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ABSTRACT

Artificial humic acid (AHA) is a new exogenous organic material with enormous carbon (C) sequestration potential. However, the effects of applying AHA
under different irrigation regimes on C sequestration in the rice-soil system and the underlying mechanisms still need to be clarified. This study employed C
isotope labeling technology to analyze the photosynthetic C sequestration capacity, C transport capacity of rice roots, and greenhouse gas emission flux in the
rice-soil system under different irrigation regimes and AHA application conditions. The results showed that as the amount of AHA application increased, the
leaf area and chlorophyll concentration gradually increased, and the ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity first increased and
then decreased under two irrigation regimes (conventional flooding and alternate wetting and drying irrigation). In the alternate wetting and drying irrigation
with 300 mg kg~ AHA application treatment (DWI3), the photosynthetic C fixation was the highest, with the net photosynthetic rate increasing by 65.35%
compared to the alternate wetting and drying irrigation without applying AHA treatment (DWI0). Meanwhile, the organic acid concentration in root exudates,
biomass, length, surface area, and length density were also the highest in the DWI3 treatment. Besides, the content of 13C in soil was the highest in the
DWI3 treatment, closely related to the strongest photosynthetic C fixation and root transport capacity, as well as the lowest greenhouse gas emission flux.
Therefore, it is recommended to apply 300 mg kg~ AHA with alternate wetting and drying irrigation for C sequestration, water conservation, and sustainable
agricultural development.
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INTRODUCTION al., 2017). Especially during the dry stage, alternate wet-
ting and drying irrigation may cause fluctuations in soil C
emissions, accelerate the mineralization rate of soil organic
matter, and lead to a short-term increase in C emissions
(Liao et al., 2020). Therefore, a large number of scholars try
to alleviate these problems by applying exogenous organic

materials (Grunwald et al., 2018; Tian et al., 2019; Wang et

Covering approximately 165 million ha worldwide, pa-
ddy soils have enormous carbon (C) sequestration potential
(Chen et al., 2021). At the same time, the long-term flooding
environment in paddy fields also causes significant loss of
water resources. According to statistics, the irrigation water

in paddy fields is about 2.5 times that of other crops such
as corn and wheat (MWR, 2020). In recent years, alter-
nate wetting and drying irrigation has received widespread
attention due to its advantages of water conservation and
improvement of soil redox conditions (Dodd et al., 2015;
Runkle et al., 2019). In the paddy field ecosystem, water
management is a crucial factor affecting crop growth and
soil C cycling (Alavaisha et al., 2022). Long-term flooding
may lead to deterioration of soil structure, decrease soil
permeability and aeration, and affect root growth and soil
C sequestration capacity (Martinez-Alcantara et al., 2012).
Although alternate wetting and drying irrigation can im-
prove water use efficiency, it may limit rice plant growth
and affect photosynthesis and C sequestration (Carrijo et

al., 2020). Artificial humus acid (AHA) is a new type of exo-
genous organic material with a highly similar composition
and function to natural humus but a considerably shortened
production time. It utilizes waste biomass rich in lignin as
raw material and generates humus-like substances with sig-
nificant C fixation and fertilization effects through a new
hydrothermal humification reaction (Yang et al., 2019; Zhao
et al., 2024). Previous studies have shown that it can improve
soil structure, promote aggregate formation, increase orga-
nic matter content, and enhance nutrient availability in soil
(Tang et al., 2022). However, the effects and mechanisms of
AHA application on soil C sequestration under conventional
flooding and alternate wetting and drying irrigation are still
unclear.
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Soil C sequestration is influenced by C cycling processes
in the plant-soil system, including plant photosynthetic C
sequestration, root transport, and greenhouse gas emissions
(Jansson et al., 2010; Whalen et al., 2014; Harman et al.,
2021; Sasse, 2023). First, plants fix atmospheric CO5 in
their leaves through photosynthesis (Gayathri et al., 2021).
Photosynthesis is a complex physiological process with
numerous influencing factors, among which photosynthetic
pigment concentration and ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco) activity are two key factors
(Gujjar et al., 2020; Sidhu et al., 2021). Chlorophyll is a
critical pigment that captures light energy in photosynthesis,
and its content directly affects the efficiency of light energy
capture in photosynthesis (Wu et al., 2019). Carotenoids
(Carots) protect chloroplasts from damage by quenching
excess excited-state energy (Young, 1991). Rubisco plays
a vital role in photosynthesis and photorespiration. Higher
plants and green algae optimize CO, fixation and sub-
strate regeneration by regulating Rubisco activity, ensu-
ring optimal photosynthesis under various environmental
conditions (Salvucci, 1989). Second, some photosynthetic
products fixed in leaves are actively transported to roots
through the phloem and metabolized in roots (Ainsworth
and Bush, 2011). Plants produce root exudates through root
metabolism activities, and their organic acids can affect soil
C sequestration through various pathways (Lei et al., 2023).
Approximately 5%-21% of photosynthetic C is transferred
underground through root exudates (Tang et al., 2021). Com-
plex interactions between root exudates, root aeration tissue,
and root activity affect plant growth, health, and environ-
mental adaptability (Vives-Peris et al., 2020; Huang et al.,
2021). In addition to root exudates, root biomass and root
morphology characteristics are also important indicators
for evaluating root C transport capacity (Wang J S et al.,
2021; De Pessemier et al., 2022). Finally, some organic C
fixed in soil will be released into the atmosphere through
greenhouse gases such as COy and CHy4(van Groenigen et
al., 2011). Overall, soil C sequestration is a dynamic process
that involves the fixation of CO; in the atmosphere through
photosynthesis, the transport of organic C from roots to soil,
and the interaction between soil and plant respiration in the
plant-soil system. These processes collectively determine the
accumulation and loss of organic C in soil, affecting the soil
ability of acting as a C sink. Effective soil C sequestration
management requires comprehensive consideration of these
processes to maximize soil C storage potential and reduce
greenhouse gas emissions. However, the effects of different
irrigation regimes, when combined with the application of
AHA, on the processes of photosynthetic C sequestration
and C transport in the rice-soil system remain unclear.

