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The microbial population (MP) is considered to be a relatively important part of

soil health, quality, and productivity. Therefore, this study aimed to access the

effects of tillage and rice cultivation modes on soil MP in Stagnic Anthrosols and

Lateritic Red Earth soils. The treatments were as follows: (i) MDS: land tilled

twice with a moldboard plow and hill-seeding of pregerminated seeds with a

direct seeding machine of four to six seeds per hill at a planting space of 25 ×

15 cm, (ii) RDS: land tilled twice with a rotary tiller and hill-seeding of

pregerminated seeds with a direct seeding machine of four to six seeds per

hill at a planting space of 25 × 15 cm, (iii) MMT: land tilled twice with a

moldboard plow and 15-day-old seedlings were mechanically transplanted

with a transplanting machine at a transplanting hill of four to six seedlings and at

a transplanting space of 25 × 15 cm, and (iv) RMT: land tilled twice with a rotary

tiller and 15-day-old seedlings were mechanically transplanted with a

transplanting machine at a transplanting hill of four to six seedlings and a

transplanting space of 25 × 15 cm. The findings showed that MDS improved the

MP and increases rice yield. MDS showed a high increase in MP in both

locations and the rice productivity of 32.81% (1H; first harvest) and 13.91%

(2H; second harvest) and 16.48% (1H) and 18.13% (2H) for Zeng-Cheng and Yi-

Yang, respectively. In conclusion, MDS was found to be better in improving the

MP and increasing rice yield and could be adopted as a suitable approach for

improving soil health, quality, and productivity.

KEYWORDS

microbial population, direct seeding, rice cultivation modes, pregerminated seeds,
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Introduction

Soil microbes are vital for the development of soil fertility,

maintenance of food security, and mitigation of climate change.

As the living portion of soil organic matter, soil microbes play an

important role in the function of ecosystems through their

complex interactions with the environment (1, 2). These

functions include organic matter decomposition and nutrient

cycling, including carbon (C) and nitrogen (N) cycling (2–4),

and soil aggregate formation and maintenance (5). Furthermore,

the microbial population (MP) size and diversity in agricultural

soils can be affected by soil management practices. Agricultural

land management is one of the most significant anthropogenic

activities that alter the soil characteristics, including physical,

chemical, and biological property processes. Previous studies

have shown that microbial biomass can be altered by changes in

agricultural management practices (6–15). Microbial indicators

such as enzyme activities are good potential indices of soil quality

and health because of their role in soil biological

and biochemical processes, ease of measurement, and rapid

response to changes in soil quality induced by the management

(14). Appropriate tillage combined with the right cultivation mode

of rice on paddled fields can have a thorough impact on the soil

MP and rice yield, as an improvement in rice yield is a result of the

enhancement of soil microbes and also reduces the strenuous

ways of seedling transplanting in paddy fields. The aim of the

present study was to investigate the effects of different tillage and

rice cultivation modes on soil MP (bacteria, fungi, actinomycete,

catalase, urease, and phosphatase) and on rice yield.
Materials and methods

An experiment was established at Zeng-Cheng in

Guangdong Province of Southern China (23°13′ N, 113°81′ E,
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altitude 11 m, Figure 1A) and Yi-Yang in Hunan Province of

Southern China (29°07′40″ N, 112°25′25″ E, 27 m in altitude,

Figure 1B) for two seasons (2017 and 2018). The meteorological

data of the crop seasons are given in Table 1. The soil under

experimentation was sandy-loam and sandy-clay-loam for

Zeng-Cheng and Yi-Yang, respectively. The soils of the study

sites are classified as Stagnic Anthrosols for Zeng-Cheng and

Lateritic Red Earth for Yi-Yang, which developed from the

Quaternary Red Earth (16). The Zeng-Cheng site had N, P,

and K content of 39.52, 13.32, and 31.19 kg ha-1, respectively,

with a pH value of 5.65, and Yi-Yang had soil N, P, and K

content of 100, 8.5, and 112 kg ha-1, respectively, with a pH value

of 6.5. The pre-soil condition of the experimental sites is given in

Table 2. Soil bacteria, fungi, and actinomycetes were determined

by the plate inoculation method (17). Soil urease was determined

by the automated calorimetric method (17). Soil catalase was

determined by the volumetric method (17). Soil phosphatase was

determined by the phenyl phosphate sodium colorimetric

method (17).

