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ABSTRACT

INVESTIGATION OF IMIDAZOLINONE HERBICIDE TOWARDS WEEDY
RICE (Oryza sativa L.) AND EFFECTS OF ITS RESIDUAL CONCENTRATION

IN SOIL

Clearfield® Production System (CPS) for rice was introduced in Malaysia in 2010 as
the current best solution to combat weedy rice (Oryza sativa) especially in direct-
seeding system using imidazolinone-based herbicide (commercial name: OnDuty®).
Although CPS has widely implemented in many rice fields in Malaysia, some of the
major concerns of CPS are the probability of weedy rice to become resistant to
OnDuty® and herbicide residual effects to rice agro-ecosystems and other
environments. Therefore, this study was aimed to (i) evaluate the resistant status of
selected weedy rice biotypes to imidazolinone herbicide; (ii) determine association
between weedy rice morphological characteristics with imidazolinone resistant; (iii)
develop an HPLC method to extract imidazolinone herbicide from soil; and (iv) assess
imidazolinone herbicide residues in CPS rice agro-ecosystem. Fresh weedy rice seeds
from 17 biotypes were collected from IADA Barat Laut Selangor rice granaries. The
resistant status of these biotypes with two control cultivars (i.e. MR220 [imidazolinone
susceptable] and MR220-CL [imidazolinone tolerant]) were assessed by (i) seed
bioassay and (i) plant growth response methods with different concentrations of
imidazolinone herbicide. Resistant levels based on injuries and major phenotypic traits
of weedy rice were recorded. Germination test on seeds showed that all weedy rice
biotypes have more than 60% germination rate on all herbicide concentrations.
However, the viability of the un-germinated seedlings was relatively low indicating that
this herbicide is effective as a pre-germination herbicide. Only 24% of weedy rice
biotypes showed susceptibility to one-dose OnDuty® application while the rest

displayed various resistant levels. The number of resistant weedy rice reduced to only

il



six biotypes after double-dose application with more than 80% survival rate. This
indicates that certain biotypes of weedy rice in Malaysia with wide phenotypic variation
has developed resistant to imidazolinone herbicide in CPS rice fields. Samples were
also taken from three Clearfield® rice fields as IMI- herbicides which have been used
for six years at three different locations in Sawah Sempadan,Tanjung Karang, Malaysia.
High performance liquid chromatography (HPLC) with UV detection and solid-phase
extraction (SPE) cartridges, with two mobile phases was used to evaluate soil samples
collected from CPS rice fields to assess imidazolinone herbicide residues (imazapic and
imazapyr) in the soil. Results revealed minor herbicide residues in the CPS soil except
areas near the edge of the fields where values recorded were above the residual
threshold for imidazolinone. The average percentage recovery for imazapyr and
imazapic varied from 76-107% and 71-77%, with 0.1-5 pg/mL fortification level,
respectively. In the extracted soil sample residues of imazapic and imazapyr were found
to fall within 0.04-0.5pg/mL for imazapic and from 0.03-1.9 pg/mL for imazapyr,
respectively. This study showed rapid evolutionary of weedy rice to develop resistant or
adapt with environmental changes in rice agro-ecosystems. Various possibilities of
weedy rice ‘escape’ from CPS were discussed including weedy rice
genotypic/phenotypic variation, and farmer’s attitude towards CPS. Despite low
imidazolinone residues recorded in the CPS fields, the environmental impact of this

system cannot be neglected, and further monitoring need to be done.

Key words: Weedy rice, imidazolinone, herbicide resistant, and herbicide residues.
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ABSTRAK

PENYELIDIKAN HERBISID IMIDAZOLINONE TERHADAP PADI ANGIN

(Oryza sativa L.) DAN KESAN KEPEKATAN SISA HERBISID DALAM TANAH

Sistem Pengeluaran Clearfield® (CPS) bagi padi telah diperkenalkan di Malaysia pada
tahun 2010 sebagai penyelesaian terbaik buat masa ini untuk memerangi padi angin
(Oryza sativa), terutama dalam sistem tanaman secara tabur terus menggunakan
herbisid berasaskan imidazolinon. Walaupun CPS telah dilaksanakan secara meluas di
kebanyakan sawah padi di Malaysia, beberapa kebimbangan utama sistem ini adalah
kebarangkalian padi angin menjadi rintang terhadap kesan OnDuty® dan kesan sisa
herbisid kepada ekosistem pertanian padi dan persekitaran lain. Oleh itu, kajian ini
bertujuan untuk (i) menilai status kerintangan biotip padi angin yang dipilih untuk racun
rumpai imidazolinone (OnDuty®); (ii) menentukan perkaitan antara ciri-ciri morfologi
padi angin dengan kerintangan terhadap imidazolinon; (iii) membangunkan kaedah
HPLC untuk mengekstrak sisa racun rumpai imidazolinone dari tanah; dan (iv) menilai
sisa racun imidazolinone dalam eksosistem pertanian menggunakan CPS. Benih padi
segar dari 17 biotip padi angin dikumpulkan dari IADA Barat Laut Selangor. Status
kerintangan biotip ini dengan dua kultivar kawalan (iaitu MR220 [rentan imidazolinone]
dan MR220-CL [rintang imidazolinone]) dinilai dari segi (i) bioasai benih dan (ii)
tindak balas pertumbuhan dengan kepekatan racun rumpai imidazolinon yang berbeza.
Tahap kerintangan adalah berdasarkan kecederaan dan sifat fenotip utama padi yang
direkodkan. Ujian percambahan pada biji benih menunjukkan bahawa semua biotip padi
angin mempunyai kadar percambahan lebih dari 60% pada semua kepekatan bancuhan
racun rumpai yang digunakan. Walau bagaimanapun, kelangsungan hidup anak benih
yang tidak bercambah agak rendah menunjukkan racun rumpai ini berkesan sebagai
racun pra-percambahan. Hanya 24% daripada biotip padi angin menunjukkan

kerentanan untuk satu-dos penggunaan racun OnDuty® manakala yang selebihnya



menunjukkan pelbagai tahap daya rintang. Bilangan padi angin rintang adalah
dikurangkan kepada hanya enam biotip selepas penggandaan dos diberikan dimana
kadar kelangsungan hidup adalah melebihi 80%. Ini menunjukkan bahawa beberapa
jenis biotip padi angin di Malaysia dengan variasi fenotip yang luas telah menjadi
rintang terhadap racun imidazolinone di sawah CPS. Sampel juga diambil dari tiga
sawah berbeza yang telah mengamalkan kaedah Clearfield® selama enam tahun di tiga
lokasi berbeza di Sawah Sempadan, Tanjung Karang, Malaysia. Kromatografi cecair
prestasi tinggi (HPLC) dengan pengesanan UV dan prosedur pengekstrakan fasa pepejal
(SPE) bersama dua fasa mobil telah digunakan untuk menilai sampel tanah yang
diambil sawah CPS bagi menentukan sisa herbisid imidazolinone (imazapic dan
imazapyr) di dalam tanah. Keputusan mengesahkan terdapat sedikit sisa herbisid di
tanah CPS kecuali di kawasan berhampiran pinggir bendang di mana nilai sisa racun
yang direkodkan adalah melebihi paras ambang sisa imidazolinon yang selamat.
Pemulihan peratusan purata untuk imazapyr dan imazapic berbeza-beza dari 76-107%
dan 71-77%, dengan tahap kestabilan 0.1-5 pg / mL. Dalam sisa sampel tanah yang
diekstrak daripada imazapic dan imazapyr didapati sisa racun berada dalam lingkungan
0.04-0.5 pg / mL untuk imazapic dan dari 0.03-1.9 pg / mL untuk imazapyr masing-
masing. Kajian ini menunjukkan evolusi pesat padi angin untuk menjadi rintang atau
menyesuaikan diri dengan perubahan persekitaran dalam ekosistem pertanian padi.
Pelbagai kemungkinan bagi padi angin untuk terselamat dari sistem CPS telah
dibincangkan termasuk variasi genotip / fenotip padi angin, dan sikap petani terhadap
sistem CPS. Walaupun sisa imidazolinone yang rendah direkodkan dalam sawah CPS,
impak alam sekitar sistem ini tidak boleh diabaikan, dan pemantauan lanjut perlu

dilakukan.

Kata kunci: Padi angin, Imidazolinone, kerintangan herbisid, sisa herbisid.
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CHAPTER 1: INTRODUCTION

1.1 Overview of Weedy Rice Infestation in the World

Weedy rice (Oryza sativa) is one of the most conspecific and serious weeds in rice
cultivation. Generally, weedy rice is any spontaneously and strongly shattering rice that
takes place where rice cultivars is grown (Xia et al., 2011). It is considered a dangerous
problem in rice growing fields globally including Australia, Italy, South-east Asia,
South, North America, and southern Europe (Kaloumenos et al., 2013; Mortimer, 2000;
Sudianto et al., 2016). Recently, weedy rice infestations can lead to extreme yield losses
as a result of competition to cultivated rice which can be from 5% to 100% reduced
yield (Shivrain et al., 2009). Weedy rice can be highly competitive against cultivated
rice and can cause severe yield losses (Chauhan, 2013a; Delouche & Labrada, 2007). A
study in Thailand, found that grain yield decreases linearly for every percent of the
weedy rice infestation (Maneechote et al., 2005). The duration of interference with
cultivated rice, and weedy rice density also affect weedy rice competitiveness (Kwon et
al., 1991). Rice yield can plummet to 50% in a rice field with 24 weedy rice plants per
m? during the first 40 days and this can increase up to 75% in the case of season-long
competition (McDonald, 1999). A significant effect also observed in the greenhouse
experiment when the competition had duration longer than 70 days (Estorninos et al.,
2005). Noldin (2000) estimated that only two red rice seeds per kg planted in a rice field
free of red rice could produce 100kg red rice per ha within three seasons. The increase
of weedy rice population to 40-50% could cause more than 50% of rice yield loss
(Maneechote et al., 2005). Research reported that one weedy rice plant per m? can lead
to yield losses of about 100 kg to 755kg /ha™! in some types of rice varieties (Ottis et al.,
2005). Weedy rice played as a strong competitor among rice species (Baki & Mispan,

2010; Sudianto et al., 2016). In addition, these competitions lead to reduce selling price



in the market (Andres et al., 2014). Weedy rice was first observed in the US since mid-
1800, 1960 in China and early 1990 in many other countries (Table 1.1). It is present
almost in any fields where rice crop is cultivated, and is independent of the region

(Terano et al., 2016).

To make it worse, weedy rice belongs the same species of cultivated rice (Goulart et
al.,, 2012; Shafiee et al., 2013). At the same time, the high diversity of weedy rice
morphologically and genetically are contributing to invasive weedy rice infestation and
negative consequences in fields (Mispan & Baki, 2008). An example, in India, has
about six agro-climatic zones where diverse rice seeds are cultivated. Therefore, weedy
rice plants from these areas in most cases are different in their morphological traits

(Rathore et al., 2016).

Table 1.1: Weedy rice reported in rice production countries.

Country Year References

The United States 1846 (Olsen et al., 2007)
Malaysia 1988 (Watanabe et al., 1996)
Sir Lanka 1990 (Somaratne et al., 2014)
Philippine 1990 (Chauhan & Johnson, 2010)
Vietnam 1994 (Chauhan & Johnson, 2010)
European countries 1970 (Tarditi &Verseci, 1993)
China 1960 (Gressel & Valverde, 2009)
Italy 1990 (Fogliatto et al., 2012)

Source: adapted from (Azman, 2017)

1.2 Overview of Weedy Rice Infestation in Malaysia
The weedy rice was firstly reported in Muda rice granaries in early 1988 (Sudianto et
al., 2016; Wahab & Suhaimi, 1991), but it has become the more noxious problem in the

rice fields by 2000s (Azmi et al., 2007). The infestation of weedy rice in Malaysia



become significant mainly after the cultivation shift from traditional transplanting to
direct-seeding rice and the cultivation of semi-dwarf rice (Baki & Shakirin, 2010;
Sudianto et al., 2016; Mispan et al., 2019). The emergence and fast spread of weedy rice
were also resulted from poor land preparation which increased the survival fate of
weedy rice (Figure 1.1) in the seedbank (Azmi & Karim, 2008; Chauhan, 2013a;

Mispan et al., 2019).

Manual weeding
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Figure 1.1: Weedy rice fate in the rice field. The weed survival cycle of weedy rice to
escape for successive seasons is presented by black arrows. Weedy rice can be
“withdrawn” from the field by natural and human activities as indicated with white
arrows.

The weedy rice infestation in the country was fast spread to many rice granaries in
Malaysia since the first observance including MADA, Kedah; Kerian-Sg. Manik, Perak;
Ketara, Terengganu; and Seberang Perak, Perak (Baki et al., 2000). Later, weedy rice
was recorded throughout Peninsular Malaysia in a majority of rice field regions (Azmi

et al., 2005) with wide phenotypic variations (Azmi & Baki, 2003). In Tanjung Karang,



Selangor and Besut, Terengganu, half of their granaries were attacked with weedy rice
in the early 2000 (Azmi et al., 2000). While in Muda, it has been reported that in 2004,
weedy rice was prevalent in all areas with the majority registered infestation level
ranging from 0 to10%, 11 to 20% and more than 20%. (Azmi et al., 2005a). It was
estimated that infestation of 5% of weedy rice in Malaysian rice granaries led to a

reduction of yield production of 64,880 tons of rice (Baki, 2004).

The weedy rice infestation was not significant in 1995 but the infestation was
skyrocketed in 1996 with more than 19,900 ha of rice farms were infested in Peninsular
Malaysia. In 2001, it was reported that weedy rice was present in 82% of Muda farm
blocks but reduced in 2002 with only 59% of the farm blocks having at least a 10%
infestation rate. The infestation tremendously increased in 2005 where 91% of the farm
blocks were infested with 88% of the farms having at least 10% infestation (Baki et al.,
2000; Baki, 2006). Most weedy rice accessions in Malaysia have a variance to mean
ratio and Lloyd’s patchiness index less than 1, giving indication that the weedy rice has
restricted distribution while some others showed a uniform distribution throughout the

rice granaries in Peninsular Malaysia (Baki et al., 2000; Baki & Mispan, 2010).

1.3 Clearfield® Production System (CPS) of Rice in Malaysia

In the early 90’s to middle 2000’s, most farmers practiced hand-weeding in their
direct-seeded farm by rouging the weedy rice (Azmi & Karim, 2008). Since weedy rice
was generally taller in stature than cultivated rice, farmers can easily identify them and
slashing the weedy rice panicles before harvest (Baki & Mispan, 2010). Selective
weeding was effective in controlling weedy rice infestation during this time period
especially in the Sekinchan area (Abdul Hamed, 1994). However, this method was

found useless especially in a wide area (Azmi & Karim, 2008), leading in damage of



cultivated rice during implementation. High labor costing also caused many farmers to
abandon their rice fields (Mispan, 2015). To make it worse, the recent report on the
emergence of new biotypes of weedy rice (NBWRs) which morphologically mimics
commercial cultivated varieties (i.e. MR220 and MR219) especially in height, making
weedy rice almost unrecognizable (Mispan & Baki, 2008) and caused hand-weeding
impossible. Although the NBWRs infestation is still in the early stages, their
distribution pattern was found to be like the previously weedy rice emergence in

Malaysia (Baki & Mispan, 2010).

