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1. Introduction

The System of Rice Intensification (SRI) is a method 
of rice cultivation that aims to improve the growth and 
development of rice plants through changes in crop and 
water management rather than by depending on new 
varieties and external inputs. The SRI methodology 
was developed in Madagascar to benefit smallholding 
farmers by raising the productivity of their land, labour, 
water and seed (Laulanie 1993). Significant increases 
in rice yield when cultivating with SRI method under a 
wide range of ecological/climatic conditions have been 
reported by many researchers. The SRI method has 
been adopted by various countries, now over 50, and 
the research on the SRI method continues to focus on 
how to manage plants, soil, water and nutrients better 
to promote the growth and functioning of their root 
systems so that rice plants have an optimum growing 
environment (Uphoff 2005). 

With transplanted irrigated rice, the ability of 
the roots to resume their growth promptly after 

transplanting, not to have growth suspended for 
7-14 days (‘transplant shock’) is key to the success of 
transplanting as this should retain rather than thwart 
root growth potential. Conditions in the nursery that 
affect seedlings’ vigor and their retention of potential 
include water supply (neither too much nor too little), 
fertilization (organic and/or inorganic), density of 
seedlings, and the timing and manner of transferring 
them from nursery to field (Kramer and Boyer 1995). 

Single seedling planting and wide spacing with SRI 
method ensure that the plant has enough space to 
spread and deepen its roots, as well as develop a large 
canopy for intercepting sunlight. Maintaining soil 
moist but not flooded in the SRI methodology makes 
plants’ rhizosphere well-aerated and their rooting 
condition are more oxidized (Hidayati et al. 2014). 
Given the recommendations for SRI management, 
which gave root growth and health, it is to be expected 
that the development of rice roots will be optimal 
or at least close to optimal. Good root growth and 
functioning will make additional water and minerals 
available to the plant (Kozlowski 1997).
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When rice plants are grown in continuously 
saturated (hypoxic) paddy soils, their growth is 
diminished and their functioning is compromised by 
disintegration of their roots. In flooded soil, about 75% 
of rice roots remain in the top 6 cm of the soil, where 
there is more oxygen available (Kirk and Solivas 1997). 
Moreover, when the soil is kept continuously flooded, 
plant roots suffer because the supply of oxygen is 
minimal, and a majority of rice roots degenerate by 
the phase of flowering (Kar et al. 1974). Therefore, 
the rooting systems of rice plants under SRI method 
and conventional method should be studied and 
compared. 

There are few reports on the impact of SRI cultivation 
methods on the rooting systems of rice plants, the 
research by Barison being a noteworthy exception 
(Barison and Uphoff 2010). That study, however, did 
not examine the morphology and physiology of roots 
under different management regimes. Therefore, this 
research undertook to evaluate such characteristics 
in the rice root systems with SRI compared to 
conventional rice-growing methods and to account 
their influence on improving rice yield.

2. Materials and Methods

This research was conducted in paddy field, West 
Java, Indonesia. The materials used were Ciherang 
variety of rice; and urea-based fertilizer (45% N), 
SP-36 fertilizer (39% P2O5), KCl fertilizer (60% K2O), 
and compost enriched with plant growth-promoting 
rhizobacteria (PGPRs) (Bacillus sp., Pseudomonas sp., 
Azospirillum sp., and Azotobacter sp.). 

Measurement of soil redox potential (Eh) was done 
by Eh meter PRN-41 DKK TOA (Japan); measurement of 
root respiration was determined according Verstraete 
(Anas 1989; Fu et al. 2008) methods. The anatomical 
parameters were observed by Scanning Electron 
Microscope (SEM) JEOL JSM-5310LV type.

The study was conducted using trials laid out in 
randomized block design (RBD) in which the methods 
of rice cultivation evaluated were the conventional 
method (Con.) and the System of Rice Intensification 
(SRI) method. Each treatment was replicated five 
times, and the size of the experimental plots was 
4 m x 5 m (20 m2).

2.1. Rice Cultivation 
Seedling preparation was done by soaking the 

seeds in warm water for 24 hours, then air-draining 
and incubating them for 2 days until the seeds 
germinated. In SRI method, the seedlings were planted 
in a tray, with soil and organic fertilizers enriched by 
bio-fertilizers (1:1 v/v), for 10 days. Meanwhile, for the 
conventional method, seeds that had been incubated 

for 2 days and germinated were sown into a standard 
nursery for 25 days before transplanting with usual 
practices. The main differences between conventional 
and SRI rice cultivation methods are described in Table 
1.

