derived biochar with
various types of microbial life might extend the possibility of sustainable wastewater man-
agement by greatly enhancing the removal of heavy metals from wastewater, especially in
the agricultural sector.

5. Applications of SMS-Derived Biochar in Modern Agricultural Systems

The application of SMS-derived biochar in modern agricultural systems offers nu-
merous benefits (Figure 1), including enhanced soil amendment, improved nutrient reten-
tion, and mechanisms that promote plant growth and productivity [8,16,30,35]. Its utility
extends to wastewater treatment in agricultural settings, where it aids in contaminant
removal [21], and it plays a natural role in plant disease control by fostering effective micro-
bial ecosystems [19]. Additionally, SMS-derived biochar significantly improves growth and
productivity in mushroom production [14], making it a versatile tool for sustainable agri-
culture.

5.1. Soil Amendment

SMS-derived biochar plays a crucial role as a soil amendment in modern agricultural
systems, particularly in enhancing soil fertility, improving water retention, and increasing
organic matter content [7,8,35]. When incorporated into the soil, biochar improves the struc-
ture, porosity, and overall physicochemical and biological properties of the soil, facilitating
better aeration and root penetration. Its high surface area and porous characteristics enable
greater water retention, allowing soils to hold moisture for extended periods [7,95]. This
capability mitigates irrigation needs and enhances drought resilience, which is particularly
valuable in regions facing water scarcity [33].
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Figure 1. Applications of biochar produced from SMS in modern agricultural practices.

SMS-derived biochar not only enhances soil physical properties but also plays a crucial
role in reducing nutrient leaching while enriching the soil with essential nutrients and
organic matter. Its composition includes macronutrients like N, P, and K, which directly
support plant growth and improve crop yields, alongside micronutrients such as Ca [13,16].
Research by Lou et al. [35] highlighted that SMS-derived biochar exhibits excellent nutrient
retention efficiency, as confirmed by leaching tests. The organic matter in this biochar
encourages beneficial microbial activity, which is fundamental to enhancing soil fertility
and nutrient cycling [96]. Furthermore, its application has been shown to improve the CEC
of soils, increasing their ability to retain and make essential nutrients available to plants.
This property is critical for maintaining long-term soil fertility and advancing sustainable
agricultural practices [7]. Incorporating SMS-derived biochar as a soil amendment is a
promising strategy for improving soil health and productivity. It offers an effective means
of conserving nutrients without the need for additional materials, contributing significantly
to sustainable agricultural systems and long-term ecological balance [35].

5.2. Enhanced Nutrient Retention

SMS-derived biochar significantly enhances nutrient retention in soils, providing a
mechanism that improves the availability of essential nutrients to plants [7]. The porous
structure of biochar increases the surface area, allowing it to adsorb and retain essential
macronutrients and micronutrients. This adsorption occurs through various mechanisms,
including electrostatic attraction, cation exchange, and the formation of surface complexes
with nutrient ions. Moreover, the high CEC of SMS-derived biochar enables it to hold onto
positively charged nutrient ions (cations) and release them slowly over time [82]. This slow-
release characteristic is beneficial as it helps maintain a steady supply of nutrients in the
soil, reducing the risk of nutrient leaching into water systems and promoting more efficient
use of fertilizers, thus serving as a sustainable alternative to expensive chemical fertiliz-
ers [97,98]. Additionally, the organic matter in biochar enhances microbial activity, which
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further aids in the breakdown of organic compounds and the mineralization of nutrients,
making them more accessible to plants. This combination of enhanced nutrient retention
and gradual-release mechanisms not only improves soil fertility but also contributes to
the sustainability of agricultural systems by reducing the need for synthetic fertilizers
and minimizing environmental impacts associated with nutrient runoff [99]. Therefore,
the incorporation of SMS-derived biochar into soil management practices represents a
promising strategy for optimizing nutrient availability and promoting healthier and more
productive crops [7,16].