Herbicide-tolerant rice cultivar has been proposed to Malaysian farmers to be the
current best solution to combat weedy rice especially in direct-seeding system (Azmi et
al.,, 2012). Clearfield® Rice Production System (CPS) was introduced in Malaysia in
2010. An imidazolinone tolerant variety (IMI-TR) rice was developed by crossing
United States IMI-TR Line No. 1770 with local cultivar, MR220, using conventional
breeding technique (Azmi et al., 2012). Introduction of CPS as a pilot study in Seberang
Perak rice granaries has become popular with other rice growing states (i.e. Selangor
and Kedah) because of the success of this system to control many grasses weed species
including weedy rice while boosting rice production (Sudianto et al., 2013). This system
used Imidazolinone (IMI) herbicides (OnDuty®) which is a selective herbicide that
inhibits the ALS enzyme and the branched chain of three amino acids: isoleucine,
leucine, and valine. It stops protein synthesis, and eventually destroy any susceptible

weeds including weedy rice (Sudianto et al., 2013).

1.4 Problem Statement
Rice industry in Malaysia faces serious challenges in managing weedy rice (Oryza

sativa L.) since it was first observed in 1988. Unfortunately, there is no simple control



method for weedy rice. Recommended practices in Malaysia adopted various integrated
weedy rice management strategies mainly on land preparation and pre-harvest period
controls. Multiple tillage, chemical applications via pre-emergence and pre-sowing
herbicide, and manual weeding are the usual weedy rice control practices by a majority
of Malaysian farmers. The conspecific nature of weedy rice with cultivated rice
increased the difficulty to control the weed with several weedy rice biotypes have
already mimic the local varieties. Introduction of Clearfield® Rice Production System
(CPS) in 2010 has shifted the current weedy rice management strategies to an herbicide-

tolerant crop approach.

However, up to date, the imidazolinone resistant status of weedy rice in Malaysia is
limited despite various reports of the occurrence of IMI resistant weedy rice in other
CPS implementing countries such as the United States (Burgos et al. 2008) and Italy
(Scrabel et al., 2012; Rosas et al., 2014). Malaysia with tropic condition has high risks
of gene flow and evolution of resistant weedy rice populations because of multiple
cropping rice in a year and freezing temperature, which would reduce the density of

volunteer rice, do not occur (Shivrain et al., 2008; Burgos et al., 2014).

The constant implementation of imidazolinone herbicide in the CPS fields in
Malaysia since 2010 might leave a certain level of impact to the environment. However,
there is still no solid reports on the status of weedy rice imidazolinone (IMI) herbicide
residue level in CPS fields and the impact of herbicide residues to rice agro-ecosystem
although CPS has already implemented in Malaysia for more than five years. Personal
communications with local farmers in IADA Barat Laut Selangor rice granary indicates

that the residue from CPS farms has already caused damages to their side farming (e.g.



corn, tapioca, and banana), poultry and livestock. These stated challenges on CPS

application need to be addressed and taken seriously by all related parties in Malaysia.
This study is aimed to address these problems related to the impact and effect of the

implementation of Clearfield® Rice Production System (CPS) in Malaysia especially on

the ecological and environmental perspectives.

1.5 Objectives of the Study

Investigation of the current status of the resistant level of weedy rice towards IMI
herbicide in CPS fields in Malaysia and understanding the effects of its residues in rice
field soils will provide an alternative insight towards better weedy rice management in

the future. Therefore, this study was devoted:

1. To determine the status of weedy rice herbicide resistant to Imidazolinone
(OnDuty®) herbicide in IADA Barat Laut Selangor rice granary.
ii. To evaluate the association of weedy rice phenotypic variations with the
resistance to IMI- herbicide.
iii. To develop HPLC method for the extraction and clean-up of IMI
herbicide (imazapyr and imazapic) from Clearfield® rice fields soil.

iv. To evaluate IMI herbicide residues in Clearfield® rice fields soil.

1.6 Research Flow Chart
To achieve the mentioned objectives, we trying to draw flow chart of the procedures

and the steps as shown in Figure 1.2 is carried out.
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Figure 1.2: Flow chart of research methodology to study the resistant status of weedy
rice and its impact to rice agro-ecosystem.



CHAPTER 2: LITERATURE REVIEW

2.1  Rice Industry in the World

Rice (Oryza sativa L.), is considered one of the most crucial food crops, it gives
about one-fifth of the calories consumed by people worldwide (Vaughan et al., 2003). It
is the most crucial and largely grown in tropical and subtropical regions of the world. It
is considered as the major source of income for more than 100 million households in
Asia and Africa (Juraimi et al., 2013). It is regarded as a staple food for more than 50%
the world’s population (Rajamoorthy & Munusamy, 2015). It is cultivated in 154million
ha globally, with annual yields of approximately 420 million/tones (m/t) with average
productivity of 4 t/ha (Parameswari & Srinivas, 2017). Asia countries are predicted to
increase rice demand by more 30% in the year 2020 (Olofsdotter et al., 2000). However,
there is a big variation and distribution in rice globally production leading some
countries to consider the main producer for this valuable crop as shown in Table 2.1.
Because of the significant of rice grains for supplying essential food, there is a high
demand for higher grain yield per hectare. Approximately 90% of the world rice
cultivated in Asia especially by six countries as China, India, includes about 80% of the
total world production. China country started to shift up their production from hectare in
the year 1970s, when started trade of hybrid rice cultivars (Bond & Walker, 2011). It
has the largest producing area of rice followed by India, Indonesia, Bangladesh,

Vietnam, and other countries.



Table 2.1: World Rice production in 2016/2017.

Country Rice production in metric/ton
China 144,850,000
India 106,500,000
Indonesia 36,600,000
Bangladesh 34,515,000
Vietnam 27,800,000
Thailand 18,600,000
Burma 12,500,000
Philippines 11,500,000
Brazil 7,820,000
Japan 7,790,000
United State 7,117,000
Pakistan 6,640,000
Cambodia 4,700,000
Egypt 4,554,000
Korea, south 4,200,000
Nepal 3,100,000

Source: (Agriculture, 2017).

Rice production globally was about 472.40 million metric tonnes (mmt), and in the
year 2016/2017 reach about 480.02 (mmt) (Chauhan, 2012; Rao et al., 2007). It is
considered the main food intake for millions of people in the World and Asia specifics,
such as China and Bangladesh. About 150 million hectares annually harvested which
contributed to approximately 530 million tons of rice at an average yield of 3.5 t/ha™.
This percentage can provide about 20% of the world’s food demand and necessary
calorie supply (Pacanoski & Glatkova, 2009). Rice has substituted the major total
calories in the Asian countries as China about 30%, India 30%, Indonesia 30%,
Bangladesh 50%, Vietnam 70% Philippines 60%, Malaysia 30% and South Korea 50%

(Timmer, 2010). Studies showed that the total percentage of the cultivated rice area
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estimated at about more than 154 million ha, which about estimated 88% globally (Rao

et al., 2007).

Rice is regarded as the main meal of many Malaysians (Siwar et al., 2014). A study
showed that the annual need for rice per person is ~82.3 kg (Hakim et al., 2014; Yusoff
& Panchakaran, 2015). Other studies revealed that Malaysians consume ~2.5 plates of
rice-day (Rajamoorthy & Munusamy, 2015). Since a long time, despite continuous
improvement of Malaysia government plan to shift up the self- sufficient in rice
production, for example, from the year 2010, the percent of self-production fluctuate
from 70 to 80% (Siwar et al., 2014). The rice production has increased with minimal
percent, but not achieves the demand percent. Therefore, the government is put heavy
effort to increase rice production yield with diverse means. Recently, many studies
revealed that Malaysia will increase the demand for rice from the main producing
countries because many suggestions to decline supply in the future. Therefore, the
government should encourage the local rice cultivation, import new cultivar, and shift
down it is dependency on imported paddy by decreasing export (Rajamoorthy &

Munusamy, 2015).

2.2 Weeds in Rice Agro-Ecosystem in Malaysia

The popular weed flora in rice production includes sedges, grasses and broad leaf
species. It differs based on the climatic circumstances and season conditions. Grassy
weeds leading to yield losses as example are Echinochloa colona, Eclipta prostrata,
Echinochloa crus-galli, Leptochloa chinensis Nees, Oryza sativa L. f. spontanea
Roshev and Ischaemum rugosum (Raj & Syriac, 2017). Also, diverse invasive weed
species in Malaysian fields were spread and cause a lot of yield losses. Weeds in rice

ecosystem is considered a notorious weeds and dynamic in nature (Buhler, 2002). They

11



were difficult to control especially in the early stage between crop rice and reveals a big
variability of morphological traits because of the diversity of weeds, which exceeds
more than 70 types (Song et al., 2014). Among these weeds, weedy rice is the most

serious weed in Malaysian rice production landscape.

2.2.1  The Origin of Weedy Rice

One of the important weeds in the rice agro-ecosystem is weedy rice. The weedy rice
origin is not completely understood, and the origin is still under several investigations.
Weedy rice from different regions may have distinct evolutionary origins (Grimm et al.,
2013). Weedy rice population includes a big group of wild rice types belonging to
multiple species. The wild species Oryza barthii and O. longistaminata or weedy
ecotypes from cultivated O. glaberrima are among the worst weeds in West Africa
whereas O. granulata, O. officinalis, O. rufipogon and O. nivara are weedy or wild

species in South-East Asian countries (Olofsdotter et al., 2000).

In most cases crossbreeding between cultivated and wild species facilitates weed
evolution and development through time. The researchers have a debate about the origin
of weedy rice. There are many scenarios of the origin, therefore, different hypotheses
have been proposed to explain its origin including hybridization phenomenon between
the types of cultivars, hybridization between cultivars with wild rice and through natural
selection between weedy rice, or weedy rice appear from escaped domesticated rice

seeds (Kane & Baack, 2007; Rao et al., 2007).

Since weedy rice was believed as a natural hybrid between crop rice and wild rice, it
could be potential to utilize as a connection cycle to transmit alleles from gene pool site

to rice plants (Perera et al., 2012). Recent SSR data have showed genetic contributions

12



from wild rice populations (O. rufipogon) to weedy rice backgrounds in Malaysia and
Thailand (Pusadee et al., 2013; Song et al., 2014). Also, in Thailand, the origin of
weedy rice has been shown to originate from different hybridization between popular
wild rice and cultivated rice (Wongtamee et al., 2017). In Vietnam, about 14% of the
farmers and researchers in agriculture field show that most origins of weedy rice in the
fields come from contamination rice seeds before the planting (Delouche & Labrada,
2007). A lot of studies on morphological and genetical characteristics proved that the
origin of weedy rice varies according to the areas and sites. For example, using a
special marker, it was revealed that the weedy rice of US is related to the aus and indica
varieties, which both connected to Asia types (Gealy et al., 2009; Reagon et al., 2010).
On the other hand, China weedy rice was related to distinct japonica cultivated rice

(Cao et al., 20006).

2.2.2  Weedy Rice Distribution in Malaysia Granaries

In general, the introduction of direct seeding method and the usage of mechanical
technology in modern rice cultivation in Malaysia has led to the high spread of weedy
rice across rice fields in the country (Sudianto et al., 2016). Different phenotypic
properties of weedy rice were present in many areas in Malaysia, such as the Kerian
Sungai Manik, Kemubu, Muda, and Tanjung Karang rice granaries (Baki & Mispan,
2010), which lead to increase the infestation process and distribution. The percentage of
weedy rice in the Muda region was 82% in 2001, which drops to 59% in 2002. Another
study in 2005 reported that the weedy rice makes up 88% of farm blocks (Baki, 20006).
From the first detected weedy rice in 1987 in Tanjung Karang rice fields, it began
spreading to other areas, such as Muda granary, which was first observed in 1990, Besut
area in 1995, and Seberang Perak in 2001 (Baki, 2006). Weedy rice can spread via

multiple ways including contaminated machinery and animals with weedy rice seeds
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(Baki, 2004; Baki, 2006; Sadohara et al., 2000). Infestation increased due to neglected
agriculture practices, which allows the seeds to move, especially in direct seeding
system. The shattered weedy rice seeds could find its way into rice fields and exacerbate
the infestation problem to new areas (Azmi & Karim, 2008; Chauhan et al., 2010;

Chauhan, 2012; Delouche & Labrada, 2007) as presented in Figure 2.1.

Figure 2.1: Fate of weedy rice and movement of weedy rice seeds in the seedbank.

a) Seeds enter the seedbank after shattering due to deep tillage; b)Seeds remain on soil
surface; c)Seeds may be go death or remain dormant; d)Seeds break dormancy and
germinate again; and m)Seeds repeat the cycle continuously.

2.2.3 Impact of Weedy Rice on Rice Production in Malaysia

Weedy rice has a direct effect on farmers income by reducing yield, interferes with
rice cultivation, and negatively impact market value for the cultivated rice (Arrieta et
al., 2005). The loss of yield is different from country to country and sometimes in the
neighbouring fields. In general, in Asia, rice yield losses due to weedy rice infestation
were recorded to be from 16 to 75% (Azmi et al., 2005). These yield losses could be

reached from 5-100%, depending on the severity of the weeds, competition duration in
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the fields, types, the cultivar of rice, mitigation strategies, types of the herbicides used,
and types of seeds (Gunawardana, 2008; Kharkwal & Shu, 2009; Shivrain et al., 2009).
For example in the USA, the studies revealed that one weedy rice per m? is responsible
for the loss between 100 to 755 kg/ha™! (Ottis et al., 2003; Sudianto et al., 2013). Other
study in the Caribbean revealed yield loss reach to 100% in some cultivation area
(Mortimer et al., 2000; Rao et al., 2007). The percentage of weeds loses may reach to
50-60% in puddled transplanted rice and from 70-80% in direct-seeded rice (Dass et al.,

2016).

The loss in the yield, different from country to country, for example, South Korea
reach to 5-10% (Chen et al., 2004); while Vietnam reported an average loss about 17%
(Mai et al., 2000). The elimination and mitigation process to finish the weedy rice is so
complicated, due to the morphological and physiological similarity with the rice crop
(Gealy et al., 2003). Therefore, weedy rice emerges along with rice crop plants lead to
an adverse effect on crop yields. The multiple biotypes of weedy rice have affected
more than fifty countries of Asia, Africa and Latin America (Chauhan, 2013). It is
actually a global threat, leading in an annual cultivation loss of 9-10% globally (Hakim
et al., 2013). In the granary Seberang Perak, the weedy rice caused huge reduction in the
rice yield which estimated about RM 70000 ($17500) (Azmi et al., 2000). The yield of
cultivation rice fields can be plummeted prominently, because of the seed shattering

characteristic where the seeds cannot be collected (Chi et al., 2002).