Four cultivation modes, viz., (i) MDS: land tilled twice with a

moldboard plow (at 30 cm depth) and hill-seeding of

pregerminated seeds with a direct seeding machine of four to

six seeds per hill at a planting space of 25 × 15 cm, (ii) RDS: land

tilled twice with a rotary tiller (at 30-cm depth) and hill-seeding

of pregerminated seeds with a direct seeding machine of four to

six seeds per hill at a planting space of 25 × 15 cm, (iii) MMT:

land tilled twice with a moldboard plow (at 30-cm depth) and

15-day-old seedlings were mechanically transplanted with a

transplanting machine at a transplanting hill of four to six

seedlings and at a transplanting space of 25 × 15 cm, and (iv)

RMT: land tilled twice with a rotary tiller (at 30-cm depth) and

15-day-old seedlings were mechanically transplanted with a

transplanting machine at a transplanting hill of four to six

seedlings and a transplanting space of 25 × 15 cm. The

experimental field measured 10,990 m2, with subdivided plots:
frontiersin.org
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FIGURE 1

Site location of South China Agricultural University Research Station: (A) Zhongxi Town, Zeng-Cheng District, Guangzhou City, Guangdong
Province, China, and (B) Yi-Yang City, Hunan Province, China.
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MDS and RDS (100 m × 35 m) and MMT and RMT (57 m × 35).

Aromatic rice cultivar Meixiangzhan-2 and Huanghuazha,

respectively, for Zeng-Cheng and Yi-Yang, with a maturity

period between 111 and 114 days, were sown through direct

hill drop method by 2BDCSP Precision Rice Hill-Drop Drilling

Machine and transplanted by YANMAR VP7D25 Rice

Transplanter. The first harvest (H1) was done in August 25

and August 18, respectively, in 2017 and 2018, and the second

harvest (H2) was done in October 20 in 2017 and 2018 at

both locations.
Grain yield measurement

Rice grains were harvested at maturity from three-unit

sampling areas (1.00 m2) randomly selected in each plot and

then machine-threshed at both farm sites. The harvested grains

were sun-dried at 13.5% moisture content and weighted in order

to determine the grain yield. FUQIANG 4LZ-427 Full-Fill Grain

Combine Harvester was used to harvest the whole rice fields.
Statistical analysis

Statistical analysis was conducted using IBM SPSS software

23.0 (SPSS Inc., Chicago, IL, USA). Duncan’s multiple range test
Frontiers in Soil Science 03
at 5% probability was performed to compare the means of

different treatments.
Results

Culturable bacteria population

Culturable bacteria at 0–30-cm depth were highest under

MDS (2.55 × 105 cfu·g-1 dry soil), followed by RDS (2.40 × 105

cfu·g-1 dry soil), MMT (2.22 × 105 cfu·g-1 dry soil), and RMT

(1.88 × 105 cfu·g-1 dry soil) during 1H and MDS (2.77 × 105

cfu·g-1 dry soil), followed by RDS (2.57 × 105 cfu·g-1 dry soil),

MMT (2.37 × 105 cfu·g-1 dry soil), and RMT (1.79 × 105 cfu·g-1

dry soil) during 2H for Zheng-Cheng as shown in Figure 2.

Similar trends were recorded for bacteria at 0–30-cm depth, with

MDS (2.85 × 105 cfu·g-1 dry soil), followed by RDS (2.65 × 105

cfu·g-1 dry soil), MMT (2.34 × 105 cfu·g-1 dry soil), and RMT

(1.82 × 105 cfu·g-1 dry soil) during 1H and MDS (2.08 × 105

cfu·g-1 dry soil), followed by RDS (1.73 × 105 cfu·g-1 dry soil),

RMT (1.27 × 105 cfu·g-1 dry soil), and MMT (0.71 × 105 cfu·g-1

dry soil) during 2H for Yi-Yang as shown in Figure 2.
Culturable fungi population