Both SRI and conventional methods used the same 
type, dose, timing, and application of fertilizers, so soil 
nutrient amendments were not a variable in these 
trials. There is some evidence from factorial trials 
that fully organic fertilizer with the other SRI method 
gives higher yield than inorganic fertilizer (Uphoff 
and Randriamiharisoa 2002), while other evidence 
suggests that integrated nutrient management will 
give best results (Lin et al. 2011). But here we did 
not evaluate this as a factor affecting rice plants’ 
performance and production.

In these trials, the fertilizer applications were 50% 
inorganic (125 kg urea/ha, 100 kg SP-36/ha, and 50 kg 
KCl/ha, equivalent to 250 g urea/plot, 200 g SP-36/plot, 
and 100 g KCl/plot) and 50% organic (2.5 t/ha, equivalent 
to 5 kg/plot). The organic fertilizers used in this research 
were compost enriched with bio-fertilizers, applied at 
transplanting along with the SP-36 and KCl fertilizer, 
while urea was applied in split doses at transplanting 
and again at 35 days after planting (rice in conventional 
method was aged 60 DAS; rice in SRI method was 
aged 45 DAS).

In the SRI method, to keep the soil moist, a trench 
along the inner edge of the plot (size 20 cm x 20 cm 
with the depth of 30 cm) was flooded with water. 
Flooding of the plot was done shortly before the time 
of weeding with a water level about 2 cm.

Weeding of the SRI plots was done at 10, 20, 
and 30 days after planting using a conoweeder that 
aerated the topsoil. In the conventional method plots,
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Table 1. Comparison between conventional rice cultivation 
method and SRI method

Planting Conventional 
(Con.) 

System of Rice 
Intensification 

(SRI)

Age of transplanted 
seedlings

Spacing

Number of 
seedlings per hill

Number of 
seedlings per m2

Number of  hills 
per m2

Irrigation

25 days after 
sowing

20 cm x 20 cm

3 seedlings 
per hill

75 seedlings 
per m2

25 hills per m2

Flooding 
continously

10 days after 
sowing (60% less)

25 cm x 25 cm 
(25% wider)
1 seedling per hill 
(33% fewer)

16 seedlings per m2 
(80% fewer)

16 plants per m2 

(36% fewer)

Soil was kept  
moist



irrigation water was supplied continuously, 
maintaining a water level of about 5 cm until 105 DAS. 
Weeding of the conventional method plots were 
performed at 10 and 20 days after planting by pulling 
up the weeds by hands. For both cultivation methods, 
water was drained five days before harvest. Harvesting 
of both SRI and conventional plots were done when 
the rice grains had yellowed to around 90-95%, which 
was 110 DAS.

Observations of rice roots were made of the longest 
root and the root dry weight at 110 and 70 DAS, root 
respiration at four phases of growth (vegetative, 
flowering, grain filling, and mature stage), root 
aerenchyma, root hairs, at 70 DAS. Observation of soil 
Eh was done at 55 DAS.

2.2. Root Respiration
The measurement of root respiration was 

determined according to the Verstraete method (Anas 
1989; Fu et al. 2008) methods. It was carried out by 
inserting 300 g of soil into the root chamber with 
diameter of 5 cm and length of 25 cm. The rice roots 
were inserted into the root chamber containing soil. 
In the root chamber, there was a hose that connected 
the root chamber to a bottle containing 15 ml of 0.2 N
KOH. The CO2 produced was accommodated inside the 
bottle. The root chamber and the CO2 reservoir bottle 
were closed tightly using vaseline and were incubated 
for 5 days.

At the end of incubation, 2 drops of phenolphthalein 
were added into a bottle containing 0.2 N KOH. The 
addition of phenolphtalein would cause the clear 
liquid turn red. Subsequently, titration was done 
using 0.2 N HCl until the red colour disappeared. The 
volume of 0.2 N HCl needed to change the red colour 
to make the liquid clear was recorded.

After that, 2 drops of methyl orange were added 
in to the bottle. The addition of this would result in 
the clear liquid turn yellow. Titration was done using 
0.2 N HCl until the yellow colour changed to pink. The 
volume of HCl needed to change the yellow to pink 
was recorded. The amount of CO2-C of roots produced 
per kilogram of moist soil per day (r) can be calculated 
by the formula:

a = ml of HCl for soil samples
b = ml of HCl for example soil + roots
c = ml HCl sample (empty)
t = normality of HCl (0.1 N)
k = root dry weight
n = days of incubation

k/n

Measurements of root respiration were performed four 
times. The measurements were taken at vegetative, 
flowering, grain filling, and mature grain stages.