Reduced yields were caused by different factors from country to country, and even
area to area, as shown in Table 2.4. Also, the loss in the yield because of weedy rice in
Malaysia reach 30-50% from the total rice yield (Watanabe et al., 2000). Azmi et al.,

(2005) revealed that yield decrease of about 1000 kg ha™ was recorded in Malaysia at a
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space of approximately 35 weedy rice panicles per m?. Researchers reported that one
weedy rice plant in 1/m? can cause yield losses of 100 kg — 755kg /ha™! in some types of
rice cultivars. Also, percentage decreases in yield rely on the infestation quantity of
weedy rice in rice crops. For example, when the percentage of weedy rice is (15-20)
panicle/m?, the yield loss may up to 50%-60%, (21-30) panicle/m? reaches 70%-80%,
and the loss in yield reach 100% if it reaches (>31 ) panicle /m? (Area, 2010). Second,
the size of seeds bank (Bhullar & Chauhan, 2015; Burgos et al., 2014) in the cultivation
land would also increase/decrease the size. Third, traditional farmers tend to store some
seeds for cultivation in the next season (Azmi & Karim, 2008; Sadohara et al., 2000).
The usage of contaminated tools (Baki & Mispan, 2010; Delouche & Labrada, 2007)
between farms is another factor, alongside the use of multiple types of planting. A study
was done in Vietnam, showed the number of seeds, that including barnyard grass/kg of
rice seeds is reached to 47 times than the recorded level (Mai et al., 1998). In the same
vein, Chin (2001) revealed, the number of contaminated weedy rice seeds reached
about 314 seeds/kg rice seeds. The rest farmers lean to buy certified seeds, but those
farmers percentages are very low. Moreover, a common practice is machinery rentals or
loans among the farmers (Arrieta et al., 2005), which also play an essential role in
weedy rice proliferation (Yu et al., 2005). Therefore, the weedy rice density in the rice

seeds cultivars play an important role in the percentage of the yield loss in that season.

A recent study revealed that, the yield loss of the cultivated rice because of weedy
rice is comparatively higher even at weedy rice density at 1weedy rice plants/pot lead
to yield loss about 43% (Karunarathna, 2017). Chauhan, (2010) shows that about half of
the yield shift down at 24 weedy rice plants/m> competed with the rice plants during the
first 40 days after emergence. In the same vein, Avila et al., (2005) showed that, the 1

red rice plant/m? contributed a rice yield loss of 16 kg ha.
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2.2.4  Characteristics of Weedy Rice and its Consequences on Cultivated Rice
To gain effective weedy rice control, it’s essential to know the basic information
about the main basic characteristics of weedy rice population in the fields. Because to
tackle the infested weedy rice, should know more about its development, factors
contributed, a better environment and basic traits. (Delouche & Labrada, 2007). Weedy
rice population differ from site to site according to the types, numbers, characteristics,
and ability to infest the new area. Therefore, to achieve the best control, it’s crucial to
understand well the weedy rice population properties. From the main important
characteristics is the genetic variety of weedy rice (PySek & Prach, 2003). It is difficult
to distinguish between weedy rice and commercial crop especially in the first stage of
growth (Abraham & Jose, 2015). However, after the growth process and formation of
tillering trait, the comparison or distinguish clear someway. The weedy rice includes
plants have red or white pericarp seeds (Chauhan, 2013; Olofsdotter et al., 2000). There
are different traits and characteristics distinguish weedy rice and make it more
aggressiveness and competitive which lead to more rice yield losses (Ferrero & Vidotto,
1998). It has six important morphological traits as (pericarp colour, panicle shattering,
hull colour grain shape class, awn distribution, and grain length class). These traits play
a crucial role in manual weeding from the farmers and could have a high role in the shift

down in infestation process (Sudianto et al., 2016).

The plant height is one of the major characters that gives weedy rice competitive
advantage over commercial rice. The taller weedy rice plants are able to take more light
and shade their adjacent cultivated rice plants (Shivrain et al., 2010). Because of this
shading is high the rate of fungi and insect infestation, so, this infestation is hard to
control because of taller weedy rice. In addition, the short weedy rice plants which

germinate later have its effects on competition process but less than tall weedy rice

17



(Bayer, 1991). In the same vein, one of these traits are tillering capacity, some types
have fewer tillering, but the majority have high tillering, so it bears more panicles, rapid
vegetative growth, taller than rice cultivar, its leaves take a long time to drop, has high
ability in fertilizer absorption, high shattering seeds and variable seeds dormancy as per

in Figure 2.2 (Van et al., 2007).
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Figure 2.2: Weedy rice traits and its consequences that effect on rice cultivation crop.

In addition, from the clear traits for weedy rice are shattering which spread all the
seeds within the fields. Dormancy for seeds in the soils that may be reached to three
years, some die and the others complete the cycle by re-germination again (Suh et al,,
2012). Seed shattering is considering one of the main characteristics and the major harm
of weedy rice. Weedy rice seeds can proliferate for far distances and motivate their

persistence in the seed bank before the farmer gets a chance to remove the seeds.
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The time for shattering for weedy rice differs from area to area. The recent studies
revealed that the seeds shattering in weedy rice started about 30 days directly after the
flowing process, about 65% of the total grains (Ferrero & Vidotto, 1998). Shattered
weedy rice seeds in the field soils are affected with diverse factors, as predators like
birds and ants, not appropriate climate circumstances, which affect germination process
and stay in dormancy for long time (Vidotto et al., 2001). The re-development of weedy
rice seeds in the seedbank is dependent by the water quantity, depth of seeds and the

structure of the soil (Ferrero & Finassi, 1995).

2.3 Herbicides Resistance in Malaysia

Herbicide resistant weeds in Malaysia started since the findings of glyphosate
resistant goosegrass (Eleusine indica) in oil palm plantations (Baki, 2006). However, no
reports to show the resistance of weedy rice in rice agro-ecosystem due to no specific
herbicides were introduced for weedy rice until Clearfield® Production System. Weedy
rice, with AA genome characterizes with close sexual reproduction and high percent in
pollen with high percent fertility in the first hybrids (Naredo et al., 1998). Therefore, the
percentage of gene flow between crop to crop and between crop and other ancestors are
sometimes high. Table 2.2 shows the different percentage of gene flow of rice in many
countries. The movement of pollens and distance played an important role in
fertilization and hybridization. In addition, wind speed, their direction in pollens
movement, temperature, humidity and the quantities of pollens that being produced an
effect on the fertilization process. For example, indica species rice produces more

pollens than japonica rice (Jia, 2002).

19



2.4 Herbicides Resistant Rice

There are no clear genetic limit between the cultivated and weedy rice (Londo &
Schaal, 2007) because the flowering time between the two species occur almost at the
same time. Therefore, it is easily the hybridization occurs with each other. The heavy
usage of traditional herbicides as glyphosate for controlling and elimination of weedy
rice lead to what called glyphosate-resistance weed (Norsworthy et al., 2013) as per in
Table 2.3. Introducing of the genetically modified crops has evolved great

environmental risk concern all over the World (Snow et al., 2003).

Table 2.2: Gene flow occurrence between Clearfield® rice and weedy rice in
commercial fields ®.

Resistant  Average gene

Locations Varieties Released reported flow
Louisiana, US. CLI121, CL141, CL161  2001/2002 2002 0.17%
Arkansas, US. CL161 2002 2003 0.11%-0.76%
Brazil IRGA 422 CL 2003 2004/2005 0.065%
Colombia CF205 2003 2006 <1%
Costa Rica CFX-18/CL161 2004 2007 Not available
Italy Libero 2006 2010 Not available

4Adapted from (Sudianto et al., 2013)

Since the drop of weedy rice dissemination and failure of the traditional
herbicides i.e. butachlor/propanol which has been ineffective in decreasing the weedy
rice infestation, the development of herbicide-resistant rice is very crucial events. In an
experiment on a rice field showed the maximum distance about 3 meters (Olofsdotter et
al., 2000). However, the isolation distance about 10 meters is safe and could stop
transferring the pollens from cultivation rice and weedy rice (Khush, 1993). But, the
ability of rice pollens to cross high distance about 31 m have been reported (Muker &

Sharma, 1991).
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Therefore, as distance increase the probability of gene flow and introgression shift up
between the cultivated rice and weedy rice. Also, a study has been documented the
distances up to 43.2 meters (Song et al., 2003). The distance between weedy rice and
cultivated rice is an important factor to determine the percentage of gene flow. Although
the percentage is very low, which about 0.003%-0.008% but these percentages are

important where rice cultivation is planted in large size areas (Shivrain et al., 2007).

Table 2.3: Examples of weed species resistance to herbicides in Malaysia.

Species Botanical family Herbicides References
Fimbristylis miliacea Cyperaceae 2,4-D (Watanabe et al., 1996)
L. dubia var. major Scrophulariaceae Sulfonylureas (Itoh et al., 1992)
Sagittaria guyanensis Alismataceae Sulfonylureas (Itoh & Wang, 1997)
Sphenoclea zeylandica Sphenocleaceae 2,4-D (Itoh et al., 1992)
2.5 Weedy Rice Management Practices in Malaysia and Its Challenges

There is no simple method to control weedy rice (Delouche & Labrada, 2007). The
close morphological resemblance between weedy rice and the cultivated rice has
“vetoed” the application of herbicides that are able to selectively control other rice
weeds. This makes weedy rice hard to control and manage chemically. An integrated
approach involving the combination of cultural, physical, and chemical interventions is
expected to be effective in managing the weedy rice problem in a sustainably manner
(Baki & Mispan, 2010). In general, the weedy rice management strategies in Asia
incorporates preventive measures, land preparation, rice establishment methods, seeding
rate, weed-competitive cultivars, water management, herbicide application and crop

rotation (Chauhan, 2013b).
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The adoption of direct seeding in rice cultivation was a spark of weedy rice
propagation in most rice fields and farms in Malaysia (Azmi et al., 2000; Baki &
Mispan, 2010). The integrated weedy rice management practice was immediately
adopted, involving direct and indirect control measures as a suitable future tool (Azmi et
al., 2000). The integrated approach (Table 2.4) includes shallow plowing for the land,
rice plants straw burning, , pre-emergence proper herbicide application, diverse tillage,
sowing of certified pre-germinated seeds, flooding, ditches/levees control, cutting

panicle rouging and weed-free crop (Azmi et al., 2000; Azmi & Karim, 2008).

Current weedy rice controls in Malaysia are concentrating on: 1) managing seedbank
by rice straw burning, 2) early weedy rice elimination by proper land management, and
3) manual weeding. The challenge is to add more controls to fill the gaps which can
become the potential for weedy rice escape to the rice agro-ecosystem (Figure 2.3).
Weedy rice cross contamination a mong the farm needs to be reduced by imposing
intensive regulatory measures to the rice growers in Malaysia. The movement of
machineries (e.g. plowers, harvesters, efc.) from one field to other fields need to be
limited or thoroughly cleaned from any weed seeds. This can reduce the spread of
weedy rice seeds especially when the harvester moves from highly infested field. Using
certified seeds by farmers needs to be strictly regulated considering the major entry
point of weedy rice is by contaminated seeds. Re-use of seeds from previous season and
sharing seeds need to be prohibited. The government or any authorities need to find a
way to impose of using only certified seeds by competent bodies to reduce the

possibility of seed contamination.
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Table 2.4: Management practices recommended for weedy rice control “.

Time Activity Remark
After Harvest
1-3 d after harvest Cut stubble The straw and stubble should remove by

3-7 d after harvest

Straw burning

service cutter.

To kill weedy rice seed and to induce new
development from the seedbank.

Pre-planting

33 d before sowing

30 d before sowing

15 d before sowing
10 d before sowing

2 d before sowing

First herbicide application
Dry rototilling/shallow tillage
(1% tillage)

Wet rototilling (2" tillage)
Second herbicide application

Wet rototilling and land
levelling

Glyphosate; Glufosinate

Shallow up to 7.5cm. Eradication of
perennial weeds and to induce weedy rice
seeds development.

To encourage weedy rice emergence.

Glyphosate; Glufosinate; Pretilachlor

Extracted emerged weedy rice. Water level
at 3cm for land levelling.

Sowing day

0d

0-3 d after sowing

7-14 d after sowing

>20 d after sowing

Pre-germinated rice seed
broadcasting

Pre-emergence herbicide
application

Flooding

Weedy rice monitoring and
manual weeding

Sowing immediately after land levelling.

Pretilachlor;
Pretilachlor/Propanil.

Benthiocarb/propanil;

Cutting off panicles of weedy rice to reduce
future seedbank.

Harvest

110-120 d after
sowing

Harvesting

Harvester should be cleaned when it is
leaved highly infested fields to prevent the
propagation of weedy rice seed.

# Adapted and modified from (Azmi & Muhammad, 2003; Azmi & Karim, 2008)
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Figure 2.3: Current controls (white arrow) and potential control gaps (black arrows) for
weedy rice management based on the weedy rice life cycle model from (Pandey et al.,

2000).

Maintaining viability over longer period of time in the seedbank might provide
several adaptive advantages for weedy rice to survive from heat and high humidity and
escape seed deterioration especially in tropical areas (McDonald, 1999; Roberts, 1961).
The persistence of weedy rice to deterioration of aging seed in nature especially by
strong dormancy is a common trait (Noldin et al., 2006). Despite being exposed to
relatively high temperature and moisture that would usually enhance seed germination
and deterioration, the weedy rice problem is still severe (Baek & Chung, 2012)
especially in the tropics. Physiological mechanism of seed deterioration in rice has been
well studied but the knowledge of the inheritance and genetic determinants of seed
longevity mechanism in weedy rice are still lacking (Miura et al., 2002; Sasaki et al.,
2005), or not as advanced as studies on seed dormancy (Gu et al., 2003; Gu, Kianian, &

Foley, 2005).
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Closing the gap of weedy rice resistant is crucial, and a challenge that need to be
addressed. Understanding weedy rice adaptation to escape various management
practices especially to chemical control is important and need a special focus (Mispan,
2015; Sudianto et al., 2013). The current status of weedy rice resistant especially to CPS
need to be clarified and mitigation strategies need to be immediately set up to reduce

greater damage due to the resistance (Hamdani, 2015; Jaafar et al., 2014).

2.6 Clearfield® Rice Production System (CPS)

Introducing of IMI-herbicides has provided an efficient tool to selectively control
WR in the rice fields (Scarabel et al., 2012). IMI-herbicides are a class of herbicides
used for protecting of a wide variety of agricultural crops, but they can harm other types
of crops. Members of the IMI-herbicide family have similar structural properties entered
round the IMI-ring and an attached aromatic system bearing a carboxylic acid moiety.
They belong to group 2 herbicides, which are relatively new broad spectrum herbicides,
and can be used to control weeds and grasses in a variety of agricultural areas
(Krynitsky et al., 1999; Leon et al.,, 2018). IMI-herbicides were developed in the
1970s and were field-tested, mostly in the USA by the American Cyanamid Company.