5.3. Enhancing Plant Growth and Productivity

Applying biochar has generally been demonstrated to significantly improve plant
growth and yield through several mechanisms, primarily involving nutrient retention,
microbial activity, soil structure enhancement, and increased efficiency in plant nutrient
uptake [100], making them available to plants over an extended period. This nutrient reten-
tion capacity reduces leaching and improves the efficiency of fertilizer use, contributing to
higher crop yields. Moreover, the addition of biochar promotes beneficial microbial activity
in the soil [100,101]. The organic matter present in SMS-derived biochar provides a habitat
and food source for a diverse range of soil microorganisms. These microbes play a crucial
role in nutrient cycling, breaking down organic materials, and enhancing nutrient availabil-
ity to plants [99]. Several studies have shown that crops such as cauliflower, lettuce, and
rapeseed exhibit increased growth and yield when planted in soil treated with SMS-derived
biochar, demonstrating the positive impact of biochar on crop productivity [15,50,87]. In
practical applications, experiments with various crops have yielded promising results.
For example, research has indicated that incorporating SMS-derived biochar into the soil
improved the growth of lettuce and other leafy vegetables by enhancing nutrient uptake
and promoting healthier root systems [16,87,102]. In another study, experiments using
Pleurotus SMS and its biochar in tissue culture of Clinacanthus nutans revealed promising
outcomes, such as increased leaf numbers and shoot length, although the effects varied
with concentration. While SMS supports plant development, SMS-derived biochar shows
potential as a nutrient adsorbent. These applications highlight biochar’s role in advancing
green biotechnology and zero-waste initiatives by transforming agricultural waste into
valuable resources [103] and supporting sustainable farming practices.

5.4. Wastewater Treatment in Agricultural and Environmental Systems

SMS-derived biochar has shown great promise in wastewater treatment applications
due to its excellent adsorption properties, making it effective for removing contaminants
from industrial sectors to agricultural runoff [15]. The porous structure and high sur-
face area of biochar allow it to adsorb a range of pollutants, including heavy metals and
pesticide residues, which are common in agricultural wastewater [16,100]. Studies have
demonstrated that SMS-derived biochar can significantly reduce concentrations of heavy
metals like Pb, Cd, Cr, Cu, and Zn, effectively improving water quality and minimizing
environmental impact [15,30,47,77,80,81,104]. Additionally, SMS-derived biochar enhances
the immobilization of heavy metals and organic contaminants like pesticide residues
through adsorption [7]. For example, recent research demonstrated its effectiveness in
reducing pyrethroid pesticide levels, such as tetramethrin, beta-cypermethrin, and fen-
valerate, in water samples (tap water, lake water, and river water), contributing to safer
crop management and sustainability [105]. This simple and efficient method has practical
potential for detecting and managing contaminants in various water sources. Beyond water
treatment, the integration of SMS-derived biochar into agricultural practices supports a
circular economy by converting agricultural byproducts into valuable resources [6,21].
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These applications highlight the potential of SMS-derived biochar as a sustainable solution
for improving water quality in agricultural landscapes while promoting environmental
health.

5.5. Natural Role for Plant Disease Control

The application of SMS-derived biochar demonstrates a high positive correlation with
plant growth, yield, and biochemical responses, making it a valuable tool in sustainable agri-
culture [16]. One of its most notable benefits is its dual ability to manage plant pathogens
while enhancing soil health. By improving the soil’s physical and chemical properties and
fostering beneficial microorganisms, biochar supports plant defense mechanisms against
diseases [19]. For example, biochars derived from citrus wood and greenhouse wastes
have been shown to induce systemic resistance against Botrytis cinerea in various hosts,
including Lycopersicon esculentum (tomato), Capsicum annuum L. cv. Maccabi (bell pepper),
and Fragaria ananassa (strawberry). Similarly, citrus and pine wood biochars have been
effective in resisting diseases caused by Colletotrichum acutatum in strawberries, Leveillula
taurica in bell peppers, and Phytophthora cactorum in red maple trees [17,19,106]. Numerous
studies have demonstrated that biochar applications can lead to healthier crops by suppress-
ing soil-borne pests and pathogens [17,19,107,108]. Its porous structure provides habitats
for beneficial microorganisms, such as rhizobia, mycorrhizal fungi, actinomycetes, dia-
zotrophic bacteria (plant-growth-promoting bacteria (PGPB)), and other soil microbiomes,
which form symbiotic relationships with plant roots. These microbes contribute to nutrient
mineralization, hormone production, and competitive inhibition of harmful pathogens,
enhancing overall plant resilience [17,109]. Moreover, biochar’s ability to boost microbial
biomass and alter microbial community structures further supports diverse microbial activ-
ity by modifying soil physicochemical properties, ultimately benefiting plant growth and
sustainability [110,111]. Research also indicates that using biochar at concentrations of 1%
and 2% can significantly reduce the incidence of diseases in tomatoes, such as Fusarium wilt,
thereby enhancing plant growth and productivity [112]. Additionally, biochar inhibits plant
pathogenicity by enhancing resistance, increasing nutrient availability, and detoxifying
pollutants, further reducing the stressful environment for plants and enhancing resistance
to pests [113]. These benefits suggest the possibility that SMS-derived biochar not only
improves soil fertility and structure but also offers a strategic eco-friendly solution for
managing soil-borne pests and diseases. By integrating biochar into agricultural systems,
farmers can enhance productivity while promoting sustainability.