The soil culturable fungi (at 0–30-cm depth) under tillage

and different cultivation modes were highest under MDS (1.64 ×

103 cfu·g-1 dry soil), followed by RDS (1.47 × 103 cfu·g-1 dry soil),

MMT (1.42 × 103 cfu·g-1 dry soil), and RMT (1.34 × 103 cfu·g-1

dry soil) during 1H and MDS (1.76 × 103 cfu·g-1 dry soil),

followed by MMT (1.47 × 103 cfu·g-1 dry soil), RMT (1.40 × 103

cfu·g-1 dry soil), and RDS (1.26 × 103 cfu·g-1 dry soil) during 2H

for Zheng-Cheng as shown in Figure 3. Similar trends were

recorded for bacteria at 0–30-cm depth, with MDS (0.24 × 103

cfu·g-1 dry soil), followed by RDS (0.19 × 103 cfu·g-1 dry soil),

MMT (0.10 × 103 cfu·g-1 dry soil), and RMT (0.09 × 103 cfu·g-1
TABLE 2 Basic soil properties at 0–30 cm of soil depth before the experiment.

Soil properties Yi-Yang Zeng-Cheng

Sand (%) 57 65

Silt (%) 9 27

Clay (%) 34 8

Soil texture classes Sandy-clay-loam Sandy-loam

Climate Subtropical Monsoon Subtropical Monsoon

Soil type Stagnic Anthrosols Lateritic Red Earth

Bacteria (×10 cfu·g-1 dry soil) 2.79 2.21

Fungi (×103 cfu·g-1 dry soil) 0.08 1.21

Actinomycetes (×104 cfu·g-1 dry soil) 5.41 2.80

Catalase [0.1 N KMnO4 (ml·g-1)] 43.39 1.61

Phosphatase [P2O5 (mg·kg-1)] 159.66 69.03

Urease [NH+
4  − N (mg·kg-1)] 1,211.50 47.50
TABLE 1 Mean meteorological data for crop growth season during
2017 and 2018.

Climatic condition Zeng-Cheng Yi-Yang

Precipitation (mm) 2,709.15 1,526.94

Wind speed (m/s) 24.05 22.94

Temperature (°C) 22.05 18.45

Relative humidity (%) 721.05 918.44

Sunshine hours (h) 1,665.35 1,491.05
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dry soil) during 1H and MDS (0.24 × 103 cfu·g-1 dry soil),

followed by RDS (0.16 × 103 cfu·g-1 dry soil) and MMT and

RMT (0.11 × 103 cfu·g-1 dry soil) during 2H for Yi-Yang as

shown in Figure 3.
Culturable actinomycete population

Culturable actinomycete populations at 0–30-cm depth were

highest under MDS (3.19 × 104 cfu·g-1 dry soil), followed by

RMT (3.16 × 104 cfu·g-1 dry soil), RDS (2.99 × 104 cfu·g-1 dry

soil), and MMT (2.89 × 104 cfu·g-1 dry soil) during 1H and MDS

(3.33 × 104 cfu·g-1 dry soil), followed by RDS (3.12 × 104 cfu·g-1

dry soil), MMT (3.04 × 104 cfu·g-1 dry soil), and RMT (2.98 × 104

cfu·g-1 dry soil) during 2H for Zheng-Cheng as shown in

Figure 4. Similar trends were recorded for bacteria at 0–30-cm

depth, with MDS (5.04 × 104 cfu·g-1 dry soil), followed by RDS

(3.71 × 104 cfu·g-1 dry soil), RMT (2.77 × 104 cfu·g-1 dry soil),

and MMT (2.24 × 104 cfu·g-1 dry soil) during 1H and MDS

(5.72 × 104 cfu·g-1 dry soil), followed by RDS (5.30 × 104 cfu·g-1

dry soil) and MMT (4.62 × 104 cfu·g-1 dry soil) and RMT (4.42 ×

104 cfu·g-1 dry soil) during 2H for Yi-Yang as shown in Figure 4.
Catalase activity

Catalase activity at 0–30-cm depth was highest under MDS

[1.72 (0.1 N KMnO4, ml·g-1)], followed by RDS [1.60 (0.1 N
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KMnO4, ml·g-1)], RMT [1.36 (0.1 N KMnO4, ml·g-1)], and

