Corrected: Author Correction

Efects of applying ramie fber
nonwoven flms on root-zone soll
nutrient and bacterial community
of rice seedlings for mechanical
transplanting

Wanlai Zhou'?3, Jing Chen?, Zhiyong Qi3, Chaoyun Wang?", Zhijian Tan?, Hongying Wang? &
ZhenxieYit*

Raising rice seedlings in fat trays has become the main method for mechanized transplanting of rice in
China. However, seedling blocks raised by this method were easily cracked in practice, and this problem
can be solved by padding a thin ramie fber nonwoven fIm on the bottom surface of seedling tray. This
study was conducted to determine the efects of this flm on root-zone environment of rice seedlings.
The results showed that on the 10™ day after sowing, the soil inorganic nitrogen, especially nitrate
nitrogen, content in the root-zone of the fim treatment were considerably higher than in the no-flm
treatment, in contrast, the soil organic matter content was lower in the flm treatment, and by the 20t
day, the gap between treatments was enlarged. After applying the flm, the Chao 1 index and Shannon
index values for the soil bacterial community diversity decreased, and the rice seedlings were shorter,
had higher root/shoot ratios, lower nitrate contents, and higher soluble sugar contents. We conclude
that application of the ramie fher nonwoven fim resulted in substantial changes in the soil nutrient
and bacterial community in root-zone in a short time, which signifcantly impacted the growth and
development of rice seedlings.

Rice is a major staple food for about 50% of the world’s population®. Rice elds account for more than 12% of
global cropland area?. China is one of the major rice-producing countries in the world with a rice cultivation
area of about 30 million hectares, accounting for approximately 18.6% of the world's rice eld area®. With an
increasingly scarce rural labor force, raising rice seedlings in at trays followed by mechanical transplantation has
become a prevalent cultivation method to replace hand transplanting in Chinese rice production®. However, this
method has a serious defect in practice, as the root system of the seedlingswas o en notsu ciently intertwined
by the optimum transplanting date (2025 daysa er sowing). Insu cient rooting in the seedling block means the
rice seedling blocks easily crack (Fig. 1c), so thee ciency of mechanical transplanting was seriously decreased?.
In recent years, An innovative ramie ber nonwoven Im (Fig. 1a) was developed to solve this problem®. is

Im was made of waste ber from the ramie spinning industry and modi ed starch, and was constructed using a
dry-laid, nonwoven process. Unlike the traditional agricultural nonwoven Ims that are usually used as mulch-
ing materials to cover soil, this Im was used to pad the bottom surface of a seedling tray, and was covered by
soil (Fig. 1b). e Im was quite thin (only about 0.15-0.25 mm); however, previous research”® showed that the
e ciency of machine transplanting was signi cantly improved by using this Im, as it promoted the growth of
rice seedling roots and helped to form a strong, not easily broken seedling block (Fig. 1d). Moreover, it can signif-
icantly improve rice seedling quality, speed up the emergence of new tillersa er transplanting, and increase over-
all rice yields®. Further studies con rmed that the Im padded under the soil could increase the oxygen supply to
the root-zone of seedlings'®t. isincreased oxygen supply may directly promote the growth and development of
seedlings by promoting root respiration. However, considering the signi cante ects of soil aeration on the plant
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Figurel. eramie ber nonwoven Im and itsapplication in raising rice seedlings for mechanized
transplanting: (a) ramie ber nonwoven Im; (b) the use of the Im; (c) an easily broken rice seedling block
(raised without the Im); (d) a rice seedling block raised with the Im.

rhizosphere (including increased redox potential*>!3, changed soil nutrient state+*> and microbial activity, abun-
dance, community structure'®°, and so on), this Im may also cause substantial changes in the root-zone envi-
ronment of rice seedlings. Identifying these changes not only could help to understand the mechanistic potential
of this technology but also may provide new ideas for technological innovation of rice seedling cultivation.