Isotope tracing technology is essential for quantifying
C allocation and studying C transport dynamics (Kuzyakov
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and Schneckenberger, 2004). Significant progresses have
been made in tracking the sources of soil organic C (SOC),
evaluating the relative contributions of new and old SOC,
and the influencing factors of soil respiration using isotope
techniques, namely '3C or 14C continuous or pulse labeling
(Liu et al., 2019; Wang R Z et al., 2021). Therefore, this
study used 13C isotope tracing technology to trace the dyna-
mics of photosynthetic C in the rice-soil system and assess
the effects of AHA application on the sequestration and
transport of photosynthetic C in rice plants under flooding
and alternate wetting and drying irrigation. This study aimed
to: 1) quantify the input and allocation of photosynthetic C in
the rice-soil system, ii) identify the fundamental mechanisms
that affect soil C sequestration, and iii) evaluate the most
suitable irrigation and AHA application scheme for soil C
sequestration.

MATERIALS AND METHODS
Preparation of AHA

The AHA used in this study was prepared using the hy-
drothermal humification method from our previous study
(Du et al., 2020). Rice straw powder (24 g) sieved through
a 0.15-mm mesh was amended with KOH particles (6 g)
and ultra-pure water (220 mL), reacting in a reaction vessel
at 200 °C for 24 h. After reaction, the mixture was cooled
with water and filtered, and the pH of the liquid AHA was
adjusted to 1 with 2.0 mol L~! HCI to obtain solid AHA.
The AHA solid was centrifuged with ultra-pure water to
neutrality, followed by drying in an oven at 80 °C. The C,
nitrogen (N), sulfur, and hydrogen (H) contents in AHA were
637.3,12.1,6.3,and 58.5 ¢ kg_l, respectively. The scanning
electron microscopy images of AHA used in this study are
shown in Fig. 1.

Experimental design

The experimental soil was loamy, taken from the 0—
20 cm topsoil layer near Northeast Agricultural University,
China. After natural air drying, the soil was sieved through a
2-mm sieve, with 7 kg soil per pot. Selected soil physical and
chemical properties are shown in Table I. Twenty-five-day-old
seedlings of the rice variety Longjing 24 were transplanted
into PVC pots (12 cm in inner diameter, 50 cm in height),
with three plants per pot. The experiment was conducted in a
climate chamber from May 20 to July 7, 2023, with day/night
temperature of 30 & 1 °C/25 £ 1 °C, relative humidity of
80%—90%, a light cycle of 12 h (from 8:00 a.m. to 8:00 p.m.
every day), and a light intensity of 500 umol photons m? s 1.
The rice plants were watered with deionized water during
rice growth and timely weeded. Basal fertilizers were applied
before rice planting at 40 mg N kg~! soil, 20 mg phosphorus
kg~ ! soil, and 80 mg potassium kg~! soil, respectively.
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Fig. 1 Scanning electron microscopy images of the artificial humic acid used in this study.

TABLE I

Selected physical and chemical properties of the soil used in this study

TABLE II

Experimental design of this study

Property Unit Value Treatment code Irrigation regimea) AHAP) application amount
Bulk density gcm ™3 14 mg kg~ soil
pH 6.9 GIO GI 0
Field capacity cm? cm—3 24 GI3 GI 300
SOC® content gkg! 21 GI6 GI 600
Total N gkg! 1.05 DWIO DWI 0
Total P gkg! 0.32 DWI3 DWI 300
DWI6 DWI 600

2)Soil organic C.

The experimental setup included the irrigation regime
(conventional flooding and alternate wetting and drying
irrigation) and the amount of AHA application (0, 300, and
600 mg kg~ soil). The conventional flooding irrigation
treatment maintained a water surface height of 2-3 cm
in a PVC pot. The alternate wetting and drying irrigation
maintained a 2-3 cm water layer within 7 d after transplanting
to ensure the greening and survival of rice, with alternate
wetting and drying irrigation for the rest of the time. Upon
natural drying of the surface and attainment of a soil water
potential of —15 kPa, a 2-3 cm water layer was applied
through irrigation. There were a total of six treatments,
including conventional flooding irrigation with AHA at 0
(GI0), 300 (GI3), and 600 (GI6) mg kg~ ! soil and alternate
wetting and drying irrigation with AHA at 0 (DWIO0), 300
(DWI3), and 600 (DWI6) mg kg~! soil, each with six
replicates (Table II).