They were also tested in South America and Japan.

The IMI family includes a group of herbicides comprising of imazapyr, imazapic,
imazethapyr, imazamethabenz, imazamox, and imazaquin (Grey et al., 2012). They
work as selective herbicides that inhibit the acetolactate synthase (ALS) gene, also
known as acetohydroxyacid synthase, or (AHAS) and branched chains of three amino
acids: isoleucine, leucine, and valine (Shivrain et al., 2009). Also, IMI-herbicides are
used as non-selective herbicides in non-crop areas, or in forestry and plantation crops,

such as oil palm and rubber (Ramezani et al., 2009). They were absorbed via weeds’
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organs and then diffused by the phloem and xylem organs of weeds, moving to the
meristematic tissue. IMI herbicides block the biochemical pathway of the substrate to
the catalytic site which is essential in the branched-chain amino acid synthesis process.
Moreover, IMI stops protein and nucleic acid (DNA) synthesis, thereby slowing down
the plant’s cell division rate and impeding the transport of important materials to growth
points. Eventually, it causes a decrease in regular plant growth and kills any susceptible
plants (weeds), including WR (Croughan, 2003; Sudianto et al., 2013). However, WR
plants may exhibit a variety of responses according to the doses used and the time of

application.

IMI class herbicides are characterized by their chemical effects at minimum
concentrations, their significant influence on weed control, generally low mammalian
toxicity, and their increased persistence in soil and water (Alister & Kogan, 2005). In
view of this, IMI-herbicides were selected to control a broad spectrum of weed species
in Malaysia (Sondhia et al., 2015). This includes the IMI-herbicide family including
imazapyr, which is a generic name for [2-(4-isopropyl-4-methyl-5-ox0-2-imidazoline-2-
yl) nicotinic acid], with the trade names Arsenal and Chopper (Helling & Doherty,
1995), and imazapic, the generic name of [2-(4,5dihydro-4-methy-4-(1-methylethyl)-5-
oxo-1Himidazol-2-yl)5-methyl-3-pyridinecarboxylic acid], with the trade names Cadre
and Plateau (Azmi et al., 2012). These herbicides are regarded as the main groups of the
IMI herbicide family because of their low application rates, decreased environmental
hazards, high soil persistence, and selectivity for a wide range of crops such as rice and
wheat (Marcia, 2014). Also, IMI-tolerant rice allows the use of imazethapyr (5-ethyl-2-
(4-isopropyl-4-methyl-5-0x0-4,5-dihydro-1H-imidazol-2-yl) nicotinic acid) with the
trade label Newpath® in fields in the USA and Brazil for the control of WR and other

severe weeds (Fish et al., 2015).
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In the 1990s, global evolution and the presentation of non-transgenic resistant
herbicide-tolerant rice such as IMI-resistant rice (Clearfield® rice) (Meins et al., 2003)
was discovered due to the heavy infestation of WR in paddy fields, which accelerated
yield losses. Clearfield® rice varieties were first introduced by Louisiana State
University in the USA in 2002 by introducing Clearfield® rice 121 and Clearfield® 141
(Sudianto et al., 2013). Likewise, Clearfield® rice cultivars, developed by mutation
breeding without the addition of any foreign gene, were commercialized in 2002
(Croughan et al., 1996). The main reason for developing Clearfield® rice was to control
weedy Oryza species. Diverse IMI herbicide-resistant rice cultivars containing the
mutations Alal22Thr, Gly654Glu, and Ser653Asn in the ALS gene have recently been

commercialized (Roso et al., 2010).

The adoption of Clearfield® rice is increasing annually. For example, in 2004, ~19%
of long grain rice acres of the total cultivation land in Arkansas, 27% in Louisiana, 15%
in Texas, 13% in Missouri, and 23% in Mississippi were cultivated using Clearfield®
rice (Shivrain et al., 2006). This method was also adopted by other countries, such as
Malaysia, due to the need to control the heavy infestation of WR. Azmi et al., (2008)
reported that the CPS technology was launched on the 8" July in 2010 at the Malaysian
Agricultural Research and Development Institute (MARDI), whereby the Malaysian
government released two corps cultivars: MR220CL1 and MR220CL2. Both varieties
were obtained from crosses between CL1770 from Louisiana State University (LSU)
and a Malaysian local rice variety MR220 (Azmi et al., 2008). Sudianto et al., (2013)
revealed using DNA analysis techniques that the genetic similarity between the two
cultivars (MR 220CL1 and MR 220CL2) used in Malaysia reached 98.5%. The CPS

technique package was used to overcome the problems caused by WR (Bakar et al.,
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2016). This is composed of three major components: Clearfield® rice, OnDuty™

(imidazolinone) herbicide, and stewardship guide (Azmi et al., 2012).

The global status of the CPS system has been used in specific countries which used
IMI-herbicides and different types of Clearfield® cultivars, based on specific conditions;
for example, the CPS system supported by the Malaysian government was
commercialized using imazapic and imazapyr herbicides, and MR220-CL1/MR220-
CL2 cultivars. Because of the lack of crop rotation and the practice of a monoculture
system (Azmi et al., 2012), Italy officially marketed the herbicide imazamox and the
cultivar CL161 in 2006, which was cultivated on about 52,000 ha from an area of about
235,000 ha (equivalent to more than one-fifth of the total rice area) (Scarabel et al.,
2012). The USA used cultivars CL152 and CL162, along with imazethapyr herbicide,
which was developed for use in USA paddy fields and other crops due to its efficacy
against WR (red rice) (Solomon et al., 2012). In addition, this technology has been used

in approximately one million ha in the USA and Brazil (Gealy et al., 2003).

The introduction of Clearfield® rice provided the selective control of WR in fields,
which, together with integrated management practices, increased the rice yield in Brazil
by approximately 2500 kg/ha, which was an increase of 50% (Merotto et al., 2006).
Clearfield® rice technology is also used in Arkansas, USA, to mitigate significant red
rice infestation (Burgos et al., 2008). Cassol et al. (2015) reported that Clearfield®
technology was used in Rio Grande do Sul in 2012, resulting in more than 50% of rice
acreage being planted. Also, in Brazil, this IMI herbicide resistant-cultivar was used on
an area equivalent to approximately 1.1 million ha due its effectiveness in controlling
the population of red rice (Singh et al., 2017), a known plant pest in many countries,

which causes increased yield loss and decreased crop quality (Dauer et al., 2017). The

28



CPS system is also used in paddy fields in Colombia, Brazil, Nicaragua, and Costa
Rica. For example, about 22% of the rice cultivated area in Costa Rica was planted
using Clearfield® rice, while types CL121, CL141 and CL161 were applied in Louisiana

(USA) (Sudianto et al., 2013).

Therefore, there are four main reasons for developing Clearfield® rice and IMI
herbicides: 1) to eliminate WR plants in paddy fields; 2) to increase the yield of rice
cultivation systems via optimum WR controls; 3) to reduce the amount of land required
to satisfy the global rice demands; and 4) to decrease the usage of fossil fuel in
agricultural production (Mannion, 1995). Clearly, using herbicide-resistant rice varieties
has been proven to be one of the most effective methods by which to eliminate WR
from fields (Song et al., 2017). The CPS system provides an efficient tool to selectively
control WR in the post-emergence stage (Novakova, 1994). Before Clearfield® rice was
developed, there were no marketed herbicides that would selectively control this weed

without injuring the rice crop.

CPS technology is more readily attainable than transgenic herbicide-tolerant crops.
For instance, there was a quick expansion of CPS to develop IMI-tolerant diverse crops.
It was also noted that farmers have been using CPS systems since 2001. However,
glyphosate-tolerant rice and wheat have still not been commercialized, even though they
have also been developed (Gealy et al., 2003). Azmi et al. (2012) reported a wide scale
evaluation of the CPS system for cultivation areas (47.62 ha) in the off-season year
2010 in Malaysia and it was found that yield production increased from 4.93 ton ha™ to
5.69 ton ha', where the returns ranging from 5 to 8 times more, translating to a

difference of USD1000 to USD1600.
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The introduction of Clearfield® rice in 2002 in the US made the selective control of
red rice possible via the use of IMI herbicides. Reports showed that imazethapyr
herbicide could reduce the population of WR (red rice) plants in US fields by more than
90% (Singh, et al., 2017). Also, Pellerin et al., (2003) reported that imazethapyr reduced
the population of WR by 98% in US rice fields. CPS technology is used in Arkansas to
eliminate red rice. It was reported that the level of control reached 90% when CPS was
used (Burgos et al., 2008). The effectiveness of IMI herbicides in eliminating weeds
was studied in the USA, by a study reporting that imazapic is effective in eliminating
certain weeds, such as peanut (4rachis hypogaea L.) (Ducar et al., 2004). Also, a study
of imazapic showed that it is capable of eliminating many types of weeds, such as
jointed goat grass and downy brome. Rainbolt et al. (2004) reported that the herbicide
imazamox can eliminate the presence of red rice by up to 99%. In the USA, where the
efficacy of the CPS system on diverse types of weeds that infest crops has been proven;
for example, many weeds that infest rice, including barnyard grass (Echinochloa crus-
galli), and severe types of weeds in wheat, such as cheat (Bromus secalinus L.) can be
controlled. Beside to the aforementioned weeds, the list also involves Italian ryegrass
(Lolium multiflorum Lam), shatter cane (Sorghum bicolor), and Johnson grass

(Sorghum alepense) ((Tan et al., 2005).

IMI herbicides are prevalent in CPS technology on their own, as imazethapyr in
Arkansas (USA) and imazamox in Italy, or as mixtures, for example, imazapyr and
imazapic were used in Clearfield® rice cultivars in Malaysia. Furthermore, imazapyr
and imazapic were used on IMI-resistant wheat in Australia (Tan et al., 2005). The
synergistic nature of the IMI herbicide family (Table 2.5) was developed via various
experiments to increase the efficiency of IMI herbicides in controlling WR and reducing

the risk of injuries (Blouin et al., 2010).
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Table 2.5: Synergism method efficiency by IMI herbicides application effect on the

targeted weeds.

Imidazolinone Types of application and

e Targeted weeds References
effect modification g
Imazethapyr + prqpaml + Barnyard grass (Kumar et al., 2008)
pendimethalin Barnyard grass Kli M
Imazethapyr + nicosulfuron (Klingman et al; Masson
. . & Webster, 2001)
/imazaquin + imazapyr
*High control

Imazapic + imazapyr
Imazapic + atrazine

Red rice; weeds in
barley and ryegrass;
smooth brome;
Kentucky bluegrass
Texas atrazine

(Webster et al., 1999);
(Alister & Kogan, 2005).
(Bahm, Barnes, &
Jensen, 2011)
(Ducar et al., 2004)

Imazethapyr + quinclorac

Broad leaf, signal

(Jason, 2011; Klingman
et al., 1992; Pellerin et

Imazethapyr + grass al., 2004; Webster,
bentazone+taciflurfen Barnyard grass 2001)
®Medium control
Imazethapyr + pendimethalin +
metolachlor Barnyard grass (Arnold et al.,1993)
Imazapic + clethodim Crabgrass (Burke et al., 2004)
Bristly starbur,

Imazethapyr + paraquat.

Imazethapyr + paraquat.

“Minimal control Tepggifeiyr * propanil

Propanil +Imazethapyr
Propanil+Imazethapyr
+Molinate
Imazethapyr +Halosulfuron,
Imazethapyr+Carfentrazone.

Prickly sida, Small
flower, Nutsedge

Sicklepod weeds

Irwin and Barneby
and Flordia beggar
weed

Indian jointvetch
Sesbaniaexaltata
and Aeschynomena
indica

(Richburg, Wilcut, &
Vencill, 1996)

(Wilcut et al., 1994)

(Richburg et al., 1995).

(Masson & Webster,
2001)
(Wei et al., 2001)

a) High control: IMI has high efficiency control in this mixing procedure;

b) Medium control: IMI has medium efficiency control in this mixing procedure;

¢) Minimal control: IMI has low efficiency control in this mixing procedure.

26.1 Environmental Concerns of CPS

CPS technology could be harmful to humans, domestic animals, and other crops if
not used properly, as per the recommendations of the manufacturer (Ibrahim et al.,
2017). There are several environmental concerns regarding the misuse of this

technology.
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2.6.1.1 Weedy Rice Resistant Potential towards Imidazolinone Herbicide

The development of new herbicide-resistant weeds and mitigating gene flow from
crops to weeds are important; however, the introduction of a new herbicide-resistant
crop to the field must be comprehensively studied. Genetically, WR plants are closely
related to commercial rice and are very similar to paddy plants especially on
physiological and morphological similarities (Baki & Mispan, 2010). The repeated use
of the same herbicide and modes of action in the same field, especially in mono-
cropping systems, could impose what is known as selection pressure on WR. This could
occur due to the possibility of gene flow from Clearfield® rice to WR. Subsequently,
this newly formed WR gains the IMI-herbicide-tolerance characteristics from the

cultivated rice.

In addition, a spontaneous mutation could also occur because of the significant usage
of IMI-herbicides (Sudianto et al., 2013) as tabulated in Figure 2.4. The gene flow from
cultivated rice crops is fast becoming a major problem. Escaped WR plants could be
exchanged and hybridized with the alleles of cultivated rice during the flowering
process (Dauer et al., 2017). This forms herbicide resistant WR, which increases the
cost of rice production and decreased cultivation field and yield. Herbicide-resistant
weeds are not something new and have been around for quite some time. Previously,
when traditional herbicides were resorted to, the usage of glyphosate leads to the
glyphosate-resistance of weed (Norsworthy et al., 2013) Highly resistant weeds could

cause high yield losses and create a complicated weed dynamic in the fields.

The use of new CPS technology creates a strong bias towards the introgression of
resistance alleles of one plant population into the gene pool of another (Li et al., 2017;

Singh et al., 2017). The most significant effect of IMI herbicides is prompting
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modifications to certain crop structures and developments. Notably, these modifications
are not immediate, and could have carryover effects, which are usually overlooked by
farmers (Qi et al., 2017). WR resistant mechanism could be induced by increasing the
selection of previously existing alleles in specific genes, known as spontaneous
mutation, and the complicated outcrossing of WR plants with Clearfield® rice (Busconi
et al., 2012). Wang et al. (2006) revealed that introgression is possible due to both WR

plants and Clearfield® rice being related to diploids (2n = 24) in the ‘AA’ genome.