MMT [1.07 (0.1 N KMnO4, ml·g-1)]) during 1H and MDS [1.71

(0.1 N KMnO4, ml·g-1)], followed by RDS [1.60 (0.1 N KMnO4,

ml·g-1)], MMT [1.53 (0.1 N KMnO4, ml·g-1)], and RMT [1.46

[(0.1 N KMnO4, ml·g-1)] during 2H for Zheng-Cheng as shown

in Table 3. Similar trends were recorded for bacteria at 0–30-

cm depth, with MDS [45.85 (0.1 N KMnO4, ml·g-1)], followed

by RDS [44.39 (0.1 N KMnO4, ml·g-1)], MMT [42.01 (0.1 N

KMnO4, ml·g-1)], and RMT [40.44 (0.1 N KMnO4, ml·g-1)]

during 1H and MDS [25.56 (0.1 N KMnO4, ml·g-1)], followed

by RDS [24.72 (0.1 N KMnO4, ml·g-1)], MMT [22.55 (0.1 N

KMnO4, ml·g-1)], and RMT [21.66 (0.1 N KMnO4, ml·g-1)]

during 2H for Yi-Yang as shown in Table 3.
Phosphatase activity

The activity of phosphatase at 0–30-cm depth was highest

under MDS [73.26 (P2O5, mg·kg-1)], followed by RDS [69.34

(P2O5, mg·kg-1)], MMT [66.34 (P2O5, mg·kg-1)], and RMT

[64.59 (P2O5, mg·kg-1)] during 1H and MDS [79.52 (P2O5,

mg·kg-1)], followed by RDS [75.41 (P2O5, mg·kg-1)], MMT

[73.05 (P2O5, mg·kg-1)], and RMT [70.02 (P2O5, mg·kg-1)]

during 2H for Zheng-Cheng as shown in Table 3. Similar

trends were recorded for bacteria at 0–30-cm depth, with

MDS [224.71 (P2O5, mg·kg-1)], followed by RDS [221.18

(P2O5, mg·kg-1)], MMT [218.26 (P2O5, mg·kg-1)], and RMT

[216.95 (P2O5, mg·kg-1)] during 1H and MDS [145.64 (P2O5,
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FIGURE 2

Tillage and rice cultivation modes on culturable bacteria population: (A) Zeng-Cheng and (B) Yi-Yang. MDS, land tilled twice with a moldboard
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pregerminated seeds with a direct seeding machine; MMT, land tilled twice with a moldboard plow and 15-day-old seedlings were mechanically
transplanted with a transplanting machine; RMT, land tilled twice with a rotary tiller and 15-day-old seedlings were mechanically transplanted
with a transplanting machine. Figures in the column with common letter(s) do not differ significantly at the 5% level of Duncan’s multiple range
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Tillage and rice cultivation modes on culturable actinomycetes population: (A) Zeng-Cheng and (B) Yi-Yang. MDS, land tilled twice with a
moldboard plow and hill-seeding of pregerminated seeds with a direct seeding machine; RDS, land tilled twice with a rotary tiller and hill-
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transplanted with a transplanting machine. Figures in the column with common letter(s) do not differ significantly at the 5% level of Duncan’s
multiple range text. 1H, first harvest; 2H, second harvest.
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mg·kg-1)], followed by RDS [132.93 (P2O5, mg·kg-1)], and RMT

[117.79 (P2O5, mg·kg-1)], and MMT [116.68 (P2O5, mg·kg-1)]

during 2H for Yi-Yang as shown in Table 3.
Urease activity

The soil urease activity (at 0–30-cm depth) under tillage and

different cultivation modes was highest under MDS [49.34

(NH+
4  − N, mg ·kg - 1 ) ] , fo l lowed by RDS [48 .07

(NH+
4  − N, mg·kg-1)], MMT [47.38 (NH+

4  − N,

mg·kg-1)], and RMT ([46.03 (NH+
4  − N, mg·kg-1)] during

1H and MDS [50.18 (NH+
4  − N, mg·kg-1)], followed by RDS

[48.77 [(NH+
4  − N, mg·kg-1)], MMT [48.05 (NH+

4  − N,

mg·kg-1)], and RMT [46.78 (NH+
4  − N, mg·kg-1)] during 2H

for Zheng-Cheng as shown in Table 3. Similar trends were
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recorded for bacteria at 0–30-cm depth, with MDS [642.74