5.6. Improving the Growth and Productivity in Mushroom Production

The incorporation of SMS-derived biochar into mushroom production substrates
has demonstrated significant potential in enhancing the mycelial growth and yield of
various mushroom species, especially oyster mushrooms like P. ostreatus and P. pulmonar-
ius [14,20,36,114]. When added to growing media, biochar improves the substrate’s aeration
and water-holding capacity, creating a more conducive environment for mycelium develop-
ment. This increased porosity facilitates better oxygen flow and moisture retention, both of
which are critical for optimal mycelial growth [14,20]. As a result, mushroom farmers may
have the chance to obtain higher-quality fruiting bodies and increased yields compared to
traditional substrates that do not contain biochar. Moreover, SMS-derived biochar is rich in
essential nutrients, trace elements, and carbon, which enrich the growing medium and can
help the mycelium grow more effectively and provide the mushrooms with a consistent
supply of nutrients [20].

Numerous studies have shown that incorporating SMS-derived biochar into the sub-
strate enhances nutrient availability, leading to faster colonization and increased fruiting.
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For instance, research by Hu et al. [14] indicated that using SMS-derived biochar resulted
in 20 to 25% higher yields and reduced fruiting times by 4 to 6 days compared to con-
ventional SMS. Similarly, other studies have reported that adding biochar to the growing
substrate for oyster and button mushrooms leads to increased productivity and extended
harvesting cycles [14,20,114–117]. Recent research, such as that by Kansara et al. [118],
explored SMS-derived biochar produced from species like shiitake (L. edodes), blue oyster
(P. ostreatus), and lion’s mane (H. erinaceus). Trials with biochar at different mass loadings
revealed notable improvements, particularly for lion’s mane, with biochar concentrations
around 5% significantly boosting yields. The findings highlight reduced colonization times
and increased fruit body production, demonstrating biochar’s role in enhancing substrate
efficiency. Additionally, biochar stability slows substrate degradation and minimizes nu-
trient loss, ensuring sustained nutrient availability and promoting long-term cultivation
efficiency [14,20]. These benefits, combined with the environmental advantages of waste
heat recovery and circular waste-to-biochar processes, make SMS-derived biochar a sustain-
able choice for mushroom farming. Its adoption supports both commercial and small-scale
growers, aligning with environmentally friendly cultivation practices in contemporary
agricultural systems.

6. Comparison of SMS-Derived Biochar to Other Biochars

6.1. Performance Comparison of SMS-Derived Biochar to Other Biochars

The comparison between SMS-derived biochar and other biochar highlights the dis-
tinctive properties and advantages of SMS-derived biochar (Table 4). These unique charac-
teristics make it a superior option in various agricultural and environmental applications.
In terms of superior chemical and physical properties, SMS-derived biochar boasts a wide
pH range (6.5–12.3), catering to diverse soil needs, whereas many other biochars, like those
from acacia or bamboo wood, exhibit narrower pH ranges (e.g., 5.2–8.83). The C/N ratio of
SMS-derived biochar (26.2–85.2) demonstrates balanced carbon and nitrogen content, pro-
moting sustained microbial activity and nutrient cycling. In contrast, conventional options
such as bagasse (C/N ~118) may limit microbial functionality due to excessive carbon.