Similarly, the herbicide resistance character in Clearfield® rice is governed by a
single dominant gene (Kaloumenos et al., 2013). It should also be pointed out that the
result of the outcrossing gene is rather diverse, variable, and mostly less than 1%.
However, within sequential generations between WR plants, these introgression alleles
could lead to the increased development of a more aggressive WR population (Burgos
et al., 2014). The presence of genetic variation in the WR population leads to genes
moving from cultivated rice to the WR population, leading to the development of
increased resistance. The interaction exchange increases as the distance decreases, and
the increasing CO> could enhance the competition from wild WR in rice production;
therefore, consumable rice production reduces, and the gene flow in the fields becomes
easier (Ziska et al., 2012). The distance for fertilization and movement of pollen in the
air is crucial regarding hybridization (Ziska et al., 2012). Jia (2002) showed other
factors that influence fertilization, including wind speed and direction affecting pollen
movement, the quantities of pollens being produced, environmental conditions such as
temperature and humidity, and the rice cultivar variety. For example, Indica rice
produces more pollen than Japonica rice. Muker &Sharma(1991) reported the ability of
rice pollen to cross approximately 31 meters (m). However, Khush (1993) pointed out

that an isolation with a suitable distance of ~10 m is safe, and could prevent the transfer
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of pollens from the cultivation rice and WR. The sexual compatibility between
cultivated rice and WR plants was found to be perfect for gene ingression, (Engku et al.,

2016).

Therefore, the presence of herbicide-resistant weeds in agro-ecosystems increases the
interest in the environmental risk of herbicides (Table 2.6) in the future (Qi et al., 2017).
In most countries, scientists and farmers are concerned about the resistance trait being
passed on from Clearfield® rice to WR (Shivrain et al., 2009). Weigiang et al., (2006)
reported that 0.17% of outcrossing was detected between Clearfield® rice cultivars
(cultivar121, cultivar 141, cultivarl61, and cultivar 8) and WR, which was proven by

phenotypic and DNA marker analyses.

However, there are many solutions to overcoming gene flow between rice and WR
plants. Some of these solutions were accepted, such as the suggestion to choose special
conventional rice cultivars, called cleistomgamous, due to the pollination process taking
place prior to flowering, rendering the rice plants able to self-pollinate. Other mitigation
techniques used genes conferring traits such as non-shattering, dwarfism, and the lack of

secondary dormancy as mitigation (Gressel & Valverde, 2009).

Cassol et al.(2015) reported that more than 56% of red rice plants in Brazil were
resistant to imazethapyr and imazapic. Merotto et al. (2006) reported that this resistant
incidence emerged because of the IMI-herbicide resistance in WR and the escalation of
production costs. Many rice growers and farmers in Brazil had to leave the business,
selling off or renting their lands out, which led to the escalation of the average farm
size. In these WR populations, the mechanism of resistance was modified target site

with approximately 80% of these WR plants had the same mutation as the IMI-tolerant
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cultivar, which was the most widely used in the fields (Roso et al., 2010). The resistance

mechanism could be due to activated metabolic reactions of mixed-function oxidases

which remove toxics of this type of herbicides. For example, sulfonylurea resistance in

lettuce is due to the modified site of action, acetolactate synthase (Carol et al., 1990). In

certain regions, Clearfield® rice seeds were removed from the fields, which resulted in

it being replaced with other cultivars such as CFX- 18/ CL 16 in Costa Rica in 2004

(Sudianto et al., 2013).

Table 2.6: Examples of weed species resistant to herbicides globally.

Species Family Herbicide Country References
Fimbristylis Cyperaceae 2,4-D Malaysia (Watanabe et al.,
miliacea 1996)
Sagittaria Alismataceaec  Bensulfuron Australia (Graham et al.,
montevidensis 1994)
Echinochloa Poaceae Propanil USA (Smith et al., 1992)
crus-galli

Monochoria Pontederiace  Sulfonylureas Japan (Kohara, 1996)
korsakowii ae

Limnocharis Butomaceae 2,4-D Indonesia (Heap, 2014)
flava

Scirpus Cyperaceae  Cinosulfuron Italy (Sattin et al., 1999)
mucronatus
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Figure 2.4: Development of IMI resistance in weedy rice population in the fields.
Adapted from: (Sudianto et al.,2013). a) Grey Arrow represent gene flow due
computability between rice and weedy rice; b) White Arrow represents inter-mutation
within weedy rice genes; and ¢) Black Arrows represent weedy rice resistant pathway
mechanism.

Introducing of Clearfield rice cultivars represents a promising alternative to control
weedy rice plants and decrease rice crop losses in the fields. However, Clearfield rice
cultivars could be a short-term solution, due to the selection of herbicide resistant WR.
According to (Burgos et al., 2008), more than 55% of rice farmers showed that the

beginning of development of resistant weedy rice in the field.

2.6.1.2 Imidazolinone Herbicide Residues in Soil and Water
The World Health Organization (WHO) has defined residues as “any substance or
mixture of substances in food for man or animals resulting from the use of a pesticide

and includes any specified derivatives, such as degradation and conversion products,
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metabolites, reaction products, and impurities that are considered to be of toxicological
significance”. Herbicides play an important and much needed role in food production
worldwide, which improves the production of high crop yields at a low cost. It is
evaluated that without the use of pesticides, approximately half of the world’s
agricultural production could be lost (Ramezani et al., 2009). The environmental fate of
herbicides after their application is a major concern for producers responsible for
maintaining good-quality water. Concern should also be given to the interaction and
destination of these dangerous chemical particles, which may be adsorbed in different
forms, such as minerals and organic compounds, and to their reaction with other
compounds, forming complexes. Refatti et al., (2017) reported that the extensive use of
herbicides close to water sources is considered a risk of contamination to the

environment.

There is no doubt that the fate of herbicides in the crop fields causes pollution both
on the surface and in groundwater, as it is also harmful to human health by affecting the
food chain; studies revealed that less than 1% of herbicide components can reach the
target in plants, and the rest of the herbicide penetrates and moves through soil pores in

surface and groundwater (Gavrilescu, 2005).

The continuous use of herbicides for a long period of time in agriculture systems has
generated diverse consequences to the environment. Currently, the intensive use of
herbicides in crop cultivation is due to the issue of weed infestation, thus accelerating
the problem of pollution. Changing the method or technique in cultivation may solve the
problem but may lead to another setback. As an illustration, the formulation of a new
method for rice crop planting, such as the direct seeded rice method, can save labour

efforts and costs, but may lead to higher levels of herbicide applications for weed
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control management (Ismail et al., 2011). The IMI herbicides family represent a new
type of herbicide that can be widely used in agriculture due to its low use rate
application, reduced environmental concern herbicides, and low toxicity (Ramezani et
al., 2009). However, IMI-herbicides use may limit the succession of non-tolerant crops
for long residual activity in the soil and which can cause an agronomic problem and the

environmental complicated problem (Ulbrich et al., 2005).

The movement and persistence of IMI-herbicides in cultivation regions is very
important to modify the agronomic quality of IMI-herbicides in the future and to lessen
concerns about environmental pollution. Leaching (the vertical movement of herbicide
components along the soil matrix) and degradation are both key factors determining the
mobility of herbicides downstream. The persistence and leaching of the IMI herbicides
in the soil are due to many factors such as photo-degradation, chemical degradation,
microbial activity, and the hydrolysis process (Refatti et al., 2017). The two
mechanisms (microbial and chemical) are correlated with water availability and high
temperature (Siizer & Biiylik, 2010). The photo degradation process has been
considered one of the main processes, especially in tropical and subtropical areas, due to
the hot temperatures and high solar radiation all day long (Ramezani et al., 2009). The
nature of the chemical compounds for IMI-herbicides and the environmental conditions
play a critical role in the fate of the herbicide in the environment. As an example, the
availability of both acid and basic IMI-herbicides led these types of herbicides to

present in triple states: cationic, anionic, and neutral (Marcia, 2014).

Quivet et al. (2006) reported that complex interactions in the soil matrix between
IMI-herbicidessuch as imazapyr and metal ions such as Na*, Ca®" and Cu** decreased

the photolysis and degradation ofimazapyr, and therefore increased the persistence time
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in the soil. These previous states are controlled by the pH of the matrix, as soil and
water, as IMI-herbicides are anionic at higher pH values. Higher pH values lead to the
increased dissipation and degradation of some IMI-herbicides in the matrix, such as
imazethapyr and imazaquin (Marcia, 2014). In the field, IMI-herbicide (imazapyr) half-
lives were estimated to be more than 325 days for dissipation in the upper layer of the
soil compared to the lower layer (Azzouzi et al., 1998). Therefore, these previous triple
states allow researchers to extract IMI-herbicides from the soil and water and separate
them from other interfering compounds in the matrix with high efficiency. The spread
and movement of small particles of herbicides due to heavy rainfall in tropical and
semitropical areas increases the chance of water pollution. The general effect of
contamination with most herbicides on the aquatic eco-system has been studied and

reported (Ismail et al., 2011).

Studies have revealed that the lifetime (the time needed to degrade about 50% of the
substance) in the soil for IMI varies. For example, imazapic remained in the soil for 90
days (Grymes et al., 1995; Ulbrich et al., 2005), imazethapyr for about60 to 360 days,
and imazapyr was about 141 days (Alister & Kogan, 2005). The persistence of
imazethapyr residues in the soil remains for between four and 20 weeks in clay and
sandy soil, respectively (Hollaway et al., 2006). Herbicides sometimes persist for a
period of time in the soil to kill weeds in the crop. This is called the critical period of
weed competition. However, it should not persist for a long time because it causes
injury to crops and subsequent rotational crops (Santos et al., 2014). The depletion of
IMI-herbicides in the field is quicker than any external study, because the water content
(soil moisture), photo degradation, biodegradation, and temperature fluctuation in the

field affected the draining process and the persistence of chemical substances.
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Experiments and reports on availability of IMI-herbicides in the sandy soils revealed
that approximately 50% of herbicides were broken and drained in two days of extensive
Ultraviolet light (UV) (Aichele & Penner, 2005). Consequently, it was observed that
continuous monitoring is a suitable technique for determining residues in both water and
soil as the appreciation for the main factors related to IMI-herbicides in the soil are very
important to comprehend the behaviour of herbicides and ascertain the suitable dosage

to avoid unwanted consequences affecting the ecosystem (Table 2.7).

Table 2.7: Different studies about Imidazolinone residues in environment.

Imidazolinone Origin Residues Country References
Imazapic and Surface water  0.007 - 0.085 Brazil (Silva et al., 2009)
Imazethapyr mg/L
Imazapyr Surface water 1 USA (Shaifuddin et al.,

ng/L 2014)
Imazethapyr Soil and 0.001- 0.0015 India (Sondhia et al., 2015)
grains ng/g
Imazethapyr Soybean oil 0.003 India (Mastan et al., 2016)
pg/mL
Imazethapyr Food 0.01-0.02 Japan (Akiyama et al., 2009)
ne/s
Imidazolinone Water and 0.1- 0.05 Italy (Lagana et al., 1998)
soil ng/g

Table 2.8 tabulated the studies exploring the different depths IMI herbicides could
leach into, where it is revealed that the translocation and leaching of IMI herbicide
components between soil particles and the continuation of the IMI- herbicides at diverse
depths in the soil may increase their persistence, possibly due to the lower temperature
in greater depth, less solar radiation, and the decrease of the activity of microorganisms
in the soil (Refatti et al., 2017). Battaglin et al. (2000) showed that approximately, 2.5%
of an applied pesticide was wasted in runoff during rainfall through one to two days

since the herbicide applied. Therefore, low soil pH, clay soil, highly organic matter, and
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low rainfall are the climatic conditions and soil types that raise the persistence of IMI-
herbicides. Extensive future research should be conducted in this domain to determine
these factors and to understand the maximum depth of how IMI herbicides can penetrate

and its correlated environmental risks.

Table 2.8 : Imidazolinone herbicides movement and leaching depth in various studies.

Imidazolinone Leaching soil depth References
Imazethapyr Below 25 cm (Sondhia et al., 2015)
Imazapic, Imazapyr and Upto 25 cm (Refatti et al., 2017)
Imazethapyr

Imazapic and Imazapyr Upto25cm (Neto et al., 2017)
Imazapyr Upto 10 cm (Borjesson et al., 2004)
Imazethapyr Upto 70 cm (Sondhia, 2013)

There are several methods that were proposed to determine the extraction of IMI
from the soil. To understand this, the water solubility of IMI is generally relatively high
(Sondhia et al., 2015), but the pKa is relatively low. This solubility of IMI-herbicides in
water helps to determine the leaching potential at different depths, where the pKa values
of the IMI-herbicides are 1.3-3.9 (Martins et al., 2014). However, its persistence in the
soil is linked to the pH value of the soil (Marcia, 2014). Furthermore, the presence of
these herbicides in the form of ions influences the extraction approach in both soil and
water (Ramezani et al., 2009). Santos et al., (2014) pointed out that IMI-herbicides
(imazethapyr, imazapic, and imazapyr) are used in USA fields and when applied as
post-emergence herbicide, they were reported to cause high residual activities in the soil
with different effects, depending on internal characters such as pKa values and lifetime

of the soil.
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IMI-herbicides present a high risk of contamination for soil and water sources
because of their high solubility. Moreover, due to the special physicochemical traits of
IMI-herbicides, they exhibit long residual activity (retained in the soil matrix), which is
highlighted as the most important feature; also, IMI-herbicides could lead to phytotoxic
damage of rotational crops in succession to rice plants in the future. Curran (2001)
reported that volatilization is compatible with temperature and the presence of water in
the soil, as it increases with these two factors. However, IMI-herbicides are relatively
non-volatile under field conditions, which increases the adsorption and persistence for a
longer time in the soil. IMI-herbicides have relative half-lives of 1-5 months. This
persistence could affect the next round of crops, which could reduce their quality of

production.

Due to numerous complaints about the carryover effects, the recommended usage of
IMI herbicide is not more than two consecutive years, leaving the soil undisturbed for at
least a year (Santos et al., 2014). It should also be pointed out that IMI-herbicides do not
leach easily because their translocation and movement is influenced by diverse factors,
as previously mentioned. Similarly, Neto et al. (2017) also reported the transformation
and leaching of IMI-herbicides to be influenced by multiple factors, such as chemical
compounds and the amount of rainfall in the area. Organic matter and pH concentration
are both negatively correlated with the adsorption of IMI. Studies revealed that clay soil
samples, which have high concentrations of organic matter, have a tendency to hold
high moisture quantities. Therefore, the microorganisms present, such as microbial flora
and fauna, flourish, becoming more active in the degradation of IMI-herbicides,
especially when temperature is high, as found in tropical and sub-tropical regions (Siizer
& Biiyiik, 2010). Sondhia (2013) reported that IMI-herbicides could leach to greater

depths in tropical countries with higher rainfall.
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Countries such as Norway and France are prohibiting the use of IMI-herbicides due
to their high persistence in soil (Shaifuddin et al., 2014). In Sweden, it was reported that
IMI-herbicides residues were found 8 years after their application, and that IMI-
herbicides display high activity against diverse annual weeds when applied either pre-
or post-emergence. Sweden resorted to using IMI-herbicides for the long-term removal
of a wide spectrum of broad-leaved weeds along railway lines in the country, with
different concentrations used because the plants demonstrate a relatively wide range of
sensitivity. As the accumulation takes a long time, this allows the herbicide to leach
through soil pores and subsequently transport into both of natural surface and

groundwater alongside railway tracks (Borjesson et al., 2004a).