3CO, pulse labeling.  Tsotope labeling was conducted
based on Ge et al. (2012) and Liu et al. (2023). After25dina
PVC pot, the rice plants of three replicates of each treatment
were moved into a labeling chamber (100 cm x 50 cm X
85 cm, 5-mm thick) (Fig. 2). Before isotope labeling, the
labeling chamber was inserted into the base groove, and
the groove was sealed with water. A real-time CO5 monitor

a)GI = conventional flooding irrigation; DWI = alternate wetting and
drying irrigation.
b) Artificial humic acid.

with temperature, humidity, and COq probes was used in the
labeling chamber to record internal temperature, humidity,
and CO; concentration. A rechargeable electric fan was
used to promote gas mixing. Using 99 atom% 3CO, pulse
labeling, 13CO, concentration was maintained at 350 puL
L~!. The marked time was from 7:00 a.m. to 6:00 p.m.
on June 15 to 17, 2023. At the same time, the non-pulsed
rice plants, those of the remaining three replicates of each
experiment, were cultivated 10 m away from the labeled
chamber as a natural abundance control of "3COs.

Sampling

Destructive sampling was conducted for each treatment,
selecting three pots of labeled and unlabeled rice plants,
respectively, on the 20th day after 3CO, labeling. Firstly,
shoots were cut off, roots were separated from soil and rinsed
clean with deionized water, and then the shoots and roots
were dried at 105 °C for 30 min and at 60 °C to a constant
weight. The plant samples were crushed into powder. The soil
samples were collected, dried naturally, and sieved through
a 0.15-mm sieve for further determination of the abundance
of 13C.
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Fig. 2 Diagram of the isotope labeling device used in this study. Chambers with and without blue layers indicate treatments under conventional flooding

irrigation and alternate wetting and drying irrigation with artificial humid acid at 0, 300, and 600 mg kg

13C abundance and allocation ratio calculation

The '3C abundance (At'3C%, %o) in plant leaves, stems,
and roots, as well as soil, was determined as follows:

R,
At3CY% = (m‘“ - 1) % 1000 (1
V-PDB
BBCy = Caample % (A'?Cy — At'3Cy) 2)

where Rgmple and Ry.ppp are the 13C/*2C ratios of the sample
and the standard substance (Vienna-Pee Dee Belemnite (V-
PDB), 0.0112372), respectively, 13C, (mg kg~!) is the 13C
content in the sample, Cgampie (Mg kg™ 1y is the total C content
in the sample, and At'3C; and At'3C,, are the At'3C in the
labeled and unlabeled samples, respectively.

The distribution proportion of assimilated '3C (}3C,,,
%) in various parts of rice plants (leaves, stems, or roots) or
soil was calculated as follows:

13
13C _ CX
p=
1SCIeaf + 130stem + 130root + 13Csoil

3

where 3Ciear, '3 Cyiem, "> Croot, and 12Cyii (%) are the distri-
bution proportions of assimilated 13C in leaves, stems, roots,
and soil, respectively, and '3C, represents the '3Cpeqs,
13Cslem’ 13Crool, or 13Csoil-

Measurement of rice leaves

Gas exchange parameters, including the net photosyn-
thetic rate (P,,), intercellular CO5 concentration (C;), stoma-
tal conductance (Gg), and transpiration rate (T,), of rice
flag leaves were measured using a portable photosynthesis
system (LI-6400, Li-COR, USA) every 5 d within 20 d
after C isotope labeling. During the measurement period,
the leaf temperature was maintained at 28 4+ 1.0 °C, the
photosynthetic photon flux density was 1 500 pmol m—2
s~1, and the CO, concentration was maintained at 400 pmol

~1 50il, respectively.

mol !, with a relative humidity of 40%. Data were recorded
after reaching a steady state (about 15 min).

On the same day of measuring gas exchange parameters,
three rice plants were randomly selected for each treatment
for the following measurements. Chlorophyll concentration
was measured on the mid-section of the flag leaves (avoiding
the major veins) using 80% acetone. The absorbance of
each pigment was measured using a UV spectrophotometer
(UV2550, Shimadzu Co., Ltd., Japan). Chlorophyll a (Chla)
and b (Chld) and Carot concentrations were calculated using
the Beer-Lambert formula as follows:

Chla = 12.21 x A663 —2.81 % A646 (4)

Chlb = 20.13 x Agss — 5.03 X Aggs 4)
1 Aszo — 3.27 x Chla — 104 x Chlb

Carot — 000 x Ag70 — 3 ';;; a 04 x )

where Aggs, Agas, and A4rg are the absorbance of chloro-
plast pigment extract at wavelengths of 663, 646, and 470 nm,
respectively.

The leaf tissue was homogenized with the extraction
buffer at 0—4 °C, and the Rubisco solution was obtained
by centrifugation. Rubisco activity was measured using
Microplate Reader (Infinite 200Pro, Tecan AG, Switzerland)
at a wavelength of 450 nm.

Leaf area was measured using a portable leaf area meter
(AM-350, ADC BioScientific Ltd., UK), and chlorophyll
fluorescence was measured using the PlantScreen plant phe-
notype imaging system. After 30 min of dark adaptation
treatment, the chlorophyll fluorescence parameters, including
minimum fluorescence after dark adaptation (Fy), maximum
photochemical efficiency (F,/F,,) of photosystem II (PSII)
in leaves, photochemical quenching coefficient (qP), and
nonphotochemical quenching coefficient (NPQ), were mea-
sured using a Chlorophyll Fluorescence Imaging System
(FluorCam Photo Systems Instruments, Czech Republic).
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Measurement of root exudates and roots

Root exudates.  Roots were immersed in 0.2 mmol
L' CaSO, and 30 mg L~ chloramphenicol solutions for
2 h and 30 min, respectively. Subsequently, the plants were
cleaned with sterile deionized water and transferred to a
brown glass bottle containing 200 mL of sterile deionized
water at 25 °C. After 24 h, 10 mL of solution was taken
from each bottle and stored at —20 °C for further metabolic
profiling analysis according to Nie et al. (2023). The samples
were analyzed using gas chromatography-mass spectrometry
(Agilent 7890B gas chromatography system and Agilent
5977A MSD system, Agilent Technologies, USA). Separate
derivatives using DB-5MS fused silica capillary column (30
m x 0.25 mm x 0.25 um, Agilent Technologies, USA).