The organic carbon content of SMS-derived biochar (37.5–70.7%) aligns with or sur-
passes that of traditional biochars, contributing to long-term soil carbon sequestration.
Additionally, it boasts a higher nutrient density, with N (0.3–7.2%), P (0.03–3.8%), and K
(0.08–1.4%) present in greater diversity and quantity than in biochars such as corn cob
(1.2–4.3% N, 0.31% P, and 1.8% K), acacia trees (0.6–1% N, 0.1–1.14% P, and 0.71% K), or
bagasse (0.6% N, 0.08% P, and 0.43% K). These macronutrients, paired with substantial
micronutrient levels (e.g., up to 13.4% Ca, 0.5–1.7% Mg, and 0.04–1.6% S), create a superior
amendment for enhancing soil fertility, often absent in some biochars from traditional
feedstocks. Notably, its metal content, including iron (1500–24,000 mg·kg−1), manganese
(10–1200 mg·kg−1), and zinc (84–1000 mg·kg−1), facilitates enhanced plant nutrition. These
values significantly outpace those of other biochars, such as bamboo wood or rice husk,
which have far lower micronutrient concentrations.

In terms of surface area and porosity, SMS-derived biochar exhibits superior surface
area (SSA: 3.1–1095 m2 g−1) and porosity, enabling improved water retention, aeration,
and pollutant adsorption. This surpasses many other biochars, like coconut shell (SSA:
~613–626.8 m2 g−1) or corn cob (SSA: ~53.7–56.9 m2 g−1), which have limited adsorption ca-
pacities. The pore size distribution of SMS-derived biochar (0.9–50 nm) optimally supports
microbial colonization, enhancing soil health and plant growth.
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SMS-derived biochar also excels in versatility and environmental remediation. Its
ability to adsorb heavy metals and pollutants surpasses that of traditional biochars due to
its higher nutrient density and structural properties [100]. Moreover, studies demonstrate
its exceptional performance in promoting mycelial growth and improving mushroom
yields when incorporated into cultivation substrates [14,20,36,114], a feature unmatched
by other biochars. While other biochars have merits, SMS-derived biochar outperforms in
chemical richness, structural attributes, and versatility.

Another crucial aspect of its enhanced performance is the presence of nitrogen (N)-
doped biochar, which has received significant attention due to its ability to modify surface
morphology and properties after high-temperature pyrolysis [123]. These N-functionalized
biochars improve cation exchange capacity, surface reactivity, and adsorption efficiency,
making them essential for soil fertility enhancement, pollutant removal, and microbial
interactions [124,125]. Notably, SMS from shiitake mushroom cultivation has been used as
a carbon precursor to produce nitrogen-doped activated biochar, which has demonstrated
efficiency in removing reactive orange-16 azo dye from water and treating contaminants
in synthetic effluents and real sewage water. This highlights SMS as a valuable waste
resource for activated carbon production, with N-doping significantly boosting adsorption
performance [126]. However, advanced analytical techniques like Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR), thermogravi-
metric analysis (TGA), Brunauer–Emmett–Teller (BET) analysis, Fourier-transform infrared
spectroscopy (FTIR), and scanning electron microscopy (SEM), among others, are crucial for
identifying important N-functional groups (such as pyridinic-N, pyrrolic-N, graphitic-N,
and oxidized-N) for the purpose of contributing to the characterization of these features.
These functional groups play a critical role in nutrient retention, heavy metal adsorption,
and catalytic activity [126,127]. With many applications in environmental management
and sustainable agriculture, SMS-derived biochar is positioned as a high-end option for
contemporary methods that promote ecological sustainability and productivity.