Battaglin et al. (2000) revealed that there were 16 herbicide components related to
IMI-herbicides that were found in water samples collected from both surface and
groundwater in USA areas. On the other hand, rice fields in Brazil are considered a
focus of water pollution, with the extensive use of IMI-herbicides detected in surface
waters, rivers, lakes and groundwater. Herbicides such as Clomazone, for example, are
the most frequently found herbicides in rice fields in studies in Arkansas and Australia

(Silva et al., 2009).

Recently, Refatti et al. (2017) reported that the IMI-herbicides used in the Clearfeld®
rice system could leach up to 25 cm or more. Similarly, IMI-herbicides were found to
exceed the method reporting limit (MRL) of 0.01 pg/l in 83% of total water samples in
US (Battaglin et al.,, 2000). Also, IMI-herbicides have been found to leach into
groundwater in Canada streams and the pollution of groundwater with noticeable
concentrations of herbicides would be unlikely (Cessna et al., 2012). However, IMI-

herbicides persist for longer in the surface soil due to the adsorption mechanism
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potentially affecting the quality and yield of the next round of crops, and negatively
affecting the environment. Studies and experiments revealed that low levels of imazapic
herbicide are efficient to decrease the fresh weight of rice crops, sorghum, and maize
(Shaw & Wixson, 1991). Also, a study has been done on IMI-herbicides to evaluate the
effect and carryover in the soil and factors causing injuries to the next planting in the
fields; the results show that IMI-herbicide residues in the soil have some negative
effects, because IMI can persist in the soil for a long time, reaching several months

(Alister & Kogan, 2005).

IMI herbicides remain in the soil for quite some time, depending on the application
rate (D'Ascenzo et al.,998). Therefore, a safe re-planting period is suggested between
IMI-herbicide application and the planting of non-tolerant crops. Marchesan et al.
(2010) showed that plants demonstrate a wide range of sensitivity to IMI-herbicides and
plant injury was still present about 70 days after application (imazethapyr), but without
a decrease in grain yield. IMI-herbicide residues in the cultivation soil have affected and
damaged the following crops in Canada about one year after the application of IMI-
herbicides (Sullivan, 1998). Stizer & Biiyiik (2010) showed that IMI-herbicide residues
also affect the second rotation crop, and seed yield decreased significantly, by 35.7%.
The pH-value for IMI-herbicides and the type of soil play significant roles in the

carryover process for the next generation of plants.

Loux & Reese (1993) reported that the carryover of IMI-herbicides (imazaquin) in
Hoytville clay soil led to corn plant injury in the second year. Yield reduction was
increased as pH decreased in the soil because the persistence of imazaquin increases as
soil pH decreases to 4.5. IMI-herbicide residues in the soil can damage the next

rotational crop, such as sugar beet, canola, cauliflower [Brassica oleracea (Botrytis
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group)], broccoli [Brassica oleracea (Botrytis group)], lettuce (Lactuca sativa L.), and
potato (Hollaway et al., 2006). These inequalities in size and shape of potato revealed
that IMI- herbicides significantly decreased potato yields and reduced marketable

yields.

Due to the small application rates, the properties of these herbicides and the presence
of other interfering chemicals from soil samples render the analysis of IMI at low
detection limits complex. Therefore, current methods for analyzing these herbicides in
soils are regarded as slow, expensive, and complex, requiring numerous steps (Martins

et al., 2014).

Most extraction methods rely on the pH concentration and the nature of the extracted
chemical compounds; some of the common techniques used in this context are HPLC-
UV and LC/MS/MS. Recently, the solid phase extraction (SPE) was widely used to
clean up the final process; this is a very simple and inexpensive tool, but its silica

compound is susceptible to acids.

The Environmental Protection Agency (EPA) of the US provides legal guidelines
related IMI herbicides residues which range from 0.01 to 100u/mL (Ledn et al., 2018).
Furthermore, although IMI-herbicides are not considered carcinogenic to humans, they
can cause eye and skin irritation from misuse. According to EPA classification,
imidazolinone is a “Group E” compound, with no evidence of mutagenic potential
related to humans. This is based on the experiments that have been carried out on
animals (American Cyanamid 2000). Nevertheless, Koutros et al. (2015) recently
reported that there is an increased risk and an association of bladder cancer with the use

of two IMI-herbicides (imazethapyr and imazaquin) in the field.
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CHAPTER 3: METHODOLOGY

3.1 Evaluation of Weedy Rice Resistant Status to OnDuty® Herbicide
3.1.1  Weedy Rice Collection

Seeds from a total of 17 WR (Oryza sativa L.) populations were hand-harvested at
maturity in October 2016 (off-season) from Sawah Sempadan rice district of ITADA
Barat Laut Selangor (N 3°25°35.0724”, E 101°10°36.1704”). This area was observed to
have a serious WR infestation despite many of the farmers applied CPS system to their
farm (Mazlan et al., 2016). Seeds were hand-threshed, and the seed phenotype as awn,
pericarp, and hull colour was recorded and placed into an individual paper bag. Seeds
were air-dried at room temperature for 3 days (d) before placed in a -4 °C refrigerator

for further experiments (to test for resistance to OnDuty™ herbicide).

3.1.2  Seed Bioassay with Different IMI-Herbicide Concentration Application
The resistant of WR seeds to IMI-herbicide was tested by standard germination
method (Dilipkumar et al., 2018) using a half, single, and two-doses herbicide
application. A sample of ~30 seeds from each WR population was distributed in
standard petri dishes a (9-cm petri dish diameter) moistened with a Whitman no. 1 filter
paper in an incubator set at 40 °C overnight to break the dormancy. This will eliminate
the possibility of false negative germination data. Seeds on each petri dish with three
replications were wetted with ~5 ml concentrated (2.2 g/L) for two doses, commercially
concentrated (1.1 g/L) OnDuty™ herbicide for single-dose application and half
concentrated (0.56 g/L) herbicide for a half-dose application. distilled water as applied
to the seeds of control treatment. Samples were placed in an incubator set at 30 “C and
100% relative humidity in the light. Germinated seeds were determined by the

emergence of radical or coleoptiles. The germination rate and a number of the viable
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seedlings (green seedlings) were counted at 1, 3, 5, 7, 10 and 14d after imbibition as

tabulated in Appendix A: section (a).

3.1.3  Effects of IMI-Herbicide Application on Plant Growth

Induced non-dormant weedy rice population was germinated in an incubator to
synchronize germination. The healthy seedlings were transferred into the rice water
solution (Yoshida et al., 1976) in the greenhouse for two weeks to ensure seedling
growth. Seedlings were transplanted in pots, with 30 plants per pot (40cm x 40cm x 25
cm) filled with a mixture of local clay and greenhouse medium with three replications.
Complete Randomized Design (CRD) was used for this experiment. The seedlings were
carefully thinned to ~25 per pot during 2-leaf stage. The IMI-herbicide at 220 g/ha
concentration was applied to the plants at 3-leaf stage using hand-held spray. The plant
response (injury and death) to the treatment was recorded as in Table 3.1 for every three

days after the herbicide application.

Table 3.1: Herbicidal injury scales and its description.

Scale Characteristics of Plants
0  Healthy plant with no herbicide injury symptom.
1 Yellowish at some part of leaf tip
2 Small percentage of leaf tip turned yellow
3 Large percentage of leaf tip turned yellow
4 Number of green leaves is higher than the yellow.
5 The number of yellow and green leaves are almost equal
6  Number of yellow leaves is higher than the green.
7  High percent of leaves are yellow
8 Some leaves yellow to green and some still green
9  Large percent of plant leaves die but very little green
10  Complete plant death

*Adapted from: (Burgos et al., 2014).
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The second IMI-herbicide spray was applied to the plants at 21 days after first
application with an increase dosage to 440 g/ha and the plant response was recorded for
subsequent 3 days. No application of herbicide for control treatment. All materials were
grown with natural temperature, humidity, and day length in the greenhouse during the
experiment. Plants were watered approximately, every two days and keep it about 1-
inch depth and standard fertilizer (N15:P15: K15) was applied two times at 20 and 40
days at rate after transplanting. Morphological characteristics Table 3.2 were measured

and recorded when plants were at 90 days.
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Table 3.2: Morphological traits selected to characterize weedy and cultivated rice

populations.

Traits Code Descriptions

Germination rate GD  Rate of germinated seeds after the protrusion of the
radicle from the caryopsis

Plant height (cm) PH  Height from the base (soil surface) to the tip of the highest
leaf.

Number of tillers NT  Number of tillers per plant counted 90 days after seedling

Seed shattering SS Ratio of shattered seeds weight against the total seeds
weight per panicle.

Panicle length PL  Measured from the panicle base to the tip

(cm)

Seeds length SL Average length of 15 well-developed seeds measured at

(mm) maturity stage

Flag leaves FLE  Scored as erect (1), semi-erect (2), and open panicle (3)

erectness

Flag leaf width FL Measured at the widest portion of the blade (cm)

(cm)

Leaf length (cm) LL  Measured from beginning of leaf to the end.

Seed width (mm) SW  Average width of 15 well-developed seeds measured at
maturity stage

Heading date HD  Days to the first panicle emergence.

Pericarp colour PC The colour of the pericarp

Hull colour HC  The colour of the seed coat

1000grain weight ~ GW  Weight of 1000 mature grains.

Awn length AL  Average length of awn of 20 seeds

Panicle type PT Scored as erect (1), semi-erect (2), and open panicle (3)

*Source: modified from (Mispan et al., 2013)

3.2 Development of a Method to Determine IMI- Herbicide from Soil

3.2.1

Chemicals, Reagents and Apparatus

Standards of imazapyr (99.5% purity) and imazapic (99.9% purity) were purchased

from Sigma-Aldrich (USA), while formic acid (85%), methanol 99.9% (HPLC grade)
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and acetonitrile 99.9% (HPLC grade), acetic acid-ACS reagent (Fisher), formic acid-
98% (EM Science), Sodium phosphate (Fisher), hydrochloric acid 6N (Fisher),
phosphorous acid dichloromethane (DCM) 99.9% (HPLC grade), and Rotary evaporator
were purchased from Sigma Aldrich (Germany). Ultrapure water was obtained from a
Milli-Q Direct UV3® system (Millipore, USA), and was further purified by passing it
through a 0.2 um Whatman filter paper. The HPLC 1100 series fitted with a UV
detector was used. The HPLC column used in this work was a Zorbax RX-C18 (4.6 x
250 mm, 5 um). Its temperature was maintained at 30 °C. Centrifuge-Dupont Sorvall
Model RC-5C, centrifuge bottles with cap 45 ml polypropylene (Kontes Scientific),
vortex mixer (Labmart 3000), Thermo-ultra-sonic, analytical balances (AUW-220D and
UX-420H from Shimadzu, Japan), 0.22 um nylon filters, glass vials with capacity of 2
mL (Agilent, USA), and screw-capped polypropylene tubes (45 ml, Germany), DSC-
186 ml tubes 500 mg (6 cm x 3 cm) SPE cartridges (supelco), anhydrous sodium

sulfate, and a vacuum pump were all used in this work as well.

3.2.2  Stock Solution and Working Standards Preparation

Standards stock solutions of the herbicides imazapyr and imazapic were individually
prepared in methanol at concentrations of (100 pg/ml), respectively, from (1000 pg/ml).
Different fresh diluted solutions were prepared as 0.1, 0.5, 1, 5, 10, and 20 pg/ml, and
diluted in methanol. All stock and working solutions were stored at -18 °C in the dark
(Marcia, 2014). Then, each of these solutions was injected (17 pL) into the HPLC
system, at 251 nm, and peak areas were recorded and plotted versus the concentration of

the herbicides.

Therefore, for 100 pg/mL mean 0.1 mg/mL, we need to prepare 5 mL from the two

standards Imazapic and Imazapyr = 0.5 mg/5 mL.
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MI x V1 =M2 x V2

100 pg /mL x 5 mL = 1000 pg /mL x V2

The solutions were prepared at 0.1, 0.5, 1, 5, 10, and 20 pg /ML and diluted in

acetonitrile.

3.2.3 Locations of Soil Samples

Sawah Sempadan-Tanjung Karang district is located on (N 3°25°35.0724”, E
101°10°36.1704”) in Kuala Selangor, Malaysia as shown in Figure 3.1. The soil
samples were collected on November 2016/2017 from these fields, because the farmers
there have been using IMI herbicides since its introduction in Malaysia in 2010 (Azmi
et al., 2012). This area is the most prosperous agricultural district in Malaysia, and has
many hectares of paddy rice (Mazlan et al., 2016).To determine the final IMI residue,
the soil samples were collected after harvest time, which was ~90 days after IMI was

sprayed on Clearfield rice crop.

3.2.4  Soil Collection and Preparation

The sample preparation process which involves extracting the analyte is very
important and crucial. To determine the herbicidal residues from the soil samples, the
samples were taken systemically from a randomly chosen area from three Clearfield®
rice fields that were exposed to the herbicides. The basic approach is to analyse the
depth intervals of the soil’s samples for each field. Each sample was within 0 — 20 cm
and 20 — 40 cm, about 30-m distance between each two samples was taken with the
helical shape method as shown in Figure 3.2. A 20 soil samples were taken, and ~500-
gram soil samples were collected using special auger for collection of the soil samples
for increased control and were stored in sterile zip lock polyethylene bags and coded

with special code waterproof stickers.
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Three random samples were selected (two from each field), then one sample was
selected randomly for examination, while the rest were stored in a refrigerator at a
suitable temperature for subsequent analyses. The samples were air-dried in the special
room at 35 °C for up to 5 days, grounded with a mortar and electronic machine, sieved
through stainless steel sieve (2.0 mm) and stored at 4 °C. A 100 g of homogenized soil
samples was stored in polyethylene bag at a temperature of ~15 °C until it was
analysed for herbicidal residues. The soil physio-chemical characteristics were
analysed for three random samples, and the basic properties of these soils was analysed
in the lab in university Malaya. Standard methods used for determining Physical and
chemical properties. Soil texture (Sand%, Silt%, and Clay%) by soil texture triangle
(appendix b), pH was measured by 2 g soils sample mixed 20 ml distilled water or 50
ml soil with 50 ml water and shake around 20 mints, then calibrate the pH meter with
buffer solution, then measure the samples with pH meter. Organic matters were
measured by using a demonstration/measurement method for understanding light
fraction organic matter in soils (George, 2013). 100 g soil was put in 2 mm sieve and
water added with slightly moving because not to break down the large organic matter.
Then the mixture transferred to 250-micron sieve, then refer the mixture in to small
measuring beaker and pour again in to 250 micron sieve to transferred fine filter. At the

end organic matter weighed after air drying.
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Figure 3.1: Soil sampling overview (random samples were selected with helical shape
designed).

Table 3.3: Soil texture characteristics of three locations soil.