(NH+
4  − N, mg·kg-1)] , fo l lowed by RDS [587.14

(NH+
4  − N, mg·kg-1)], MMT [562.39 (NH+

4  − N,

mg·kg-1)], and RMT [550.68 (NH+
4  − N, mg·kg-1)] during

1H and MDS [1,107.87 (NH+
4  − N, mg·kg-1)], followed by

RDS [1,040.43 (NH+
4  − N, mg·kg-1)], and MMT [966.39

(NH+
4  − N, mg·kg-1)], and RMT [912.22 (NH+

4  − N,

mg·kg-1)] during 2H for Yi-Yang as shown in Table 3.
Rice grain yield

As shown in Table 4, different tillage and rice cultivation

modes affected the rice grain yield significantly. The highest

grain yield was recorded under MDS. However, there was a

significant increase of 32.81 and 13.91% in Zeng-Cheng and
TABLE 3 Catalase, phosphatase, and urease activity as affected by tillage and rice cultivation modes.

Soil depth Treatment Catalase [0.1NKMnO4 (ml·g-1)] Phosphatase [P2O5 (mg·kg-1)] Urease [NH+
4   −  N (mg·kg-1)]

1H 2H 1H 2H 1H 2H

Zeng-Cheng

MDS 1.71a 1.76a 88.43a 95.12a 55.89a 56.63a

0–10 cm RDS 1.58ab 1.56ab 82.91a 92.11a 54.45b 55.38ab

MMT 1.37b 1.46b 79.26a 90.56a 53.92b 54.64b

RMT 1.34b 1.45b 77.68a 86.42a 51.46c 52.31c

MDS 1.88a 1.90a 74.44a 78.72a 47.51a 48.73a

10–20 cm RDS 1.78b 1.85a 71.10ab 73.15a 45.84ab 46.64ab

MMT 1.58c 1.82a 66.88b 68.96a 44.94b 45.66b

RMT 1.44c 1.72a 65.09b 67.55a 44.23b 44.72b

MDS 1.58a 1.48a 56.90a 64.72a 44.62a 45.17a

20–30 cm RDS 1.45a 1.40a 54.02b 60.96a 43.28a 44.30ab

MMT 1.34a 1.30a 52.88c 59.62a 43.28a 43.85b

RMT 1.29a 1.22a 50.99d 56.09a 42.56a 43.19b

Yi-Yang

MDS 52.33a 27.24a 224.70a 205.20a 1,024.09a 1,559.34a

0–10 cm RDS 50.86b 26.61a 223.50ab 198.30b 1,014.95b 1,544.3b

MMT 47.42c 22.84c 217.97c 172.96d 877.57c 1,447.5c

RMT 45.43d 24.65b 221.50b 178.30c 861.07c 1,243.06d

MDS 47.63a 26.69a 225.70a 144.80a 618.68a 1,157.79a

10–20 cm RDS 44.89ab 25.00c 218.50b 122.10b 619.35a 989.21b

MMT 43.12b 23.01b 215.84b 116.59c 518.7b 927.5d

RMT 39.13c 20.66d 218.00b 110.60d 473.21c 978.94c

MDS 37.58a 22.77a 223.70a 86.95a 352.88a 606.48a

20–30 cm RDS 37.41a 22.55a 221.60b 78.40b 294.59b 587.79b

MMT 35.50b 21.79b 221.14b 60.49d 264.49c 524.20c

RMT 36.75a 19.66c 211.50c 64.47c 109.24d 514.65d
Figures in the column with common letter(s) do not differ significantly at the 5% level of Duncan’s multiple range text.
MDS, land tilled twice with a moldboard plow and hill-seeding of pregerminated seeds with a direct seeding machine; RDS, land tilled twice with a rotary tiller and hill-seeding of
pregerminated seeds with a direct seeding machine; MMT, land tilled twice with a moldboard plow and 15-day-old seedlings were mechanically transplanted with a transplanting machine;
RMT, land tilled twice with a rotary tiller and 15-day-old seedlings were mechanically transplanted with a transplanting machine; 1H, first harvest; 2H, second harvest.
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16.48% and 18.13% in Yi-Yang in both harvest times (1H and