6.2. Economic Costs, Impact Analysis, and Environmental Effects

A comparison of the economic costs and environmental impacts of SMS-derived
biochar and traditional biochars highlights significant advantages of SMS-derived biochar
in terms of cost-effectiveness and sustainability (Table 5). SMS-derived biochar, offers
a cost-effective alternative to biochars produced from conventional biomass feedstocks
such as hardwoods, agricultural residues, and tree branches. This is largely due to the
abundance and low cost of SMS, a byproduct of mushroom cultivation, which eliminates the
need for expensive raw materials. For instance, SMS-derived biochar costs approximately
$117.5/ton in Chongqing, China [14], significantly lower than traditional biochars, such
as those derived from bamboo ($7000 in Alabama, USA) or switchgrass ($5490 in the
USA). The economic disparity becomes even more apparent when comparing SMS-derived
biochar to biochars made from virgin wood feedstocks ($17,800 in Massachusetts, USA) or
tree branches ($11,000 in Kansas, USA). Even moderately priced biochars, such as those
from coconut shells ($800 in the USA) or sewage sludge ($560–1000 in the USA) [128,129],
do not match the affordability of SMS-derived biochar. This cost advantage makes SMS-
derived biochar an attractive option for large-scale applications, particularly in agriculture
and environmental management.
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Table 5. A comparison between the unit cost of SMS-derived biochar and biochar made from various
kinds of biomass in different locations using summarized information collected by Hu et al. [14],
Alhashimi and Aktas, [128], and Zhang et al. [129].

Biomass Types Locations $/Ton

SMS Chongqing, China 117.5
Bamboo Alabama, USA 7000

Chicken manure Republic of Korea 1300
Coconut shell USA 800

Coppiced hardwoods UK 1600
Corn debris, manure, and forestry debris Idaho, USA 1500–2000

Hardwood Australia 2300
Mixed hardwood and softwood biochar Central Canada 1000

Oiltea camellia shell USA 670
Pinewood Missouri, USA 900–1900

Pine tree-derived organic biomass Oregon, USA 8300
Sewage sludge USA 560–1000
Softwood chips California, USA 3500

Various timbers mixed with softwoods Vermont, USA 7200
Switchgrass USA 5490

Tree branches Kansas, USA 11,000
Virgin wood feedstock Massachusetts, USA 17,800

Water oak wood USA 770

The processing of SMS into organic fertilizers represents a common method of waste
management, with value for its potential economic benefits [121]. A critical metric for
assessing the practical value of recycled SMS is its input–output ratio compared to that
of traditional organic fertilizers. According to Hu et al. [14], the production costs of SMS-
derived biochar and organic fertilizers encompass four main components, i.e., facilities,
energy, transportation, and labor, while the outputs are measured in terms of increased
crop yields and cost savings. For a production volume of 1000 kg, the economic analysis
reveals that the production cost of SMS-derived biochar is approximately $117.50, with
potential economic benefits of around $414.80. In contrast, the cost of organic fertilizers
is about $63.90, yielding economic benefits of $193.30. Although SMS costs are roughly
double that of organic fertilizers, the output-to-input ratio for SMS-derived biochar stands
at 4.53, compared to 4.02 for organic fertilizers, resulting in a total benefit for SMS-derived
biochar that exceeds organic fertilizers by $221.50.

According to a case study by Zhang et al. [130], China generates around 15 million tons
of SMS annually from edible mushroom production. If SMS-derived biochar manufacturing
techniques were adopted nationally, the value added could reach an impressive $3.32
billion beyond that of organic fertilizers. This increase in productivity is associated with the
reduced consumption of ecological resources and lower carbon emissions per agricultural
product unit. Additionally, the conversion of SMS to SMS-derived biochar does not require
fermentation, minimizing environmental risks and saving both time and space [14]. This
process aligns with the principles of clean production, making it a more sustainable option
than traditional organic fertilizers.

When examining the budget of biochar production enterprises, the baseline costs for
producing 1 Mg (1000 kg) of biochar are approximately $717.76, excluding uncertainties
in various parameters. The economic impacts of biochar production suggest an output-
to-input ratio ranging from 2.01 to 2.85 (mean: 2.43) [131]. Notably, SMS-derived biochar
production boasts variable costs that are six times lower than those of other biochar sources
and offers a higher output-to-input ratio of 1.86 times. These findings highlight the eco-
nomic viability and environmental benefits of utilizing SMS as a feedstock for SMS-derived
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biochar, promoting sustainable agricultural practices while effectively managing waste and
reducing ecological impacts.