Root aeration tissue.  Roots were placed in 2.5% glu-
taraldehyde fixing solution and fixed in a refrigerator at 4 °C
for 24 h, followed by dehydration in a graded ethanol series
(30%, 40%, 50%, 60%, and 70%), with each step lasting
for 15 min. Slices were cut from the root tip (1 cm) and
stained with safranin and solid green. Root aerenchyma was
observed using an optical microscope (Nikon Eclipse E100,
Nikon, Japan).

Root activity.  Roots were weighed. Root activity was
determined using the triphenyl tetrazolium chloride (TTC)
method (Zhu et al., 2020) by a microplate reader (Infinite
200Pro, Tecan Group Ltd., Switzerland).

Root morphology.  After 20-d isotope labeling, three
rice plants were taken from each treatment. Roots were slowly
washed with ultrapure water and scanned with a root scan-
ner (Epson Expression 1680 Scanner, Seiko Epson Corp.,
Japan). Root morphology indicators were analyzed using the
WinRHIZO root analysis system (Regent Instruments Inc.,
Canada).

Greenhouse gas emission flux measurement

Greenhouse gas emission flux was measured immediately
after isotope labeling every 5 d until destructive sampling of
plants. Greenhouse gases were collected using a self-made
static chamber (100 cm x 50 cm x 85 cm, 0.5 cm thick)
between 8:00 and 10:00 a.m. daily. Before gas collection,
the static chamber was placed above the soil column and
sealed in advance to prevent gas leakage. Then, timing
was started, and gas samples were collected at 0, 10, 20,
and 30 min while recording the room temperature and the
temperature inside the static chamber. After gas sampling, the
concentrations of greenhouse gases (CHy, CO2, and NoO)
in the gas samples were measured using a high-efficiency
gas chromatograph (GC-2014C, Shimadzu Co., Ltd., Japan)
within 24 h. The greenhouse gas emission flux (EF, mg m~2
h~!) was calculated using the following formula (Wu et al.,
2009):
~de M P T

— X — X — X H @)

EF = &
a v m ST
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where dc/dt (mm® m~3 h™1) is the slope of the regression
curve of the sampled greenhouse gas volume fraction over
time, M (g mol~!) is the molar mass of the greenhouse gas,
P (Pa) is the pressure inside the static chamber, T (K) is
the absolute temperature inside the static chamber (average
temperature from the beginning to the end of sampling), Vo
(mL mol™1), Py (Pa), and T (K) are the molar volume of
gas, atmospheric pressure, and absolute temperature under
standard conditions, respectively, and H (m) is the height of
the static chamber.

Statistical analysis

Data processing and statistical analysis were conducted
using IBM SPSS Statistics 22 and Microsoft Office Excel
2019 software. Graphics were drawn using Origin 2022
software. Differences between different treatments were ana-
lyzed using two-way analysis of variance at P < 0.05 and
Pearson’s correlation analysis, while the Duncan’s method
was used for multiple comparisons.

RESULTS
Rice biomass

After 20 d of pulse labeling, there was no significant
difference in the total or shoot biomass of rice plants without
AHA application between two irrigation regimes, while
the root biomass was significantly higher in DWIO than in
GIO, resulting in a substantially higher root/shoot ratio in
DWIO than in GIO (Table III). After applying AHA, the total
biomass, shoot biomass, and underground biomass of rice
plants under two irrigation regimes showed a trend of initial
increase and subsequent decrease with the increase in AHA
application amount. Among the treatments, DWI3 had the
highest biomass in all rice parts, with total biomass, shoot
biomass, and root biomass being 16.67%, 6.90%, and 50%
higher than GI3, respectively. The DWI6 treatment showed
the highest root/shoot ratio of 0.48.

13C in the rice-soil system

After 20 d of pulse labeling, 45.55%—55.36% of assimi-
lated 13C were preserved in rice leaves, 30.85%-36.56%
were retained in stems, 5.43%—10.54% were transmitted to
roots, and 5.06%—8.64% were transmitted to soil (Table IV).
In terms of different irrigation regimes, assimilated 3C
remained more in stems and leaves under flooding irrigation,
while more assimilated '3C was transported to roots and soil
under alternate wetting and drying irrigation. In terms of
the amount of AHA application, most assimilated '>C was
transferred to roots and soil with AHA application of 300 mg
kg ™!, especially in DWI3 with the highest assimilated '>C
proportion in soil of 8.64%.

Photosynthetic and fluorescence characteristics of rice

Leaf area.  Under two irrigation regimes, leaf area
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TABLE III
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Biomass of rice plants with or without application of artificial humic acid under conventional flooding (GI) or alternate wetting and drying (DWI) irrigation in

a 13COx pulse labeling experiment

Treatment®) Total biomass Shoot biomass Root biomass Root/shoot ratio
g plant_1

GIO 1.29 + 0.05P)e®) 1.09 £ 0.04c 0.20 £ 0.02f 0.19 £ 0.0le
GI3 2.22 +0.02b 1.74 + 0.02a 0.48 + 0.01c 0.27 +0.01d
GI6 1.65 £ 0.05d 1.26 £ 0.06b 0.39 £ 0.01d 0.31 £ 0.02cd
DWIO 1.30 4 0.02¢ 0.97 4+ 0.02¢ 0.34 + 0.01e 0.35 + 0.01bc
DWI3 2.59 4+ 0.10a 1.86 £0.11a 0.72 £ 0.01a 0.39 + 0.03b
DWI6 2.01 4+ 0.02¢ 1.36 + 0.01b 0.66 + 0.01b 0.48 +0.01a

a)See Table 11 for the detailed description of each treatment.
b) Means + standard deviations (n =6).