In our study, the soil nutrients, enzyme activities, and bacterial community in the root-zone and rice seedling
traits were compared in groups with and without application of the ramie ber nonwoven Im. Our objectives
were to (1) examine the e ects of using the Im padded under the soil on the root-zone environment of rice seed-
lings and (2) clarify the relationship between these e ects and rice seedling traits.

Results

Morphological characteristics of rice seedlings. On D10 (the 101" day a er sowing), rice seedlings in
the M treatment (ramie ber nonwoven Im present) were 12.7% shorter than seedlings in the NM treatment
group (not using the Im). By D20 (the 20" day a er sowing), rice seedlings in the M treatment group were still
shorter than the NM treatment seedlings, but the di erence was no longer signi cant (Table 1). On D10, seedlings
in the M treatment produced 12.6% less shoot fresh weight, and 17.0% more root fresh weight than NM seed-
lings. Similarly, on D20, shoot fresh weight of the rice seedlings in the M treatment was 17.6% less than the NM
treatment seedlings, while no signi cantdi erence in root fresh weight was observed. Di erences between M and
NM treatment seedlings in biomass dry weight were similar to those in fresh weight (Table 1). Correspondingly,
the average root/shoot ratio of rice seedlings in the M treatment was signi cantly higher than that in the NM
treatment group; in terms of fresh weight, the root/shoot ratio increased by 34.5% and 23.1% on D10 and D20,
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Shoots

Roots

Root/Shoot Root/Shoot
Sampling Plant height | Fresh weight | Dryweight | Water csontent | Fresh weight | Dry weight | Water content | ratio (fresh ratio (dry
date Treatment (cm) (mgplant™®) | (mgplant™?) | (%) (mg plant™) | (mg plant=?) | (%) weight) weight)
NM 79+04 341+12 82+0.2 76.0% %+ 1.0% 10.0+1.8 26+04 73.7%+2.7% 0.29+0.06 0.32+0.04
M 6.9+0.1 29.8+0.7 7603 T74.4%%1.2% 11.7£16 3405 70.9%+0.2% 0.39+0.05 0.45+0.05
D10
DF=2, DF=2, DF=2, o DF=2, DF=2, P DF=2, DF=2,
Paired T-test | t=480 t=5.70 t=2.83 DPS2tst® Jt=—1338 |t=—sb9 |DFES2I=1% Jy=_1i10 |t=—1558
p=00407 |p=0.0294 p=0.1055 |P=Y p=0.0055 p=00206 |P=Y p=0.0080 p=0.0041
NM 11.3+0.8 69.7+9.7 186+18 73.2%+1.2% 182+29 4706 74.2%+0.8% 0.26+0.01 0.25+0.01
M 10.0+04 57.4+52 16.6+1.1 71.1%+0.9% 18.3+20 54+04 70.1%=+1.5% 0.32+0.01 0.33+0.00
D20
DF=2, DF=2, DF=2, o DF=2, DF=2, o DF=2, DF=2,
Paired T-test | t=3.7 t=436 =380 DFS2L=in Y | 1=—013 t=—a55 | D230 s p505 [ t=—1442
p=0.0634 |p=0.0488 p=00629 |P=% p =0.9062 p=00451 |P=% p=0.0019 p=0.0048

Table 1. Morphological characteristics of rice seedlings on D10 (10" day a er sowing) and D20 (20" day a er
sowing). NM and M represent not padding and padding with ramie ber nonwoven Im on the bottom surface
of the seedling tray, respectively.

Figure 2. Average nitrate (a) and soluble sugar content (b) in rice seedling shoots on D10 and D20. NM and
M represent not padding and padding with ramie ber nonwoven Ims on the bottom surface of the seedling
tray, respectively. Error bars represent SE (n =3). ns, * and ** denote non-signi cance, signi cantdi erences
at the 0.05 probability level, and signi cant di erences at the 0.01 probability level between NM and M in each
sampling batch (by paired T-test), respectively.

respectively, and in terms of dry weight, the root/shoot ratio increased by 40.6% and 32.0% on D10 and D20,
respectively (Table 1).