Beyond cost, SMS-derived biochar also excels in its environmental benefits. Utilizing
SMS for biochar production addresses the waste management challenges associated with
spent substrate disposal, effectively reducing the environmental footprint of mushroom
farming. This conversion process recycles SMS into a valuable product that enhances soil
health, improves nutrient retention, and supports pollution remediation [7,15]. Addition-
ally, the multifunctionality of SMS-derived biochar further strengthens its environmental
appeal. Its uses in agriculture, like improving soil fertility and supporting environmentally
friendly farming practices, help ecological sustainability in the long term [7]. All things
considered, SMS-derived biochar is notable for its minimal cost of production, effective
waste management, and positive environmental impacts. By addressing both economic
and ecological concerns, SMS-derived biochar presents itself as a superior alternative
to traditional biochar, aligning with the goals of sustainable agriculture and innovative
environmental practices.

7. Biochar Regeneration and Its Possibilities for Long-Term Sustainability

Biochar is widely regarded as being cost-effective because of its simple production
processes and inexpensive feedstock. One significant advantage is its regenerability, which
significantly reduces operational costs and allows for multiple reuse cycles in wastewater
management [132]. Chemical regeneration has been utilized frequently to preserve the ad-
sorption capability of biochar, providing a long-term sustainable solution. These techniques
involve action treatment with salts, metal oxides, acids, and alkalis to enhance biochar’s
effectiveness [133]. However, challenges such as secondary contamination and varying
regeneration efficiency, depending on adsorption mechanisms and pore structure, must be
addressed. Various regeneration techniques have been developed, which are categorized
into desorption (including thermal methods, such as steam, inert gas, hot water, and mi-
crowave, as well as non-thermal methods like chemical-based substances, surfactants, and
supercritical fluids) and decomposition (including oxidation, electrochemical treatment,
ultrasound, and microbiological processes) [132]. While thermal methods effectively break
down pollutants, they are energy-intensive and costly. In contrast, non-thermal techniques,
particularly chemical regeneration, offer a more sustainable and cost-efficient approach
by preserving biochar’s structure for repeated use [134,135]. This report demonstrates the
necessity of more research to optimize regeneration effectiveness and support the use of
biochar in sustainable wastewater management.

8. Potential Benefits Beyond Agriculture

Biochar offers numerous potential benefits beyond agriculture, including its use in
animal husbandry for improving livestock health and reducing odors, enhancing carbon
sequestration to combat climate change, and innovative applications in environmental
management, such as wastewater treatment and pollution mitigation. Furthermore, its
structural properties lend themselves well to construction and infrastructure projects,
making it a versatile material in sustainable development initiatives (Figure 2) [95]. These
diverse applications demonstrate the flexibility of biochar and create opportunities for
SMS-derived biochar to be utilized beyond agricultural fields, extending its impact across
multiple sectors.
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Figure 2. Potential advantages of biochar derived from SMS beyond agriculture.

8.1. Innovative Environmental Applications

A carbon-rich product produced by pyrolyzing organic materials, biochar has been
proposed as the perfect substrate additive and offers creative uses in urban infrastructure to
enhance the quality of runoff from green roofs. Its effective nutrient sorption capacity and
ability to promote plant growth make it a perfect choice for urban gardening projects. By
enhancing soil aeration and nutrient availability, biochar fosters healthier plant ecosystems
in urban environments [136,137]. Moreover, incorporating biochar into city planning not
only supports sustainable urban agriculture but also contributes to climate resilience,
aligning with broader environmental management goals [138]. Research indicates that
biochar derived from various sources, such as hardwoods, eucalyptus, mixed conifer wood,
green waste, sewage sludge, coconut shell, and waste wood, can enhance both aesthetic
and ecological outcomes in urban settings [136,139–144]. This presents another strategy
for the potential of SMS-derived biochar as a sustainable urban infrastructure innovation,
especially for green roofs.