<) Means followed by different letters in a column are significantly different at P < 0.05.

TABLE IV

13C proportion of each compartment in the total net fixed 13C in the rice-soil system with or without application of artificial humic acid under conventional
flooding (GI) or alternate wetting and drying (DWI) irrigation in a 13COx pulse labeling experiment

Treatment®) 13C proportion
Leaves Stems Roots Soil
%o

GIO 52.95 £ 0.16P)c®) 36.56 4+ 0.33a 5.43 £ 0.12f 5.06 +0.18d
GI3 50.29 £ 0.24d 33.04 £ 0.24c 9.16 £ 0.13¢ 7.51 £ 0.17b
GI6 52.45 4 0.08c 32.79 £+ 0.16¢ 839+ 0.11d 6.37 + 0.24c
DWIO 53.66 4 0.24b 31.354+0.33d 9.75 +0.11b 524 +0.21d
DWI3 45.55 £ 0.16e 35.27 £ 0.08b 10.54 £ 0.12a 8.64 £+ 0.16a
DWI6 55.36 £ 0.33a 30.85 4+ 0.24d 736 +0.11e 6.43 +0.18c

a)See Table II for the detailed description of each treatment.
b) Means + standard deviations (n =3).

<) Means followed by different letters in a column are significantly different at P < 0.05.

gradually increased with the AHA application amount, being
the largest in DWI6 (43.10 mm?) (Fig. 3).

Chlorophyll and Carot concentrations.  Under two
irrigation regimes, Chla, Chlb, and Carot concentrations all
showed a gradually increasing trend with the increase of AHA
application amount, but there was no significant difference
among the treatments (Fig. 3). The DWI6 treatment showed
the highest concentrations of Chla (12.28 mg g~ fresh
weight (FW)), Chlb (4.35 mg g~ ! FW), and Carots (2.18 mg
g 1 FW).

Rubisco activity.  Under both flooding irrigation and
alternate wetting and drying irrigation regimes, the Rubisco
activity showed a trend of first increasing and then decreasing
with the increase of AHA application amount (Fig. 3). The
Rubisco activity was the lowest (2.62 umol g~ 'FW s~1) in
DWIO and the highest (3.78 umol g~ FW s~1) in DWI3.

Gas exchange and chlorophyll fluorescence parame-
ters. When AHA was not applied, P,,, T, and G5 were
higher under alternate wetting and drying irrigation than
under flooding irrigation (Fig. 4). At the same time, C; was
lower under alternate wetting and drying irrigation than
under flooding irrigation. After AHA application, P, T;,
and Gq significantly increased under both irrigation regimes,
with the highest values in DWI3, which increased by 65.35%,

33.18%, and 52.58%, respectively, compared to DWI0. How-
ever, C; showed the opposite trend, being the smallest in
DWI3, which decreased by 17.18% compared to DWIO.

Overall, the trends of qP and F,/F,,, were similar to that
of P,,, while the trends of Fy and NPQ were opposite (Fig. 4).
When AHA was not applied, qP and F,/F,,, were larger in
DWIO than GIO, while Fy and NPQ were smaller in DWIO
than in GIO. Compared with the absence of AHA, AHA
application significantly increased qP and F,/F,,, while
Fy and NPQ decreased significantly under both irrigation
regimes, with the highest qP (0.76) and F,/F,, (0.78) and
the lowest Fy (290.35) and NPQ (0.05) in DWI3.

Root characteristics

Root exudates.  From the perspective of irrigation
regimes, the organic acid concentrations were higher under
alternate wetting and drying irrigation than under flooding
irrigation for the same amount of AHA application (Fig. 5).
Under the same irrigation regime, all organic acids showed
a trend of first increasing and then decreasing with the
increasing AHA application amount. The concentrations
of various organic acids were the highest in DWI3 among
the treatments, with tartaric acid being the most abundant
organic acid, followed by oxalic acid, malic acid, succinic
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Fig. 4 Gas exchange and chlorophyll fluorescence parameters, including net photosynthetic rate (Py ), transpiration rate (Ty), stomatal conductance (Gs),
intercellular CO2 concentration (C;), photochemical quenching coefficient (qP), maximum photochemical efficiency (Fy/Fr,) of photosystem II in leaves,
minimum fluorescence (Fp), and nonphotochemical quenching coefficient (NPQ) of rice plants with or without application of artificial humic acid under
conventional flooding (GI) or alternate wetting and drying (DWI) irrigation in a 13COq pulse labeling experiment. See Table II for the detailed description of
each treatment. Error bars are standard deviations of means (n = 6). Different letters above the bars indicate significant differences at P < 0.05.
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acid, citric acid, and acetic acid. They increased by 13.08%,
10.41%, 47.66%, 108.66%, 24.37%, and 6.06% in DWI3,
respectively, compared with DWIO.