Soluble sugar and nitrate content in rice seedlings.  On D10, the average nitrate content in rice seed-
lings in the M treatment group was 1344.9 ug g™+, slightly lower than the NM treatment group (Fig. 2a), the
average soluble sugar content was 60.6 mgg 2, slightly higher than the NM treatment (Fig. 2b), but none of the
di erences were statistically signi cant. By D20, the di erence between the treatments was greater, as rice seed-
lings under the M treatment had an average of 21.7% lower nitrate content and 6.3% higher soluble sugar content
than seedlings in the NM treatment.

Soil pH and EC. e application of ramie ber nonwoven Im had no evident e ect on root-zone soil pH,
which was about 7.7 on both D10 and D20 (Fig. 3a). Soil EC in the M treatment soils was 0.14 and 0.18 mScm™,
on D10 and D20, respectively; and the M group data were slightly lower than the NM treatment mean EC, but the
di erences were not signi cant (Fig. 3b).

Soil nutrients. Compared with the NM treatment, the M treatment had higher soil nitrogen nutrition
(Table 2). On D10, mean total nitrogen, nitrate nitrogen, ammonium nitrogen, and alkali-hydrolyzed nitro-
gen contents in the root-zone soil were 4.9%, 25.4%, 2.3%, and 9.3% higher in the M treatment compared with
the NM treatment, but all the di erences were not signi cant except for the alkali-hydrolyzed nitrogen content
(p=10.0343). By D20, the gaps between the treatments expanded, and the increase in the M treatment compared
to the NM treatment reached 4.7%, 39.3%, 14.6%, 11.5%, respectively, but the only signi cant di erence was in
the nitrate nitrogen content (p =0.0148). Compared with the NM treatment, mean available potassium content
in root-zone soils in the M treatment increased, while average organic matter and available phosphorus content
decreased, but these di erences were not signi cant (p>0.05).
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Figure 3. Root-zone soil pH (a), EC (b), soil urease (c) and neutral phosphatase activity (d) on D10 and D20.
NM and M represent not padding and padding with ramie ber nonwoven Im on the bottom surface of the
seedling tray, respectively. Error bars represent SE (n=3). ns, * and ** denote non-signi cance, signi cant

di erence at the 0.05 probability level, and signi cantdi erence at the 0.01 probability level between NM and M
in each sampling batch (by paired T-test), respectively.

Soil enzyme activity. Average soil urease activity in the M treatment was 5.9 and 6.3mg NH,*-N kg™
soil 24h~t on D10 and D20, respectively, and was slightly higher than that under NM, which was 5.3 and 5.7 mg
NH,*-N kg~ soil 24 h~* on D10 and D20, respectively (Fig. 3c). Soil neutral phosphatase activity in the M treat-
ment was 7.6 and 9.3 mg phenol kg~ soil 24h=* on D10 and D20, respectively, and was slightly lower than that
under NM, which was 8.3 and 9.4 mg phenol kg™ soil 24h~! on D10 and D20, respectively, but these di erences
were not signi cant (Fig. 3d).

Soil bacterial community. e Chaol index of the root-zone soil bacterial community in the M treatment
was slightly lower than that in the NM treatment on both D10 and D20 (Fig. 4a). From D10 to D20, the Chaol
index decreased, and compared with the NM group, the decline was greater in the M treatment group, indicating
that the soil bacterial diversity in the seedling root-zone decreased as a function of seedling growth time, and the
application of the ramie ber nonwoven Im could further reduce it. e Shannon index re ected basically the
same trend as the Chao 1 index (Fig. 4b).

e highest relative abundance in the soil bacterial community was Proteobacteria (Fig. 5a). In the M treat-
ment it comprised 36.28% and 38.26% of the community on D10 and D20, respectively, and in the NM treatment
it comprised 35.78% and 40.08% of the community on D10 and D20, respectively. Followed by Acidobacteria,
Gemmatimonadetes, and Actinobacteria, whose total relative abundance when combined with Proteobacteria
was close to or over 80% in each treatment. Among different classes of Proteobacteria, a-Proteobacteria
always accounted for the highest proportion (about 47%), followed by B-Proteobacteria, y-Proteobacteria, and
d-Proteobacteria, which each accounted for about 22%, 15%, and 12%, respectively (Fig. 5b).