8.2. Carbon Sequestration and Climate Mitigation

SMS-derived biochar plays a crucial role in carbon sequestration and climate mit-
igation by capturing atmospheric carbon and reducing overall greenhouse gas emis-
sions [7,8,12]. When applied to soils, biochar enhances carbon storage and delivers nu-
merous productivity benefits, including reduced bulk density, improved water retention,
increased nutrient availability, stabilization of organic matter, and enhanced microbial
activity, along with the ability to sequester heavy metals. Its stable carbon structure inhibits
the rapid breakdown of organic matter, a primary contributor to carbon release, while also
increasing phosphorus availability in highly weathered soils [11,100,145]. Converting local
feedstocks and agricultural waste to biochar is particularly beneficial for smallholder farm-
ing, tree nurseries, and specialty crop management as it promotes soil health and fertility,
leading to greater plant growth and further carbon absorption [145]. Numerous studies
indicate that incorporating biochar into agricultural practices significantly reduces carbon
emissions, positioning it as an effective strategy for climate change mitigation [7,10,146].
Utilizing SMS for biochar production not only supports agricultural sustainability but also
contributes to global climate action efforts.
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8.3. Construction and Infrastructure Applications

Incorporating biochar into construction materials is increasingly recognized for its
potential to enhance building performance and sustainability [137]. Numerous studies
show that adding biochar to building materials, such as bricks, concrete, and cement, can
improve thermal insulation, reduce overall weight, and boost energy efficiency in buildings.
This eco-friendly approach not only repurposes agricultural byproducts but also aligns
with the construction industry’s transition toward sustainable practices [137,147,148]. This
approach suggests the integration of SMS-derived biochar in building practices, leading
to the creation of more environmentally friendly structures that also advance innovative
material science.

8.4. Animal Husbandry Applications

Several studies have shown that biochar supplementation in animal husbandry, like
cows, pigs, poultry, and fish, can significantly enhance animal growth, improve hema-
tological profiles, and boost the yield of meat, milk, and eggs [95,149,150]. Additionally,
biochar has been shown to reduce methane emissions in ruminants, a crucial benefit for
minimizing livestock’s environmental impact. When mixed into animal diets, biochar
supports nutrient absorption, aids in digestion, and removes contamination, all of which
help the overall health and growth of the animal. Additionally, biochar use in livestock
bedding or manure management reduces odors and pathogen presence, fostering a health-
ier environment [149]. Crucially, biochar in animal systems also helps in the recovery of
essential nutrients from waste and raises the value of fertilizer made from manure, which
may subsequently be recycled into agricultural soils, reducing negative impacts on the
environment and promoting sustainable nutrient cycles [151]. This strategy demonstrates
the additional benefits that SMS-derived biochar might offer for future sustainable animal
husbandry.

8.5. Biomedical Science Fields

Beyond agricultural activity, N-doped biochar has received significant attention in
biomedical applications due to its biocompatibility, antimicrobial properties, and photother-
mal efficiency [152]. It demonstrates superior antimicrobial activity against pathogens
like Escherichia coli and Gram-positive Staphylococcus aureus, positioning it as a potential
alternative to traditional antibiotics [153]. Additionally, N-doped carbon-based materials
serve as effective photosensitizing agents in photodynamic therapy (PDT), generating
reactive oxygen species (ROS) to target and destroy cancer cells [154]. These materials are
also used in drug delivery systems, showcasing their multifunctional potential in medical
science [152]. This offers an informative opportunity to explore SMS-derived biochar in
advanced biomedical applications.

9. Challenges and Limitations of SMS-Derived Biochar Utilization

Carbonization, particularly through pyrolysis, has gained significant attention in
recent years for its potential applications in agricultural and environmental contexts [13].
SMS is a distinctive feedstock for carbonization due to its rich content of amino acids and
small organic molecules, which gives carbonized SMS, or SMS-derived biochar, unique
properties [35]. SMS-derived biochar has shown promising potential, with applications
as a fertilizer and even as a growth medium for further mushroom cultivation [13,20,155].
However, despite advances in its use as an adsorbent and fertilizer, the role of carbonized
SMS in soil improvement remains underexplored, and research into its use as biochar is still
growing [13]. Additionally, biochar-induced dust emissions pose potential long-term health
risks to users, particularly in agricultural applications. Developing alternative biochar
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forms, such as granules, pellets, dust-free types, and liquid biochar fertilizers, could offer
more convenient, effective, and lower-risk solutions. Moreover, a study by Horn et al. [156]
indicated that the excessive use of biochar will not only impact the environment but also
affect the composition of soil matter, potentially affecting the soil’s natural functions.