Root morphology.  From the perspective of irrigation
regimes, root length, surface area, and length density of
rice were all higher under alternate wetting and drying
irrigation than those under flooding irrigation (Fig. 6). Under
flooding irrigation, AHA application significantly increased
the surface area, length, and length density of roots, with
the most pronounced effect on root length density at the
depth of 2040 cm. However, there was no statistically
significant difference caused by different AHA application
amounts. Under alternate wetting and drying irrigation, the
application of AHA significantly increased root length and
length density, with a more significant promoting effect of
DWI3 than DW16. Compared with DWIO, the root length and
length density increased by 23.60% and 25.44% in DWI3,
respectively.

Root aeration tissue.  When AHA was not applied, rice
roots produced aerated tissue under two irrigation regimes,
with more aerated tissue under flooding irrigation compared
to alternate wetting and drying irrigation (Fig. 6b). As the
AHA application amount increased, the amount of aerated
tissue gradually decreased under flooding irrigation. Howe-
ver, no aeration tissue was generated during alternate wetting
and drying irrigation.

Root activity.  When AHA was not applied, root
activity was significantly higher in DWIO than in GIO
(Fig. 6e). After AHA application, root activities in DWI3
and DWI6 were significantly higher than those in GI3 and
GIo6, respectively, with the highest value in DWI3 (601.71
ug TTCg=th™1).

Greenhouse gas emission

Irrigation regimes and AHA application amounts did
not significantly impact NoO emission (Fig. 6f). When
AHA was not applied, DWIO significantly reduced CHy
emission flux but increased COy emission flux compared
to GIO (Fig. 6g, h). The impact of AHA application on
CH,4 and CO4 emissions was the greatest in GI3 and DWI3.
Among the treatments, CH, emission flux was the lowest in
DWI3, decreasing by 13.72% compared to DWI0, and CO,
emission flux was the lowest in GI3, GI6, and DWI3, with
no significant difference among these three treatments.

Correlation analysis

Pearson’s correlation analysis showed that the leaf 13C
content was significantly positively correlated with total
biomass, and the root '2C content was significantly positively
correlated with root surface area. Soil '3C content was
significantly positively correlated with P,, and total biomass
(Mantel’s P < 0.01) and positively correlated with Rubisco
activity, root length, and root activity (Mantel’s P < 0.05)
(Fig. 7).

DISCUSSION

Effect of AHA application on photosynthetic C fixation in
rice under two irrigation regimes

Rice fixes CO- in the atmosphere into organic matter
through photosynthesis, and the photosynthetic efficiency
directly affects soil C cycling (Liu Z W et al., 2021). Under
two irrigation regimes, AHA application increased leaf
area, Chla, Chlb, and Carot concentrations, and Rubisco
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Fig. 6 Root morphology (a), aeration tissue (b), length and surface area (c), length density (d), and activity (e) of rice plants, and box plots of emission fluxes
(EF) of greenhouse gases, including N2O (f), CH4 (g), and COz2 (h), in the rice-soil system with or without application of artificial humic acid (AHA) under
conventional flooding (GI) or alternate wetting and drying (DWI) irrigation in a 13COq pulse labeling experiment. See Table II for the detailed description of
each treatment. TTC = triphenyl tetrazolium chloride; Max = maximum. In panels ¢ and e, error bars are standard deviations of means (n = 6). In panels

e-h, different letters indicate significant differences at P < 0.05.

activity compared to the absence of AHA (Fig. 3). This
indicates that AHA application could enhance rice light-
harvesting ability, antioxidant capacity, and CO- assimilation
ability by promoting the growth of rice leaves, as well as
the absorption and utilization of nutrients, and improving
the photosynthetic efficiency of rice, thereby increasing
rice P,,. However, with the increase in AHA application
amount, the leaf Chla and Chlb concentrations and leaf
area gradually increased. In contrast, leaf P,, T, Gg, and
Rubisco activity first increased and then decreased, while the
C; concentration first decreased and then increased. Light
was more easily transmitted through the leaves with AHA
application of 300 mg kg, perhaps due to the moderate
leaf size, resulting in an increase in light transmittance in
the middle and lower parts of the plant, which increases

light absorption in the lower leaves and is beneficial for
plant photosynthesis (de Castro and Fetcher, 1999). At the
same time, increased stomatal conductance helps more CO-
enter the leaves for photosynthesis and promotes water
transpiration, effectively dissipating heat and maintaining
water balance through transpiration (Katul er al., 2010).
The decrease in intercellular CO5 concentration indicates
that the COs supply is sufficient during photosynthesis, and
due to the high activity of leaf photosynthetic enzymes,
the CO, entering the leaves can be effectively utilized for
photosynthesis (Li et al., 2015). With the AHA application
of 600 mg kg, the light energy absorbed by rice may far
exceed the physiological metabolic requirement, and there is a
redundancy phenomenon in leaf chlorophyll concentrations.
The upper leaves are relatively large, making it difficult for
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light to penetrate the lower leaves, suppressing the absorption
of light energy by the lower leaves, and ultimately reducing
the photosynthetic rate.