Compared with NM, the M treatment community showed a trend of increased relative abundance of
Acidobacteria and Gemmatimonadetes, but decreased relative abundance of Actinobacteria (Fig. 5a). On D10,
the relative abundance of Acidobacteria and Gemmatimonadetes was 20.38% and 14.27%, respectively in the M
treatment soils, and 19.75% and 13.00%, respectively in the NM treatment soils. On D20, the relative abundance
of Acidobacteria and Gemmatimonadetes was 22.05% and 11.90%, respectively in the M treatment soils, and
20.91% and 10.67%, respectively in the NM treatment soils. e relative abundance of Actinobacteria on D10 and
D20 in the M treatment soils was 8.95% and 7.86%, respectively, while the NM treatment soils was 10.57% and
9.15%, respectively.
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Sampling NO;"N (mg NH,*-N (mg AK (mg
date Treatment OM(gkg™) | TN (gkg™) kg™) kg™ AN (mgkg™) | TP (gkg™) AP (mgkg™™) | TK(gkg™) kg™1)
NM 23.37+£0.35 1.22+0.02 1.26+0.34 43+04 161.7+8.2 0.51+0.05 29.1+19 53.00+1.00 59.7+2.9
M 22.60+0.20 1.28+0.02 1.58+0.24 44406 176.8+3.8 0.53+0.01 285+3.2 54.33+1.53 65.7+£8.7
D10 DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2,
Paired T-test t=241 t=-243 t=-258 t=—0.67 t=-5.26 t=—0.55 t=0.26 t=—-111 t=-150
p=0.1374 p=0.1358 p =0.1229 p=05709 | p=0.0343 p=0.6349 p =0.8201 p=0.3828 p=0.2724
NM 21.83+0.55 1.29+0.06 1.17+0.13 4107 127.2+111 0.51+0.03 31.9+3.0 52.67+1.15 53.0+6.9
M 21.67+0.70 1.35+0.05 1.63+0.03 47408 141.8+4.2 0.50+0.01 29.6+2.9 53.67+1.53 58.3+25
D20 DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2, DF=2,
Paired T-test t=0.27 t=-—2.08 t=-812 t=-277 t=-332 t=0.65 t=0.80 t=—-173 t=-1.30
p=0.8140 p=0.1732 p=0.0148 p=0.1096 | p=0.0800 p=0.5799 p =0.5083 p=0.2254 p=0.3227

Table 2. Nutrients in the root-zone soil on D10 and D20. NM and M represent not padding and padding with
ramie ber nonwoven Im on the bottom surface of the seedling tray, respectively. OM, Organic matter. TN,
Total nitrogen. AN, Alkali-hydrolyzed nitrogen. TP, Total phosphorous. AP, Available phosphorous. TK, Total
potassium. AK, Available potassium.
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Figure4. e Chaol index (a) and Shannon index (b) of the soil bacterial community in the root-zone on D10
and D20. NM and M represent not padding and padding with ramie ber nonwoven Im on the bottom surface
of the seedling tray, respectively.

Discussion

Our previous studies revealed that the application of the ramie ber nonwoven Im compensated for the rapid
oxygen consumption in the bottom soils of seedling trays caused by soil microbial activities, e ectively keeping
the soil in an oxygen-rich state!®!!.  is study showed that this oxygen-enrichment e ect of the ramie ber non-
woven Im further a ected soil nutrients, soil microbial composition, and ultimately a ected the growth and
development of the rice seedlings.