The limited studies available highlight the need to investigate the effects of different
SMS types and pyrolysis temperatures on the biochar’s characteristics and its adsorption
capacity for various heavy metals [49]. Many studies have demonstrated that varying
these parameters may influence SMS-derived biochar properties, especially its ability to
retain essential nutrients and remove contaminants from the soil [12,20,49]. Furthermore,
current methods for creating SMS-derived biochar often involve complex and expensive
laboratory techniques, which restrict their feasibility for large-scale applications. For SMS-
derived biochar to be commercially viable, studies are needed to streamline and optimize
the pyrolysis of agricultural wastes like SMS to produce biochar with high adsorption
capabilities and practical utility in soil amelioration [46]. This emerging research direction
holds promise for further enhancing the ecological and economic value of SMS-derived
biochar in sustainable agricultural systems.

10. Future Prospects and Research Opportunities

Future research on SMS-derived biochar opens up promising avenues for enhancing
agricultural and environmental sustainability. One interesting application is in precision
agriculture, where biochar can support soil improvements, controlled-release fertilizers,
and advanced water management systems to boost resource efficiency and crop perfor-
mance. By integrating biochar into modern soil management techniques, farmers can
increase nutrient efficiency, reduce input waste, and decrease their use of synthetic fertiliz-
ers [8,16,35].

Improving SMS-derived biochar quality and functionality through modified pro-
duction conditions, chemical enhancements, or blends with other materials is another
promising approach, potentially increasing nutrient retention, stability, and pollutant re-
moval efficiency. For example, pyrolyzing biochar at temperatures above 500 ◦C can
improve its capacity to handle multiple contaminants, while acid treatments may enhance
pollutant absorption [157]. These modifications can expand the application of biochar
beyond soil enhancement, making it a viable solution for water filtration, heavy metal
remediation, and carbon sequestration.

Beyond technical advancements, policy support and regulatory frameworks are also
crucial to promoting sustainable biochar practices. Government incentives, carbon credit
programs, and waste management regulations can make biochar a more economically
viable solution, furthering its role in carbon sequestration, waste recycling, soil health,
and reducing greenhouse gas emissions in agriculture systems [74,146]. Ultimately, these
advancements in SMS-derived biochar could transform it into a highly valuable tool for
sustainable agricultural management and environmental conservation. Achieving these
goals will require collaboration between researchers, industry leaders, and policymakers to
drive innovation and implementation [1].

Importantly, growing biochar technology requires a comprehensive and cooperative
strategy that integrates industry-driven innovations, scientific findings, and supportive
requirements to optimize its potential. Continuous research, strategic partnerships, and
well-defined production standards will be crucial in realizing the full potential of SMS-
derived biochar. With sustained efforts in innovation and implementation, SMS-derived
biochar can potentially become an important part of sustainable agriculture and environ-
mental resilience and contribute to a circular economy.
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11. Conclusions

The unique physicochemical properties of SMS, including its lignocellulosic composi-
tion, high nutritional profile, and organic matter richness, make it a perfect substrate for
biochar production. SMS-derived biochar offers a sustainable solution to numerous chal-
lenges in modern agricultural systems. This extensive review discusses the multifaceted
benefits of SMS-derived biochar, from its composition and production processes to its
applications in soil enhancement, plant growth, water treatment, pest management, and
mushroom cultivation. SMS-derived biochar demonstrates superior characteristics, such
as increased porosity, nutrient retention, and carbon stability, making it highly effective
in improving soil fertility, water retention, and microbial ecosystems and in sequestering
carbon to mitigate climate change. Economically, SMS-derived biochar offers a viable alter-
native to other biochars due to the abundance and low cost of its precursor. Its integration
into agricultural systems reduces dependence on synthetic fertilizers, enhancing resource
efficiency for both smallholder and industrial farming. Despite its broad potential, chal-
lenges such as feedstock variability, diverse pyrolysis methods, and the need for long-term
environmental impact assessments remain. Future research should focus on standardizing
production methods, exploring innovative applications, studying regeneration techniques,
and developing policies to integrate SMS-derived biochar into sustainable agricultural
frameworks. Overall, SMS-derived biochar stands as a key innovation in sustainable agri-
culture systems, aligning with ecological conservation, resource efficiency, and sustainable
development goals. It also provides a viable framework for promoting green agricultural
practices while contributing to global environmental flexibility.
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