The chlorophyll fluorescence parameter was obtained
by measuring the fluorescence released by chlorophyll
molecules after absorbing light energy. The intensity and
characteristics of fluorescence can reflect the efficiency of
PSII and the photochemical state of plants (Zeng et al.,
2016). In this study, without applying AHA, the F,/F,,, and
qP were larger in DWIO than in GIO, while Fy and NPQ were
smaller in DWIO than in GIO (Fig. 4). The F,/F,, and qP
were higher under alternate wetting and drying irrigation
than under flooding irrigation, indicating that plants adapt to
environmental changes by improving the efficiency of PSII
and photochemical processes under alternate wetting and
drying irrigation, thereby maximizing the utilization of light
energy under limited water condition, which is similar to
Mielke and Schaffer (2010). The Fy is related to the open
state of the PSII reaction center (Baghbani-Arani et al.,
2017). The decrease in Fy may indicate that the reaction
center of PSII is more stable after dark adaptation or that the
repair mechanism of PSII is more effective under alternate
wetting and drying irrigation, reducing the open state of the
reaction center and thus reducing fluorescence production.
The NPQ is an indicator for measuring nonphotochemical
quenching processes, reflecting the ability of plants to regu-
late excess light energy through nonphotochemical processes
such as heat dissipation (Berne et al., 2018). The increase in
NPQ is usually related to the light protection mechanism of
plants, indicating that plants can more effectively dissipate
energy in the face of excessive light energy to avoid light

damage. Under alternate wetting and drying irrigation, a
decrease in NPQ may indicate that plants have reduced their
dependence on heat dissipation and more effectively utilize
light energy. In treatments with AHA application, F,/F,
and gP were the highest, while Fy and NPQ were the lowest
in DWI3. It indicates that the photosynthetic performance
of PSII is enhanced rather than dissipated in DWI3. This is
because AHA can improve soil structure, provide a suitable
micro-environment, increase soil water and fertilizer reten-
tion capacity, and promote plant absorption and utilization
of nutrients. Meanwhile, moderate water stress generated
by alternate wetting and drying irrigation can promote the
development of plant roots, enhance the absorption capacity
of plants for water and nutrients, increase the chlorophyll
concentrations, P,,, and F,/F,, (Luo et al., 2016; Song et al.,
2019). The coupling of AHA and alternate wetting and dry-
ing irrigation produced a synergistic effect, further improving
the photosynthetic efficiency of rice. The comprehensive
analyses of rice gas exchange parameters and chlorophyll
fluorescence parameters showed that the DWI3 treatment
had the highest photosynthetic efficiency and the strongest
photosynthetic C sequestration ability among all treatments.

Effect of AHA application on C transfer in rice roots under
two irrigation regimes

Roots are the main crop organ that absorbs water and
nutrients and the leading site for synthesizing various orga-
nic acids (Wen et al., 2022). Root morphology, biomass,
and exudates are essential indicators for evaluating the C
transport capacity of roots (Wang et al., 2019). When AHA
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was not applied, alternate wetting and drying irrigation
promoted root growth, resulting in a significant increase
in root biomass, length, surface area, and length density,
compared to flooding irrigation (Table III, Fig. 6¢, d). Under
alternate wetting and drying irrigation, rice roots underwent
more frequent water stress and rehydration processes. This
periodic water change stimulated root growth and renewal,
thereby enhancing root metabolic activity and vitality (Figs. 5
and 6e), helping to improve root absorption of water and
nutrients, and promoting the synthesis and release of root
exudates (Zhang et al., 2013). Under flooding irrigation,
long-term water saturation could lead to insufficient oxygen
supply, affecting root activity; however, the aeration tissue
of rice roots was more developed than those under alternate
wetting and drying irrigation (Fig. 6b). The reason is that
under flooding irrigation, rice roots are in an anaerobic en-
vironment saturated with water for a long time, causing the
air cavity to expand and forming a continuous gas channel,
allowing oxygen to be transported from the soil surface to the
deeper parts of the roots to improve the efficiency of oxygen
acquisition and transportation. In contrast, under alternate
wetting and drying irrigation, periodic drainage can allow
oxygen to enter soil, and rice can rely on the natural diffusion
of oxygen in soil to meet its needs. Therefore, the aeration
tissue is less developed under alternate wetting and drying
irrigation than under flooded irrigation.

The organic acids in root exudates are products of plant
root metabolic activity. These organic acids can be synthesi-
zed in plants through metabolic pathways, such as the tri-
carboxylic acid cycle, or generated from other metabolites
through specific enzymatic reactions (Canarini et al., 2019).
The application of AHA increased the concentrations of
organic acids such as citric acid, tartaric acid, oxalic acid,
and acetic acid in rice root exudates (Fig. 5). Organic acids
can interact with minerals in soil. This contributes to the
formation and stability of soil structure, thereby affecting the
fixation and preservation of organic C in soil (Adeleke et al.,
2017). Meanwhile, organic acids help regulate rhizosphere
pH, affecting the form of nutrients in soil and the absorption
efficiency of plants, thereby promoting root growth (Wang
and Tang, 2018). Although the application of AHA under
the two irrigation conditions in this study may have adverse
effects on the oxygen supply of roots by reducing root ae-
ration tissue, the increase in root activity indicates that rice
can still maintain an excellent physiological state under these
conditions (Fig. 6b, e), suggesting that the application of
AHA improves soil aeration. Under the same amount of AHA
application, AHA had better effects on rice root biomass,
root morphology indicators, and organic acid secretion under
alternate wetting and drying irrigation than under flooding
irrigation, especially in DWI3 (Table III, Figs. 5 and 6c, d).
The reason is that AHA changes the viscosity and surface
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tension of pore fluid in soil, increases soil water retention
capacity, and reduces soil saturated hydraulic conductivity,
thus benefiting root growth and vitality (Yang et al., 2020).
At the same time, alternate wetting and drying irrigation
improves soil permeability and oxygen supply, helping to
increase nutrient effectiveness and promote root absorp-
tion efficiency. However, excessive AHA concentration may
lead to excessive nutrient supply in soil, causing nutrient
imbalance and affecting the normal development of roots,
negatively impacting root activity (Liu et al., 2019; Zhang,
2021).