e M treatment had higher inorganic nitrogen content than NM treatment soils (Table 2).  ere are three
possible reasons for this phenomenon. Firstly, increased oxygen supply to the root-zone soil due to the presence
of the Im enhanced the activity of aerobic microorganisms and consequently accelerated the decomposition of
soil organic matter, which was shown by a decrease in organic matter content (Table 2) and, according the nd-
ing that excess organic nitrogen could be mineralized into inorganic nitrogen during the process of soil organic
matter decomposition when the C/N ratio is less than 2522 (the initial C/N ratio of the soil in this study was less
than 16)), would consequently increase the inorganic nitrogen content in the soil. Secondly, improving root-zone
aeration can signi cantly increase soil enzyme activity, especially soil urease activity'"-%, which is consistent with
the results observed in this study (Fig. 3c). Soil urease is an important regulator of the transformation of organic
nitrogen to inorganic nitrogen®*-%.  erefore, increases in urease activity would improve the mineralization of
organic nitrogen, and consequently increase the content of soil inorganic nitrogen. irdly, increased oxygen
content in the root-zone can also increase the activity of a series of nitri cation-related microorganisms such as
ammonia-oxidizing bacteria?’, which could enhance nitri cation and promote the transformation of ammonium
nitrogen into nitrate nitrogen, and then promote the process of nitrogen mineralization. So, the increased activity
of these microorganisms can also contribute to the increase in soil inorganic nitrogen content.

Ample evidence has accumulated in recent years that the quantity and quality of soil organic matter can sig-
ni cantlya ectthe composition of soil microbial community?-%°, which iso en represented by the phenomenon
that soils with high organic matter content tend to have higher microbial community diversity®:22, In our study,
both the Chao 1 index and the Shannon index in the M treatment were lower than that in the NM treatment
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(Fig. 4a,b), indicating that application of the ramie ber nonwoven Im reduced the soil bacterial diversity in the
seedling root-zone. e simultaneous decrease in soil organic matter content (Table 2) and soil bacterial diversity
with the application of the ramie ber nonwoven Im obviously accords with above nding, and the signi cant
positive correlations between soil organic matter content and the Chao 1 as well as the Shannon indices (Fig. 6a,b)
lend further support for it.

In addition, the relative abundance of Acidobacteria and Gemmatimonadetes in the root-zone soil of seed-
lings in the M treatment increased (Fig. 5a), which is very similar to the change in the soil bacterial community
under dry-raised rice seedling®. However, the mechanism and itse ects on the growth and development of rice
seedling remains unknown.

It is well known that the growth of crop plants, especially the growth of belowground roots, is closely related
to the rhizosphere environment; changes in the ecological environment of the rhizosphere will inevitably lead to
changes in crop growth factors. A er application of the ramie ber nonwoven Im, increases in soil inorganic
nitrogen nutrition (especially nitrate nitrogen) may promote root growth of rice seedlings, as con rmed by a
large number of studies where nitrate nitrogen stimulated lateral root formation and increased root length4,

is pattern is also supported by the positive correlation of soil nitrate nitrogen and alkali-hydrolyzed nitrogen
content with root weight and root/shoot ratio of rice seedling found in this study (Fig. 6¢—f). At the same time, the
content of other forms of inorganic nitrogen and available potassium in root-zone soils had also increased in the
M treatment soils, and positive correlations of the soil alkali-hydrolyzed nitrogen and available potassium with
the soluble sugar content of rice seedlings was also observed in this study (Fig. 6g,h). s relationship suggests
that these factors together helped to supply enough nutrients to the rice shoot, making the physiological activities
of the seedlings more vigorous, and thus, contributed to the accumulation of soluble sugar.

To sum up, application of this  Im may cause a series of cascading e ects.  at s, the increasing oxygen supply
in the root-zone could promote soil organic matter decomposition, increase soil urease activity as well as aerobic
nitri cation; and then increased soil nutrition (especially nitrate nitrogen content) and decreased soil organic
matter content; consequently improved the nutrient supply of rice seedling and changed the distribution of soil
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Figure 6. Pearson’s correlations of soil organic matter with

(mg kg

the Chao 1 index (a, n=12) and Shannon index (b,

n=12); the soil nitrate nitrogen with root weight (c) and root/shoot ratio (d) of rice seedlings on D10 (dotted
line, n=6) and D20 (solid line, n=#6); the soil alkali-hydrolyzed nitrogen with root weight (e) and root/shoot
ratio (f) of rice seedlings on D10 (dotted line, n=6) and D20 (solid line, n =6); and the soil alkali-hydrolyzed
nitrogen (g, n =12) and available potassium (h, n =12) with soluble sugar content of rice seedlings. * and **
denote signi cantdi erences at the 0.05 probability level and 0.01 probability level, respectively.