2.3. Root Aerenchyma
The root aerenchyma and root hairs were observed 

by Scanning Electron Microscope (SEM). The sample 
preparation was determined according to the (Bozzola 
and Russel 1999) method, in the following steps: the 
70 DAS-aged root samples were cut ≥ 1 cm from 
the root tip for observation of root hairs and root 
aerenchyma. The samples were pre-fixated in 2.5%
glutaraldehyde solution for 12 hours at 4°C, then were 
post-fixated in the 2% tannic acid solution for 1 h at 4°C.

Subsequently, the samples were washed with 
cacodylate buffer solution for 4 times, each stage lasted 
15 minutes at 4°C. The samples then were washed with 
distilled water for 15 min at 4°C. Dehydration process 
was done in a series of ethanol solutions of 50%, 75%,
85%, 94% and absolute alcohol. The dehydrated samples 
then were freeze-dried (freeze drying) in t-butanol 
solution for 3 hours, after previously being soaked twice 
in t-butanol solution for 10 minutes. The specimens were 
glued on the stub using an adhesive carbon, were plated 
with gold (metal coating), then were then observed 
using SEM type JEOL JSM-5310LV.

Percentage of root aerenchyma area was calculated 
as the sum of the actual cross sectional areas of 
aerenchymatous space observed. The percentage of 
the total area of aerenchyma in the cortex of the root 
was compared between the two cultivation methods in 
cross section taken ≥ 1 cm from root tip (Purnomobasuki 
and Suzuki 2004; Yukiyoshi and Karahara 2014).

Aerenchyma area (%) = 100 x (area of aerenchyma/
total cross-sectional area)

2.4. Data analysis
All the data were analyzed statistically using the 

Independent t-test at 5 % probability.

3. Results

The System of Rice Intensification (SRI) method 
significantly (P<0.05) increased the length of the longest 
roots by 16% at 110 day after sowing (DAS, at harvest) 
compared to the conventional method (Table 2). The 
SRI cultivation method was also significantly (P<0.05) 
able to increase the root dry weight of rice plants by 
65% and by 67% at 70 DAS and at 110 DAS, respectively, 
compared to the conventional method (Table 2).

The number of root hairs of rice plant in the SRI 
method was significantly higher (P<0.05) compared to 
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Figure 1. Observations of rice root hairs at 70 days after sowing, using SEM JEOL JSM-5310LV type, magnification of 
1000x: a) the root hairs at ≥ 1 cm from the root tip in the conventional method; b) the root hairs at ≥ 1 cm from 
the root tip in the SRI method

Table 3. Effect of cultivation methods on root hairs at 70 
day after sowing

The same letter in the same column was not significantly 
different with Independent t-test at ɑ = 0.05

Rice cultivation method Number of root hairs
(number/mm2)

Conventional
SRI

510.2±67.49b
816.2±25.51a

The same letter in the same column was not significantly 
different with Independent t-test at ɑ = 0.05

Table 4. Effect of cultivation methods on root aerenchyma 
at 70 day after sowing

Rice cultivation method Root aerenchyma area (%)
Conventional
SRI

70.9±7.83b
45.1±5.06a

the conventional method. Application of SRI method 
increased the number of root hairs by approximately 
60% (Table 3). Root hairs on SRI rice plant as observed 
by the Scanning Electron Microscope (SEM)  showed
better and healthier conditions, being rigid (straight) 
and long, while the root hairs on the conventional 
method plants looked not robust (wilted) and shorter 
(Figure 1).
	 Continuous flooding with conventional cultivation 
method affected the soil redox potential (Eh). This 
parameter was significantly higher (P<0.05) with SRI 
method compared to conventional method of cultivation. 
The soil Eh in the SRI method plots was -135.8 mV, 
whereas in the conventional method plots it was -246.6 
mV (Figure 2). However, root respiration of rice plants 
grown with SRI method was not significantly different 
(P> 0.05) from that with conventional method in the 
different developmental phases (Figure 3). 

The percentage of aerenchyma formation of rice 
roots with the SRI method was significantly lower 
(P<0.05) compared with conventional method. 

Figure 2. Effect of cultivation methods on soil Eh. 
Con.: conventional; SRI: System of Rice 
Intensification. Bar lines indicate standard 
error of independent t-test at ɑ = 0.05

Figure 3. Effect of cultivation methods on root respiration 
in the four phases of growth (V: vegetative; F: 
flowering; G: grain filling; M: mature grain). 