2H), respectively, under MDS compared to RMT.
Discussion

MPs were significantly affected by tillage and rice cultivation

modes in both locations. Among the different tillage practices, a

significantly higher MP was recorded under MDS at the harvest of

the rice than the other tillage practices in Zeng-Cheng and Yi-

Yang. Culturable bacteria were higher under MDS due to the

excessive incorporation of rice stover and the high stockpile. The

tillage practice resulted in the accessibility of substrates by

improving the profusion of bacteria (18, 19). Possible

compaction of the soil, which might have resulted from

mechanical transplanting during the cultivation mode, and the

likelihood of less stockpile of preceding rice stover under MMT

and RMT resulted in a decrease of culturable bacteria population.

The fungi population was greater under MDS due to the excessive

incorporation of rice stover and the improved soil infiltration

resulting from organic matter decomposition from rice stover

incorporation. MDS caused less disturbance during the

establishment of the rice, leading to an increase in culturable

fungi population. The culturable fungi population decreased

under MMT and RMT, which might have resulted from

compaction as a result of the rice cultivation mode during

mechanical transplanting, which is in support of the finding by

Asenso etal. (19) who observed reduced fungi count under

moldboard plowing and rotary tillage each combined with

mechanical transplanting. The culturable actinomycete

population was greater under MDS, which may be due to the

high accumulation of rice stover on the soil surface, possibly

leading to more accumulation of soil organic matter by tending

to improved soil aeration and thus resulting to improved

actinomycete population. The catalase activity was greater under

MDS, which may have resulted from the lesser disturbance of the

soil by the tillage practice and at the rice establishment method
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enhancing the substrates, which is in support of the work of Jin

etal. (20), as a greater catalase was observed under shallow tilling

practices. There was a greater increase in urease and phosphatase

activity under MDS, resulting from the less disturbed soil by the

tillage practice and the rice cultivation mode which is in agreement

with the findings of Jin etal. (20), and a high accumulation of rice

stover, leading to improved putrefaction of organic matter and

resulting in improved aeration in the soil as an improvement in

MP results in the enhancement of soil enzyme abundance.

Tillage and rice cultivation modes affected the grain yield.

The highest rate of grain yield was produced in MDS that was

statistically greater than in RMT and MMT for 1H and 2H in

both locations. Applying RMT caused a reduction of 1.89 and

0.48 t·h2 as well as 1.15 and 0.62 t·h2 for 1H and 2H in Zeng-

Cheng and Yi-Yang, respectively. The rice yield was impacted by

MDS as it provided favorable soil condition and more soil

nutrient availability resulting from less soil uproar and thus

enhancing root proliferation for moisture and nutrient

absorption, which is confirmed by Ali etal. (21) and Asenso

etal. (19) who observed a higher grain yield of rice under direct

seeding compared with swamped rice transplanting.
Conclusion

In summary, there are significant variations in the impact of

tillage practice and rice cultivation modes on MP and rice

productivity. MDS was observed with improvement in MP

and rice yield. To achieve maximum and sustainable rice

production, management methods that ensure the right

combined effects of tillage practice and rice cultivation mode

should be followed. Our results therefore suggest that improved

soil MP and rice yield could be attained by adopting treatment

MDS (land tilled twice with a moldboard plow and hill-seeding

of pregerminated seeds with a direct seeding machine) and

therefore recommended for soil health and quality and

sustainable paddy rice production.
TABLE 4 Tillage and rice cultivation modes on grain yield.