Effect of AHA application on greenhouse gas emissions
under two irrigation regimes

Part of the organic C fixed in soil is released into the
atmosphere through greenhouse gases such as COz and CHy,
which is an essential pathway for SOC loss (van Groenigen
et al., 2011). In this study, when AHA was not applied,
alternate wetting and drying irrigation significantly reduced
CH,4 emission flux and promoted CO, emission flux but
had no significant effect on N2 O emission flux (Fig. 6f-h).
Paddy soils remain in a saturated water state for a long time
under flooding irrigation, forming an anaerobic environment
that facilitates the activity of methane-producing bacteria,
thereby promoting the production and emission of CHy.
Alternate wetting and drying irrigation breaks this anaerobic
condition, increasing soil aeration through periodic drainage
and re-flooding, promoting root respiration, and inhibiting
the activity of methanogenic bacteria, thereby reducing CHy
production and increasing COy production and emission
(Sander et al., 2020). In addition, the production of NoO
is related to nitrification and denitrification in soil. Alter-
nate wetting and drying irrigation may inhibit nitrification
by reducing water supply, while promoting denitrification
by increasing soil aeration. This mutual offsetting effect
may result in no significant change in NoO emission flux
(Lewicka-Szczebak et al., 2016).

When AHA was applied, DWI6 did not significantly
affect CH,4, while DWI3 significantly reduced CH4 emis-
sion (Fig. 6g). The reason is that under alternate wetting
and drying irrigation, soil undergoes periodic oxidation and
reduction processes. At the same time, AHA application may
increase the organic matter content in soil, thereby promo-
ting CH, oxidation during the oxidation stage. Especially
at moderate amount (300 mg kg~1), AHA application may
provide suitable C sources and electron acceptors, enhance
methane oxidation, and significantly reduce CH,4 emissions.
The AHA application at a high amount (600 mg kg~1)
may lead to excess C sources in soil, leading to increased
competitive soil microbial activity, and thus inhibiting the
oxidation process of CHy (Tan et al., 2018). In addition,
under both irrigation regimes, AHA application significantly
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reduced CO5 emission flux, with the lowest CO5 emission
flux in GI3 (Fig. 6h), which may be due to the improved
soil structure and increased soil porosity. This helps to in-
crease the oxygen concentration in soil, thereby inhibiting
the activity of anaerobic microorganisms and reducing CO4
production. However, AHA application of 600 mg kg~! may
lead to excess C sources, affecting the metabolic balance of
microorganisms. Therefore, AHA application showed more
effect on reducing CO, emission at 600 mg kg~! than at
300 mg kg~ AHA. Except for GI3, the CO, emission flux
was also lower under GI6 and DIW3 among the treatments,
and there was no significant difference among the three
treatments. However, AHA application did not significantly
impact NoO emission flux under both irrigation regimes
(Fig. 6f). The application of AHA may affect the activities
of nitrifying and denitrifying bacteria in soil. However, the
enhancement of nitrification was equivalent to the enhance-
ment of denitrification. Therefore, there was no significant
change in N5O emission. Overall, the CHy4, CO2, and NoO
emission fluxes were relatively low in DWI3, indicating less
SOC loss.

Effect of AHA application on photosynthetic C allocation
under two irrigation regimes

Overall, the distribution ratio of 3C in various parts
of rice and soil was ranked in the order of leaves > stems
> roots > soil, indicating that '>C was more retained in
the aboveground parts, which was similar to Liu ef al.
(2023). From the perspective of irrigation regimes, under
the same amount of AHA application, alternate wetting and
drying irrigation transferred more '2C to the underground
compared with flooding irrigation, and with the increase
of AHA application, the 13C content in the underground
showed a trend of first increasing and then decreasing.
According to the correlation analysis (Fig. 7), the '3C content
in soil had extremely significant positive correlations with Py,
and total biomass and significant positive correlations with
Rubisco activity, root activity, and root length, indicating
that the ability of photosynthesis to fix C and the root
ability to transport C jointly affect the content of '3C in soil.
This is because plants fix CO; in the atmosphere through
photosynthesis, convert it into organic matter, and store
it in the plant body while transporting and releasing part
of organic C into soil through roots. Therefore, improving
the photosynthetic capacity and root ability of plants to
transport C can significantly enhance soil C sequestration
capacity. Among the treatments, the 3C content in soil was
the maximum in DWI3, due to the greater SOC sequestration
caused by the strongest photosynthetic capacity, the most
potent C transport ability of roots, and lower greenhouse gas
emission fluxes in DWI3.

CONCLUSIONS

Under alternate wetting and drying irrigation with AHA

Z.Y.ZHANG et al.

application, from the perspective of photosynthetic C seques-
tration, the increases in Chla, Chlb, and Carot concentrations
and Rubisco activity led to an improvement in leaf photo-
synthetic capacity. In terms of roots, the enhanced aeration
tissue and root activity, the increased concentrations of
various organic acids in root exudates, and the increased
root biomass promoted the ability of C transport of roots.
Regarding greenhouse gas emissions, both CH4 and CO,
emissions significantly decreased, reducing the loss of orga-
nic C. However, attention should be paid to the appropriate
AHA application amount. Among the treatments, DWI3
showed the maximal photosynthetic C sequestration capa-
city and transport capacity of roots and lowest greenhouse
gas emission flux. Therefore, DWI3 was regarded as a re-
commended management practice for C sequestration and
water conservation in the rice-soil system.
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