 : Conventional; : SRI. Bar lines indicate 
standard error of independent t-test at ɑ = 0.05 

The same letter in the same column was not significantly 
different with Independent  t-test at ɑ = 0.05

Table 2. Effect of cultivation methods on root length and 
root dry weight at 70 and 110 days after sowing 
(DAS)

Rice cultivation 
method

Root length (cm) Root dry weight (g)
70 DAS 110 DAS

32.0±1.56a
34.1±1.24a

23.4±1.05b
27.1±0.24a

Conventional
SRI

70 DAS 110 DAS
7.4±2.21b
14.2±1.14a

2.2±0.18b
3.6±0.24a

Aerenchyma formation of rice roots in SRI method was 
45%, while the formation of aerenchyma in rice roots 
conventional method was 71% (Table 4 and Figure 4).
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4. Discussion

The soil moisture regime and the wide spacing in 
the System of Rice Intensification (SRI) methodology 
make the roots grow more vigorously and to develop 
optimally in well-oxidized  soil. The length of rice 
roots in the SRI method is greater than with the 
conventional method, because of the soil moisture 
and well-aerated soil in the SRI method which has 
a major impact on root growth, root viability, and 
ultimately also affects plant growth (Huang 1999). 
Root growth SRI method reaches 2.75 times more 
length compared to conventional method; this effect 
can be attributed in part to wider spacing between 
plants in SRI method (Hameed et al. 2011).

The increase in root dry weight with the SRI 
method was partly attributable to root length 
being longer than that of the conventional method 
(Table 2). The application of SRI method could 
increase root depth, root dry weight, root volume, 
root length, and root density (Thakur et al. 2011). 
Transplanting at seedling age of 10 days, one 
seedling per hill, and wider spacing in the SRI 
method allows higher nutrient availability for 
plants’ root systems due to reduced competition 
among plants than with the conventional method.

This leads to an increase in the character of the 
roots, namely root length, root volume, and root 
dry weight, and making for higher photosynthetic 
activity because the roots can provide more 
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Figure 4. Observations of aerenchyma in rice root at 70 days after sowing, using a SEM JEOL JSM-5310LV type, magnification 
of 100x.  → : aerenchyma. a) Root aerenchyma at 2 cm from the root tip in the conventional method; b) Root 
aerenchyma at 1 cm from the root tip in the conventional method; c) Root aerenchyma at 1 cm from the root tip 
in the SRI method

optimum nutrition for the whole plant that the 
plants can grow in accordance with their potential 
(Rani 2013). Meanwhile, with conventional method, 
the root length and root dry weight were lower than 
of SRI method. Based on an evaluation of the root 
growth of rice comparing the effects of continuous 
flooding vs. intermittent provision of water, it has 
been found that by the flowering phase about 78% 
from the roots will degenerate under the condition 
of flooded rice field compared to almost no 
degeneration in well-drained soils (Kar et al. 1974).

One very obvious way in which the root 
development with SRI method is better than with 
conventional method is seen in the higher number 
of root hairs in the SRI method plants compared with 
conventional method. Root hairs are particularly 
important for higher absorption of water and 
nutrients from the soil (Table 3). The growth of root 
hairs was found to increase in the top soil layer 
in SRI method. Some plants will form a greater 
system of root hairs in moist, but well aerated soil 
conditions (Salisbury and Ross 1992). Rice root hairs 
growth and development were inhibited by anoxic 
condition as in the conventional method. Anoxic 
submergence is predicted to have several metabolic 
and physiological consequences, including low ATP 
availability due to limited respiration, depletion 
of carbohydrate stores, excessive reactive oxygen 
species formation and a decrease in root hydraulic 
conductivity. The growth and development of rice 
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root hairs in water logged-soil were controlled by 
OsHF1 gene (Huang et al. 2013).

Root hairs of rice grown under SRI method also 
look better in appearance (Figure 1). The healthy 
root hairs tend to grow straight and have a large 
surface area, so that the plants can absorb most of 
the water and nutrients through their root hairs (Bates 
and Lynch 1996). Meanwhile, the root hairs of rice 
in conventional method was apparently damaged 
(aerenchyma has formed), so that the appearance 
was not as good as the root hairs of rice in the SRI 
method which looks not rigid (wilt) (Figure 1). The 
roots are the part of plants that are in direct contact 
with the soil for absorption of nutrients in the soil. 
The root hairs with their large surface area relative 
to weight and diameter can substantially increase the 
contact of roots with the soil, so the root hairs can help 
plants absorb the limited nutrients in the soil such as 
nitrogen and phosphorus (Gahoonia et al. 1997).