Treatment Grain yield (t·ha-2)

Zeng-Cheng Yi-Yang

1H 2H 1H 2H

MDS 7.65 3.93 8.13 4.04

RDS 7.24 3.77 7.68 3.62

MMT 6.73 3.53 7.17 3.56

RMT 5.76 3.45 6.98 3.42
frontiersin
Figures in the column with common letter(s) do not differ significantly at the 5% level of Duncan’s multiple range text.
MDS, land tilled twice with a moldboard plow and hill-seeding of pregerminated seeds with a direct seeding machine; RDS, land tilled twice with a rotary tiller and hill-seeding of
pregerminated seeds with a direct seeding machine; MMT, land tilled twice with a moldboard plow and 15-day-old seedlings were mechanically transplanted with a transplanting machine;
RMT, land tilled twice with a rotary tiller and 15-day-old seedlings were mechanically transplanted with a transplanting machine; 1H, first harvest; 2H, second harvest.
.org

https://doi.org/10.3389/fsoil.2022.1020814
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org


Asenso et al. 10.3389/fsoil.2022.1020814
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors without undue reservation.
Author contributions

Conceptualization and project administration and supervision:

JL. Formal analysis and investigation, writing—original draft

preparation, and submission: EA. Data processing: ZW. Data

processing and analysis: TK. Writing—review and editing and

project administration and supervision: LH. All authors

contributed to the article and approved the submitted version.
Funding

The research leading to these results received funding from

the National Key Research and Development Program of China
Frontiers in Soil Science 08
under grant agreement no. 2016YFD0700301 and the National

Natural Science Foundation of China under grant agreement

no. 31601225.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Allison SD, Martiny JBH. Resistance, resilience, and redundancy in
microbialcommunities. Proc Natl Acad Sci USA (2008) 105:11512. doi: 10.1073/
pnas.0801925105

2. Joergensen RG, Wichern F. Alive and kicking: Why dormant soil micro-
organisms matter. Soil Biol Biochem (2018) 116:419–30. doi: 10.1016/
j.soilbio.2017.10.022

3. Levy-Booth DJ, Prescott CE, Grayston SJ. Microbial functional genes
involved in nitrogen fixation, nitrification and denitrification in forest
ecosystems. Soil Biol Biochem (2014) 75:11–25. doi: 10.1016/j.soilbio.2014.03.021

4. Lupwayi NZ, May WE, Kanashiro DA, Petri RM. Soil bacterial community
responses to black medic cover crop and fertilizer n under no-till. Appl Soil Ecol
(2018) 124:95–103. doi: 10.1016/j.apsoil.2017.11.003

5. Hewins DB, Sinsabaugh RL, Archer SR, Throop HL. Soil-litter mixing and
microbial activity mediate decomposition and soil aggregate formation in a sandy
shrub-invaded chihuahuan desert grassland. Plant Ecol (2017) 218:459–74.
doi: 10.1007/s11258-017-0703-4

6. Angers DA, Prasant A, Vignoux J. Early cropping-induced changes in soil
aggregation, organic matter, and microbial biomass. Soil Sci Soc America J (1992)
56:115–9. doi: 10.2136/sssaj1992.03615995005600010018x

7. Elfstrand S, Bath B, Martensson A. Influence of various forms of green manure
amendment on soil microbial community composition, enzyme activity and nutrient
levels in leek. Appl Soil Ecol. (2007) 36:70–82. doi: 10.1016/j.apsoil.2006.11.001

8. Frey SD, Drijber R, Smith H, Melillo J. Microbial biomass, functional
capacity, and community structure after 12 years of soil warming. Soil Biol
Biochem (2007) 40:2904–7. doi: 10.1016/j.soilbio.2008.07.020

9. Govaerts B, Mezzalama M, Unno Y, Sayre K, Luna-Guido M, Vanherck K,
et al. Influence of tillage, residue management, and crop rotation on soil microbial
biomass and catabolic diversity. Appl Soil Ecol (2007) 37:18–30. doi: 10.1016/
j.apsoil.2007.03.006

10. Jackson LE, Calderon FJ, Steenwerth KL, Scow KM, Rolston DE. Responses
of soil microbial processes and community structure to tillage events and
implications for quality. Geoderma (2003) 114:305–17. doi: 10.1016/S0016-7061
(03)00046-6
11. Liebig M, Carpenter-Boggs L, Johnson JMF, Wright S, Barbour N. Cropping
system effects on soil biological characteristics in the great plains. Renewable Agric
Food Syst. (2006) 21:36–48. doi: 10.1079/RAF2005124