L ocations Depth PH Moisture  Sand Silt Clay OM=*  Soil
(cm) % % % % %  type**
0-20 621 38 ol
Site A 39.0 29 300 2.0 ay
loam
20-40  6.70 33
0-20 681 44 a
Site B 246 357 392 1.3 ay
loam
20-40  6.61 57
0-20 7.10 38 o
Site C 250 350  38.0 1.9 ay
loam
20-40  6.94 59

*OM: Organic matter
**Soil type according to soil texture triangle

3.2.5  Soil Extraction Procedure for IMI- Residue Level
Analyses of the samples of soil were carried out using the modified extracted
published methods proposed by (Krynitsky et al., 1999; Ramezani et al., 2009). About 5

+ 0.001 g of randomly homogenized soil sample weight with electronic scale, it
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provides appropriate and representative amount as some authors use (Martins et al.,
2014), then the portion soil was placed in 250 ml centrifuge tube (polypropylene), 150
ml of extracted 0.5 N NaOH , then sample was kept 45 minutes in an end-over-end
shaker at 30 °C to assess the homogeneity of the sample, 10 ml methanol was added to
precipitate humic acids and sonicated for 10 minutes, then centrifuge the sample for 10

minutes at 7000 rpm to remove particulates.

The solution filtered and adjusted to pH=2 by 6N HCL. Clean-up is necessary to shift
down the detection limits of methods and to avoid interferences from the matrix. The
suspension was left to stand at room temperature for 10 minute until analysis, then
transfer to 500 ml separatory funnel and extracted with 50 ml dichloromethane (DCM)
for two times then combined and transferred to special flask and DCM dried by
anhydrous Na>SOs, then filtered by activated charcoal, then the residues evaporate at 65
°C with rotary evaporator near dryness, residues was diluted with about 2 ml with
Methanol:0.1% Formic acid (1:1) then DSC-18-6ml cartridge 500 mg (6 cm X 3cm)
(Supelco), of adsorbing material conditioned with 3ml of each of the solvents

methanol, Acetonitrile and H>O.

After that the sample loaded through cartridge under vacuum pump, the vacuum was
reduced slowly. The analytes were washed by 9 ml H>O and 6 ml (60/40) (H20:
acetonitrile), lastly, the vials were put in the vacuum apparatus and the cartridge eluted
with 3 ml methanol/0.1 formic acid. Then the residues filtered through 0.22 pum poly
tetrafluoroethylene (PTFE) membrane transferred to a 1.5 ml HPLC auto sampler vial,
and storage at 4 °C until further use through HPLC device. Then filtered through 0.22
um polytetrafluoroethylene (PTFE) membrane, transferred to a 1.5ml HPLC auto

sampler vial, and storage at 4 °C until further use through HPLC device as (Figure 3.3).
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3.2.6  Accuracy, Limit of Detection (LOD), and Limit of Quantitation (LOQ)
LOD is the lowest concentration that can be detected, and it could be determined by
a statistical method. This could be achieved by measuring the more dilute
concentrations of analyte. These concentrations are expected to produce a response of
~3 times the background noise. LOD should be between 3 - 10. The LOQ is expected to
behave similarly, but with a ratio of 10 times the background noise. Recovery studies in

soils samples were conducted using the standard calibration curves equation.

These herbicides were spiked to blank soils (clean soils free from herbicides), taken
from the land around University Malaya (N 3°7°8.9328” E101°39°28.494”). This soil
was selected due to its similar characteristics with the tested soil samples. Acetone was
added to 5 g of dried homogenized soil at different concentrations, and left to dry for
48h at room temperature to activate the introgression and equilibrium while slowly
evaporating the solvent (Lagana et al, 2000; Rebelo et al., 2016), followed by

extraction and analysis using HPLC-UV.
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3 gm soil _, | Extractedwith | IFEpt 43 minutes | Ultrasonic | —» Centrifuge ahout
sample 0.5 N NaOH in an end-over- hath 10 min 10min at 7000rpm
shaker at 30°C

filtered and adjusted Teft at room . extracted with two
topH 2by addition |, | o , | transferredintoa300- | —| 50 ml portions of
of SN.HCL emperatre ml separatory funnel (DCM).
for 10 minutes
To a 250-ml round
DCM was dried using The extracts passed through I bottom flask and —*
anhydrous Na2804 smooth activated charcoal solvent was evaporated

residue was diluted with
ahout2ml of a 1:1 solution | — | ©he mlI)S.C-lS;(SupeIco} —*| Filter022pm |—*
of methanol:0.1% formic SPE cartridge 500 mg

Figure 3.2: Flow chart of methodology for the extraction of IMI-herbicides from soil
using Solid Phase Extraction (SPE) by DSC-18 sorbents.

3.2.7  Storage Stability

Solution stability of the test substances after preparation according to the test method
should be tested related to the same method used in the lab. The stability of the standard
solutions and sample extracts needs to be checked, and this is done by analysing these
solutions over a period under different storage temperatures. Analyte decomposition is
usually indicated by decreasing analyte peak height accompanied by the appearance of
extraneous peaks. Storages stability in this study was conducted at -18 °C with standard
solutions at different concentrations and soil samples spiked with 0.1 and 0.5 pg/mL

imazapyr and imazapic.
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3.2.8  Ruggedness of the Test

It is the effect that functioning and environmental circumstances effect on the
analytical outcome. It is the degree of disparity in the final results obtained by the
analysis of the same sample under a condition, such as different laboratories, different
analysts, and different apparatuses. In the laboratory used for this study there is
restricted chance for ruggedness testing other than changing and used multiple HPLC
column brand (Cig and Csg) and using the same or different solvent from different

sources.

3.3 Determination Residues Activity of Imidazolinone Herbicide in Clearfield
Rice

The soil samples were taken on November 2016 from three Clearfield rice fields in

Sawah Sempadan-Tanjung Karang district. The farmers’ field was located at (N

3°25°35.0724”, E 101°10°36.1704”) in Kuala Selangor, Malaysia. The physicochemical

characteristics of the soil were determined for the three fields, the region experiences a

sub-tropical climate, with almost high daily rainfall and temperatures. IMI herbicides

were used in this area for the past six years.

Field experiments were conducted at three different locations. 20 samples were
collected randomly prior to harvesting the crops, which is equivalent to ~80 days. Soil
samples were taken at depth of ~0-20 cm and 20-40 cm, and ~1 kg of soil was collected
using an auger. The samples were directly stored in a sterile zip-lock polyethylene bag
and coded using a special waterproof sticker. On the same day, the samples were placed
in special room at 35 °C under the shade for up to 5 days, then, the dried samples were
ground and sieved via stainless steel sieve (2 mm), and stored at 4 °C, see appendix B.

Herbicides standards were purchased from Sigma-Aldrich (USA), with purities 0 95.5
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and 99.9% for imazapic and imazapyr, respectively. Methanol, dichloromethane
(DCM), and acetonitrile 99.9% (HPLC gradient) (Fisher), acetic acid, ACS reagent
(Fisher), formic acid, 98% (EM Science), and all materials for the HPLC experiments
were purchased from Sigma Aldrich (Germany). Ultrapure water obtained from a Milli-
Q Direct UV3® system (Millipore, USA), was also filtered through a 0.2 pum Whatman
filter paper. Other equipment includes a DuPont Sorvall Centrifuge (Model RC-5C),
centrifuge bottles with cap 45ml poly-propylene (kontes Scientific), vortex mixer

(Lambert 3000), and Supelco SPE cartridges.

The soil samples were analyzed using a simple modified extraction method proposed
by (Krynitsky et al., 1999; Ramezani et al., 2009). In this procedure, (5 £ 0.001g) of
randomly homogenized soil sample was weighed, then a portion of it was placed in a
250-ml centrifuge tube (polypropylene), followed by the addition of ~150 ml of 0.5 N
NaOH. The samples were then stored, for 45 minutes in an end-over-end shaker at 30
°C to allow for equilibration. 10 ml of methanol was added to the precipitate of humic
acid, followed by sonicating the samples for 10 minutes, then the samples were

centrifuged for 10 minutes (at 7000 rpm) to remove particulates.

The solution was filtered and adjusted to a (pH 2.0) using 6N HCL The suspension
was left at room temperature up till analysis, where the sample solution was transferred
to a 500-ml separatory funnel and extracted using 50 ml dichloromethane (DCM) twice,
then mixed and transferred to the flask. DCM was dried using anhydrous Na>SOs, and
the solution was passed through a smooth activated charcoal column. The resulting
solution was transferred to a 250-ml round bottom flask and evaporated at 65 °C using a

rotary evaporator at a slow flask motion to near dryness.
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The residue was diluted using ~2 ml ofmethanol:0.1% formic acid (1:1), then DSC-
18-6 ml cartridge 500 mg (6 cm x 3 cm) (Supelco) of adsorbing material conditioned
with 3 ml of methanol, acetonitrile, and H>O. The sample was then loaded through the
cartridge under vacuum, which was gradually reduced. The analytes were washed using
9 ml H,O and 6 ml (60/40) (H2O: acetonitrile). Finally, the vials were placed in a

vacuum and the cartridge eluted with 3 ml methanol:0.1% formic acid solution.

The residues were then filtered through a 0.2 um polytetrafluoroethylene (PTFE)
membrane, transferred to a 1.5 ml HPLC auto sampler vial, and stored at 4 °C until the
HPLC analysis. IMI standard solutions were individually prepared in acetonitrile at
concentrations of (100 pg/mL), respectively, by dilution from a 1000 pg/mL stock
solution. Afterward, other fresh diluted standard solutions were prepared by dilution
(0.1, 0.5, 1, 5, 10, and 20 pg/mL) in acetonitrile. All stock and working solutions were

stored at -18 °C in dark conditions (Marcia, 2014).

IMI residues were analyzed using an HPLC-UV system consisting of Shimadzu
high-performance liquid chromatography with LC-10AT pump and SPD-20A interfaced
with LC software, and fitted with variable wavelength UV detector. The HPLC column
used was Cig (4.6 x 250 mm, 5 pm) (USA). The gradient solvent program used mobile
phase A (acetonitrile 100%) and mobile B (water, including 0.1% of acetic acid) (pH =
2.8). The initial gradient program was: 30% A (0-1 min), 30-45% (1-5 min), and 45-

35% (5-13 min). A 17-pg aliquot of the samples was injected into the column.

Linearity calibration curves were constructed using different standard concentrations
(0.1, 0.5, 1, 5, 10, and 20 pg/mL). The concentrations of both IMI herbicides were

determined by comparing the peak area of the samples that deduced from the calibration
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curve. Also, the limit of detection (LOD, pg/mL) was determined as the lowest
concentration that responded thrice to the baseline noise. Limit of quantification (LOQ)
(ng/mL) was determined as the lowest concentration of the herbicide providing a
response 10 times of the baseline. The spiked soil samples were fortified with standard

solutions (0.1, 0.5, 5,10 pug/mL).
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CHAPTER 4: RESULTS

4.1 Weedy Rice Herbicide Resistant Status
4.1.1  Effects of IMI-Herbicide Application on Seeds Germination

The effect of various IMI-herbicides half, commercial, and two doses at 0.56, 1.1,
and 2.2 g/L respectively, on WR seed germination and early seedling development
varied greatly. 5-ml of IMI-herbicides concentrations were applied to WR seeds in petri
dishes in the lab. Each treatment and control consisted of three-replications. At the same
time, in control dishes, 5-ml of distilled water was substituted for the IMI- herbicide
treatment. Germination counts were continued for 14 days after treatment with IMI-
herbicide, the development and viability of WR seedlings was studied. WR control
germination was significantly decreased by treatments with the pre-emergence IMI-

herbicide.

IMI-Herbicide had a significant effect on percent germination, mean germination
time and, seedlings length. The inhibition of WR seed germination and seedling growth
did not completely stop as herbicide dose increased. However, with the shift up of IMI-
herbicide dose, percent germination decreased obviously and then remained constant.
WR seeds which treated with IMI-herbicide showed slower germination than controls in
the first three days, but at 7 days’ germination was almost as high at half and
commercial doses as in controls. However, at about 10 days the germination was almost
as the other doses or control (Figure 4.1 and Table 4.1). WR seed germination was not
completely inhibited by the three doses, however, some seeds failed to break seed coats

after treatment and can’t proceed germination process.
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In all treated populations that germinated, 88% of the total germination was
completed after 3 days, 84% and 27% at half, commercial, and two doses. About 93%
of the treated seeds with half- dose had germinated at 7 days, 89% for commercial dose
and 72% for two doses. WR seeds of controls showed 100% germination after 7 days,
similar germination value (100%) were obtained for some WR populations in half-dose

as MWR_Pop07, MWR_Pop10, and MWR_Popl1.

Figure 4.1: Effects of IMI-herbicide at various dosages of (A) half-dose, (B) one-dose,
and (C) two-doses on the germination ratio of WR seedlings populations from Sawah
Sempadan rice district of [ADA Barat Laut Selangor at 14d after treatment.
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Table 4.1: Germination rate (%) of 17 weedy rice population at 14d after the
application of half, one-dose, and double dose of imidazolinone herbicide.

Germination rate (%)

Population
Half dose One dose Two doses
MWR_Pop01 91 91 78
MWR_Pop02 87 82 73
MWR_Pop03 84 81 65
MWR_Pop04 99 94 70
MWR_Pop05 91 87 62
MWR_Pop06 97 96 85
MWR_Pop07 100 94. 64
MWR_Pop08 99 93 76
MWR_Pop09 99 90 72
MWR_Pop10 100 99 76
MWR_Popl1 100 95 92
MWR_Pop12 96 84 91
MWR_Popl3 85 78 61
MWR_ Popl4 95 88 73
MWR_Popl5 96 88 58
MWR_Popl6 98 93 71
MWR_Popl7 97 95 70

However, in one dose 94%, 99%, and 95% and 64%, 76%, and 92% in two doses
respectively. Whereas this herbicide significantly influenced seed germination,
however, did not suppressed germination process. WR seeds germination was affected
by herbicide rate. The average seeds germination varied from 95%, 91%, and 74% for a
half, one, and two doses applications, respectively at the end of 14days (Figure 4.2).
The three treatments significantly decreased with a p-value (<0.001) in germination rate

when herbicide dosage increased from half to one dose, and two- doses as shown in

Table 4.2 and Table 4.3.
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Figure 4.2: The average germination rate of 17 weedy rice population from Sawah
Sempadan rice district of [ADA Barat Laut Selangor for 14 days after the application of
half, one-dose, and two doses of imidazolinone herbicide.

The effects of IMI-herbicides at various dosages on WR seedlings development,
from the figure shows that, increasing the dosage did not stop complete seedling
growth. This indicate that there was a carry-over effect of IMI- herbicides sprayed to
WR plants seeds in terms of final percentage of viability. WR control efficiency was

increased by decreasing the seedlings height at 14d.

Table 4.2: Summary of Anova-single factor for germination rate.

Groups Count Sum Average  Variance
Germination (50% dose) 17.00 1608.57 94.62 31.27
Germination (100% dose) 17.00 1534.94 90.29 35.61
Germination (200% dose) 17.00 1240.50 72.97 96.10
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Table 4.3: Source of variation from Anova-Single factor of germination between doses.