Methods
Site and soil.

e rice seedling experiment was conducted in the experimental eld of the Institute of Bast
Fiber Crops, Chinese Academy of Agricultural Sciences (N28°12" E112°44"), Changsha, Hunan, China.

e seed-

lings were raised during one rice season in 2018. Soil taken from the paddy eld was crushed and used as seedling
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soil lled in the cultivation trays. e paddy soil was a Fluvisol (FAO taxonomy) with a clay texture and the fol-
lowing properties: organic matter 24.2g kg™, total nitrogen 1.53 gkg™!, total phosphorus 0.57 gkg™, total potas-
sium 59.0g kg™, hydrolyzed nitrogen 31.2mg kg™, available phosphorus 48.4 mgkg™!, and available potassium
107.0mgkg~

Materials and treatments. Plastic seedling trays (58 cm x 28 cm x 2.5cm deep) were used for raising the
rice seedlings. is kind of seedling tray has been widely used for raising rice seedlings for machine transplanting
insouthern China. eramie ber nonwoven Im was produced by our cooperative enterprise (Haerbin Jingzhu
Agricultural Science and Technology Co. Ltd, Haerbin, China). It had an approximate thickness of 0.20 mm and
weight of 40gm~2. e experimental rice variety was Huanghua Zhan, which is widely used in one-season rice
cultivation in Hunan Province.

Two treatments were used in the experiment: one with the ramie ber nonwoven Im padded on the bottom
surface of the seedling tray (M), and the other without ramie ber nonwoven Im padded on the bottom surface
of the seedling tray (NM). In order to ensure the consistency of water and soil conditions for the rice seedlings,
paired groups consisting of M and NM were arranged in the same seedling tray, that is, half of the bottom surface
of seedling tray was covered with ramie ber nonwoven Im, and the other half was not. A er padding the Im
on half of each seedling tray, the trays were lled with seedling soil. Pre-germinated seeds were evenly sown in
the seedling soil on April 20, 2018 at a sowing rate of 1209 per tray. A er sowing, the seedling trays were placed
on the pre-leveled seedling bed in the experimental eld, and the soils were kept moist throughout the seedling
stage. A total of 15 trays of seedlings were cultivated.

Sampling.  Sampling was carried out on the 101" and 20™ days a er sowing. At each sampling, three trays of
seedlings were randomly selected, and six, 4 < 4cm seedling blocks were cut from both treatment areas of each
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for lllumina (Kapa Biosciences, Woburn, MA, USA), respectively. A PhiX Control library (v3) (Illumina) was
combined with the amplicon library (expected at 30%). Paired-end reads were assigned to samples based on
their unique barcode, and then truncated by cutting o the barcode and primer sequence. Paired-end reads
were merged using FLASH. Quality Itering of the raw tags was performed under speci ¢ Itering conditions
to obtain the high-quality clean tags according to FastQC (V 0.10.1). Chimeric sequences were Itered using,
and sequences with =97% similarity were assigned to the same operational taxonomic units (OTUs) using the
VerSearch so ware (v2.3.4). Representative sequences were chosen for each OTU, and taxonomic data were then
assigned to each representative sequence using the RDP (Ribosomal Database Project) classi er. OTU abundance
information was normalized using a standard of the sequence number corresponding to the sample with the least
sequences. Alpha diversity was applied in analyzing the complexity of species diversity for a sample through 2
indices: Chaol and Shannon. All of our indices statistics were calculated with QIIME (\Version 1.8.0).

Statistical analysis. e data were analyzed using SAS 8.2. Treatment means were compared using paired
T-tests. Pearson’s correlation analyses were conducted to investigate the relationships among soil physicochemical
properties, soil microbial community diversity and rice seedling traits.

Data availability
All data generated or analysed during this study are included in the article.
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