12. Lauber CL, Strickland MS, Bradford MA, Fierer N. The influence of soil
properties on the structure of bacterial and fungal communities across land-
use types. Soil Biol Biochem (2008) 40:2407–15. doi: 10.1016/j.soilbio.2008.
05.021

13. Schutter ME, Dick RP. Microbial community profiles and activities among
aggregates of winter fallow and cover-cropped soil. Soil Sci Soc America J (2002)
66:142–53. doi: 10.2136/sssaj2002.0142

14. Visser S, Parkinson D. Soil biological criteria as indicators of soil
quality: Soil organisms. Am J Altern Agric (1992) 7:33–7. doi: 10.1016/j.still.
2009.02.004

15. Yao HY, Jiao XD, Wu FZ. Effects of continuous cucumber cropping and
alternative rotations under protected cultivation on soil microbial community
diversity. Plant Soil (2006) 284:195–203. doi: 10.1007/s11104-006-0023-2

16. Gong ZT, Zhang GL, Chen ZC. Pedogenesis and soil taxonomy. Beijing,
China: Science Press (2007).

17. Bao SD. Soil and agricultural chemistry analysis. Beijing: Chinese
Agricultural Publishing House (2005).

18. Mathew RP, Feng Y, Githinji L, Ankumah R, Balkcom KS. Impact of no-
tillage and conventional tillage systems on soil microbial communities. Appl
Environ Soil Sci (2012) 2012:548620. doi: 10.1155/2012/548620

19. Asenso E, Zhang L, Tang L, Issaka F, Tian K, Li J, et al. Moldboard plowing
with direct seeding improves soil properties and sustainable productivity in ratoon
rice farmland in Southern China. Sustainability (2019) 11:1–12. doi: 10.3390/
su11226499

20. Jin K, Sleutel S, Buchan D, De Neve S, Cai DX, Gabriels D, et al. Changes of
soil enzyme activities under different tillage practices in the Chinese loess plateau.
Soil Till. Res (2009) 104:115–20. doi: 10.1017/S0889189300004434

21. Ali MA, Ladha JK, Rickman J, Lales JS. Comparison of different methods of
rice establishment and nitrogen management strategies for lowland rice. J Crop
Improv. (2006) 16:173–89. doi: 10.1300/J411v16n01_12
frontiersin.org

https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1016/j.soilbio.2017.10.022
https://doi.org/10.1016/j.soilbio.2017.10.022
https://doi.org/10.1016/j.soilbio.2014.03.021
https://doi.org/10.1016/j.apsoil.2017.11.003
https://doi.org/10.1007/s11258-017-0703-4
https://doi.org/10.2136/sssaj1992.03615995005600010018x
https://doi.org/10.1016/j.apsoil.2006.11.001
https://doi.org/10.1016/j.soilbio.2008.07.020
https://doi.org/10.1016/j.apsoil.2007.03.006
https://doi.org/10.1016/j.apsoil.2007.03.006
https://doi.org/10.1016/S0016-7061(03)00046-6
https://doi.org/10.1016/S0016-7061(03)00046-6
https://doi.org/10.1079/RAF2005124
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.2136/sssaj2002.0142
https://doi.org/10.1016/j.still.2009.02.004
https://doi.org/10.1016/j.still.2009.02.004
https://doi.org/10.1007/s11104-006-0023-2
https://doi.org/10.1155/2012/548620
https://doi.org/10.3390/su11226499
https://doi.org/10.3390/su11226499
https://doi.org/10.1017/S0889189300004434
https://doi.org/10.1300/J411v16n01_12
https://doi.org/10.3389/fsoil.2022.1020814
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

	Soil microbial population as affected by tillage and rice cultivation modes in Stagnic Anthrosols and Lateritic Red Earth soils in Southern China
	Introduction
	Materials and methods
	Grain yield measurement
	Statistical analysis

	Results
	Culturable bacteria population
	Culturable fungi population
	Culturable actinomycete population
	Catalase activity
	Phosphatase activity
	Urease activity
	Rice grain yield

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