However, the better development of roots with 
SRI method did not make for a higher rate of root 
respiration than with conventional method. Root 
respiration in rice plants under SRI management was
not significantly different from that of plants with 
conventional management (Figure 3), although 
the root respiration in the SRI method tended to 
be higher. It is presumably because the rice plants 
have the ability to make root aerenchyma (Table 4 
and Figure 4). Aerenchyma formation in roots rice 
under conventional method presumably cause by 
hypoxia when soil flooded. Hypoxia or low oxygen 
stimulates plants to produce ethylene. Ethylene slows 
down to primary and adventitious roots. The extent of 
aerenchyma (interconnected gas-filled space) formed 
in the cortex of the roots of rice plants can be promoted 
by submergence and ethylene (Yukiyoshi and Karahara 
2014). Aerenchyma serves to accommodate the O2, so 
the rice plants in the conventional method could still 
perform aerobic respiration in condition of flooded rice 
field. However, it was not impossible that the roots 
in the conventional method also perform anaerobic 
respiration because the value of soil Eh is lower than 
the SRI method (Figure 2). Low value of soil Eh indicates 
that the soil was reductive (Mer and Roger 2013).

During anaerobic respiration of root, potentially toxic 
metabolites such as ethanol, lactic acid, acetaldehyde, 
and cyanogen compounds can accumulate in plants. 
Eventually, cytosolic acidosis can occur within cells, 
due to the accumulation of lactic acid in the cytoplasm, 
which leads to cell death. Therefore, under flooding 
conditions, there were usually more dead roots found 
(Miro and Ismail 2013).	

The higher formation of root aerenchyma in the 
conventional method greatly impacts plant growth due 
to aerenchyma tissue being formed, causing structural 

damage or at least deformation in plant roots. The 
formation of root aerenchyma takes 30-40% of root 
cortex which can potentially diminish the distribution 
of nutrients from the roots throughout the plant. If 
more and more aerenchyma tissue is formed, it will 
interfere with the absorption of nutrients and water by 
plant roots (Sumardi 2007). In addition, the rice plants 
require large amounts of energy for the formation and 
activity of aerenchyma cells to supply O2, resulting in 
reduced energy for plant growth, especially for tillering, 
thus the number of tillers is decreased compared to 
the no-flooding conditions (Bakrie et al. 2010).
	 In rice plants, the formation of aerenchyma not 
only occurs in the roots but can occur also in the 
stem (Yamauchi et al. 2013). Aerenchyma are usually 
formed in the cortex of roots and rhizomes. These are 
often termed lacunae (Armstron 1979), or simply, air 
pockets. Aerenchyma are formed at behind the apical 
meristem (Malik et al. 2003). The flooded rice plants 
after 3 days may result in an increase in the formation 
of aerenchyma in the whole stem segments, which 
shows that all the pre-aerenchymal cells are responsive 
to cell death and triggering signals for cell lysis. In 
addition, the trigger of the formation of aerenchyma 
is H2O2 (hydrogen peroxide) (Steffens et al. 2011).

Improvements in the rice roots system with SRI 
management method could improve the transportation 
of nutrients and minerals from the soil to the shoot, 
so it would support better shoot growth. Better shoot 
growth, especially of the leaves, would enhance the 
availability of photosynthate to be distributed to the roots, 
so that the roots grow up optimally. These demonstrate 
a relationship of mutual dependence which was called 
the root-shoot interaction (Samejima 2004).

The SRI method had a major effect on the root-
shoot interaction, thus supporting a higher rice 
production. The SRI method of cultivation significantly 
increased rice production (ca. 24%) compared to the 
conventional method in the same research (Hidayati et 
al. 2014). The changes in crop and water management 
can improve the expression of rice plants’ genetic 
potential, thereby creating more productive and 
robust phenotypes from given rice genotypes (Uphoff 
et al. 2015).

From the data of hair roots performance we 
would like to state that rice plants cultivated under 
conventional management are a stressed plant. It has 
the impact in the difficulty of increasing rice yields in 
conventional farming (submergence system).

5. Conclusion

SRI method was able to improve the root length 
by 16% at 110 DAS, root dry weight by 65% at 70 DAS 
and 67% at 110 DAS compared to the conventional 
method. The SRI method was also able to increase 
the number of root hairs by 60% compared with 
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the conventional method. Eh measurement in the 
soil with SRI management method was higher 
than with conventional method. However, there 
was no significant different in root respiration. The 
aerenchyma formation of rice roots in SRI method 
(45%) was lower than conventional method (71%).
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