Source of SS df MS F P-value F crit.
Variation

Between Groups 4462.58 2.00 2231.29  41.07 <0.001 3.19
Within Groups 2607.86 48.00 54.33 - - -

Total 7070.44 50.00

*SS: sum off square; df: degree of freedom; MS: mean square; F: F, statistics; P-value:
probability (0.05); F crit: critical value.

The seedlings height of treated plants had average value of 2.05, 1.51, and 0.95 cm
for 50%, 100%, and 200% doses, respectively. Increasing the dosage of IMI-herbicide
from 0.52 g/L to 2.2 g/L appeared to have a significant influence on seedlings plant
height (P<0.001). The greatest reduction in WR seedlings growth and germination
occurred at IMI- herbicide rates in 2.2 g/L (440 g/ha). However, this rate exceeds those
recommended (1.1 g/L) (220 g/ha) and WR control. The interactions mechanism
between IMI- herbicide and growth stage (hypocotyl) showed significantly impact with
p-value <0.001. In addition, the percentage of seedling green and height for the two-
cultured rice (Cult CPS 1 and Cult MRW220) was significantlyp <0.001 decreased by

increasing the dose of IMI-herbicide.

WR control efficiency was significantly decreased p < 0.05 (0.01) by treatments with
the pre-emergence IMI-herbicide at 14d in the lab (Table 4.4 and Table 4.5). From the
results above, the seeds germination and seedling growth were affected with increasing
the IMI- herbicide dose, the percentage of germination have slowly decreased. Green
seedling plants are an indicator for viable WR population, however, the viability of the
seedlings for most populations was low (<10%) except MWR-popl1 (15%) for two-
doses Figure 4.3, Figure 4.4, Figure 4.5, and Figure 4.6. The IMI-herbicide had a strong

impact on the WR seed viability, so that about 50% of WR populations was completely
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stopped by doses higher at 2.2g/L. of herbicides and the significant difference was seen

among the treatments, also, see Appendix A.
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Figure 4.3: Effects of IMI-herbicides at half, one, and two doses applications on the

development of WR seedlings height.
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Figure 4.4: The viability of weedy rice plants to commercial (one) dose of IMI-

herbicide after 14d.
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Figure 4.5: The viability of weedy rice plants to half, one, and double dose of IMI-

herbicide after 14d.
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Figure 4.6: The effect of Imidazolinone herbicide on the viability of weedy rice

seedlings at half, one, and two doses of IMI-herbicide after 14d.
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Table 4.4: Summary of Anova-single factor for seedlings viability.

Groups Count Sum Average Variance
Viability -200%-dose 17 71.11 4.18 24.31
Viability -100%-dose 17 206.08 12.12 191.73
Viability -50%-dose 17 350.02 20.59 424.46

Table 4.5: Source of variation from Anova-Single factor of seedlings viability between
doses.

Source of SS df MS F P-value  Fcrit.
Variation
Between Groups 2288.67 2.00 1144.34 5.36 0.01 3.19
Within Groups 10248.06 48.00 213.50
Total 12536.73 50.00

*SS: sum off square; df: degree of freedom; MS: mean square; F: F, statistics; P-value:
probability (0.05); F crit: critical value.

4.1.2  Effects of IMI-Herbicide Application on Weedy Rice Growth

Survival of WR population varies from 8% to 100% at one-dose. Four susceptible
populations (MWR-pop06, MWR-pop07, MWR-pop08, and MWR-popl1) were totally
controlled by IMlI-herbicide at the commercial dose (recommended field dose)
respectively (Figure 4.8 and Figure 4.9). Among the suspected resistant seedlings
plants, thirteen WR populations survived with one-dose, eight of them with survival

percentage above the 80%.

Both treatments showed significant difference in seedling plants response for both
doses (P= 0.002).The performance of rice cultivars revealed that Cult CPS 1 is not
affected for both doses and showed 100% survival as the opposite of Cult MRW220

which died from the one dose of IMI herbicide.
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Therefore, in the Figure 4.7 and Figure 4.8, these plants had survived at both the two
doses applications of IMI-herbicide. Among the 17 collected weedy rice plants
produced about 22% to 100% resistant. Two weedy rice populations were highly
resistant to the two doses of IMI-herbicide with no visible injury (MWR_ Popl5 and
MWR Popl6) was revealed 100% resistant. Also, 4 weedy rice populations
(MWR_Pop03, MWR_Popl12,MWR Popl3, and MWR Popl7) was revealed (82% to
97%) resistant. Lastly, 1 weedy rice population was revealed low resistant
(MWR _Pop14) about 22%. These resistant weedy rice plants also, were classified in to
three categories as (high-level resistance, medium- level resistance, and low-level

resistance) according to the chlorotic plants leaves percentages as shown in Table 4.6.
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Figure 4.7: Screening of weedy rice resistant population at one dose (before 21d) and
two doses (after 21d) of IMI-herbicide. Green lines indicate population with lower
mortality rate for both treatments.

69



100

90 M Resistant 1 Dose

80 W Resistant 2 Dose

70

60

50

40

30

20 | I

10

o |

— N O g N O N 00 O O 4 N MM S N VW N O o
O O O © O 0 0 0 0 d d d A dA d d d & O
O O O O O O o 9 o o0 o o0 o o0 o o0 o N O
O O O O O O O O O O O O O O 0 O 0 x W
Q.I Q.I D.I D.I Q.I D.I D.I D.I Q.I D.I D.I D.I Q.I D.I D.I Q.I 0.| 2 g
¥ ¥ ¥ ¥ ¥ ¥ ¥x @ xx x x x x x x o S
=S =332 332232==2=3=2=2:=2=23_]
EEEEEEEEEEEEEEEEEUB

Figure 4.8: Evaluation of resistant population of weedy rice with one and two-dose of
IMI-herbicide based on survival percentage.

Table 4.6: Classification of selected resistant weedy rice based on leaves chlorotic
percentage after 2-dose treatment.

Weedy rice population Chlorotic* Classification
(%)
MWR Pop03 12 HLR
MWR Popl2 18 HLR
MWR_Popl13 3 HLR
MWR_Popl5 0 HLR
MWR_Popl6 0 HLR
MWR_Popl7 13 HLR
MWR_Popl4 78 MLR

*HLR (high level resistance): < 15% of chlorotic plants leaves; MLR (medium level resistance):
15%-85% of chlorotic plants leaves; LLR (lowlevel resistance): > 86% of chlorotic plants
leaves.
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4.1.3  Weedy Rice Phenotypic Association with IMI-herbicide Response
Regarding the plant height, all the resistant weedy rice population was significantly
(P=0.04) taller than commercial cultivars except MWR-pop03 (Figure 4.9). Most of
resistant weedy rice plants were >100 cm height except MWR-pop03 which was 97 cm.
The resistant weedy rice was typically ranged from 97 cm to 151.5 cm, which was taller
than the two commercial rice cultivars MR220CL and MR220 with 101 and 105cm
height, respectively (Figure 4.10). This is also in agreement with a study by Burgos et
al., (2014). It is exerted that 85% heading at less than 95 days, most of resistant weedy
rice have panicles length (22.5-24 cm) and classified to intermediate to open panicles.
Where the panicles lengths of commercial rice varieties (Cult MRW220 and
Cult_CPS 1 from 23.37 to 23.5 cm. The resistant weedy rice had leaf length range (65
to 73cm) and width range (1.2 to 1.34 cm) as tabulated in (Table 4.7). Sixteen weedy
rice morphological characteristics were measured and recorded when plants were at 80-
90 days. Based on morphological characterization, there are a level of variations in the
weedy rice populations and trait descriptions in the variables of 17 weedy rice

populations as tabulated in Table 4.8.
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Table 4.7: Summary of the average of phenotypic descriptions of 17 weedy rice
populations and 2 cultivated rice varieties.

Traits* Mean Std Dev Minimum Maximum
PH 115.7 234 77.5 151.5
SH 57.7 26.1 3.3 93.6
PT 2.4 0.8 1.0 3.0
PL 21.6 1.9 18.5 23.9
TN 3.7 1.0 2.0 6.0
LL 61.3 9.0 36.8 73.7
LW 1.2 0.2 0.7 1.5
PC 1.4 0.5 1.0 2.0
FE 0.7 0.9 0.0 2.0
HC 1.1 0.2 1.0 2.0
HD 89.8 3.4 82.0 94.0
AN 0.4 0.5 0.0 1.0
AL 0.8 1.2 0.0 4.2
SwW 16.3 1.9 13.4 19.4
LS 9.4 0.4 8.7 9.9
WS 2.4 0.0 2.4 2.5
G1D 94.9 5.4 84.1 100.0
GhD 90.8 6.0 77.9 100.0
V1D 12.5 16.1 0.0 54.4
VhD 20.2 19.7 0.0 82.2
S1D 52.4 41.2 0.0 100.0
S2D 35.6 45.9 0.0 100.0

*PH, plant height; SH, shattering; PT, type of panicles; PL, panicles length; TN, tiller; LL, leaf
length; LW, leaf width; PC, pericarp colour; FE, flag leaves erect; HC, hull colour; HD,
heading; AN, awn presence; AL, awn length; SW, 1000-seeds weight (gm); LS, length of the
seed; WS, width of seed; G1D, Germination rate for one-dose; GhD, Germination rate for half-
Dose; V1D, Viability one-dose; VhD, Viability half -dose; S1D, Survival one -dose; S2D,
Survival 2-dose.

Tillering growth trait is very important agronomic stage in weedy rice plants life. We
noted that all resistant weedy rice plant produced a high number of tillers, above 4

except MWR-popl4 which was 3.6 tillers. Where non-resistant weedy plants
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morphotypes produced a low number of tillers less than 4 tillers except MWR-popl1

had 6 tillers. MR220CL2 has no difference in tillering compared to resistant weedy rice.

Generally, the flag leaf for weedy rice was widely diverse between erect as MWR-
pop10, intermediate as MWR-pop01, and non-erect, as MWR-pop02. Regarding to awn
trait, the MWR-pop01, MWR-pop03, MWR-pop04, MWR-pop10, MWR-pop 17 have
awn with diverse length between 1.44 to 4.2 cm. Also, the shattering trait is considered
one the main characteristics for weedy rice, from the Table 4.8 showed that the
percentage of shattering was between 35% to 93.6%. Most of the weedy rice resistant

revealed high shattering except MWR-pop03 was at 38%.
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Figure 4.9: Resistant weedy rice plants height at both doses of IMI.
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Figure 4.10: Weedy rice plants height growth at interval month.
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Table 4.8: Phenotypic descriptions of 17 weedy and 2 cultivated rice.

ID* PH | SH PT PL TN LL LW PC FE HC HD AN AL SW LS WS
MWR Pop0O1 | 100.5 | 64 Compact 20.75 | 2.66 | 56.11 1.46 Red Intermediate straw 92 Awn 1.46 14.3 9.76 | 242
MWR Pop02 | 112 54 | Intermediate | 21.75 2 63.88 | 0.79 Red Non-erect straw 92 | Awnless | None 16.1 9.5 2.42
MWR Pop03 | 97 38 Open 23.25 4.5 73.66 | 1.22 Red Intermediate straw 94 Awn 24 17.41 9.7 2.46
MWR Pop04 | 122 48 | Intermediate 23 333 | 55.11 | 1.26 | White Non-erct straw 93 Awn 1.44 17.4 9.36 24
MWR _Pop05 | 88.5 | 60 Compact 22.87 3 53.5 0.74 | White Non-erect straw 92 | Awnless | None 14.4 9.74 2.4
MWR Pop06 | 95.5 | 35 | Intermediate | 22.62 3 66.22 | 1.02 Red Non-erect straw 93 | Awnless | None 18.5 9.29 | 2.48
MWR Pop07 | 77.5 | 67 | Intermediate | 23.5 2.66 | 53.33 | 0.88 Red Intermediate straw 93 | Awnless | None 13.4 8.77 | 2.45
MWR_Pop08 98 | 35.5 | Intermediate | 23.25 | 3.66 | 62.77 [ 1.08 | White Non-erect straw 90 | Awnless | None | 17.54 | 935 | 245
MWR _Pop09 | 101.5 | 46.5 Compact 23 333 | 36.77 | 1.08 | White Non-erect straw 90 | Awnless | None 13.7 9.51 | 2.47
MWR Popl0 | 112 64 | Intermediate 20 3.33 55.5 1.5 White Erect straw 88 Awn 4.2 1555 | 9.22 | 2.53
MWR Popll | 109 64 | Intermediate | 23.5 6 65 1.3 Red Intermediate | Furrowed | 88 | Awnless | None 14.1 945 | 2.49
MWR Popl2 | 151 | 81.5| Intermediate | 22.5 5 66.33 | 1.06 | White Non-erect straw 84 | Awnless | None 14.9 9.75 | 2.42
MWR Popl3 | 144 | 93.6 | Intermediate | 23.87 | 4.66 68 1.34 Red Non-erect straw 89 | Awnless | None 17.4 9.59 | 246
MWR Popl4 | 139.5 | 75 | Intermediate | 22.37 | 3.66 66.5 1.22 Red Non-erect straw 88 Awnless | None 14.2 8.87 | 2.53
MWR Popl5 | 145 | 91.5 Open 2225 | 466 | 6533 | 1.22 Red Non-erect straw 86 | Awnless | None 18.8 8.66 | 2.46
MWR Popl6 | 151.5 | 77.6 Open 23.75 | 4.33 71.5 1.2 Red Non-erect straw 87 | Awnless | None | 18.33 | 9.87 | 2.4l
MWR Popl7 | 147 | 91.3 | Intermediate 23 4 73.55 1.3 Red Non-erect straw 82 Awn 3 19.41 | 9.37 2.4
Cult CPS 1 101 33 Compact 23.5 433 | 54.55 | 1.28 | White | Intermediate straw 94 Awn 1 17.7 9.88 | 2.45
Cult MR220 105 6 Intermediate | 23.37 | 3.33 | 56.88 | 1.22 | White | Intermediate straw 92 Awn 0.8 15.9 947 | 243

SL

*PH, plant height; SH, shattering; PT, type of panicles; PL, panicles length; TN, tiller; LL, leaf length; LW, leaf width; PC, pericarp colour, FE, flag leaves
erect;HC, hull colour; HD, heading; AN, awn presence; AL, awn length; SW, 1000-seeds weight (gm); LS, length of the seed; WS, width of seed



4.1.4  Correlations between [IMI-herbicide Weedy Rice Resistant and
Phenotypic Relationship

Correlation analysis among the physiological variables of weedy rice shows that the
plants height was positively correlated and significant with shattering (<0.001), panicles
length (0.02), and tiller (0.04), and leaf length (0.02), width of seed (0.08), flag leaf
(0.019), and heading (0.0001). In the same vein, there were positive correlation between
panicles length with the tiller and leaves length, (< 0.001) and (0.037). Also, the
shattering trait was significant correlated with pericarp colour and heading (0.02) and
(0.005) respectively. In the same time, tiller number was significant correlated with hull
colour and heading with (0.012) and (0.039) respectively. Also, leaves width was
correlated with awn presence and awn length with (0.008) and (0.008), respectively.

Lastly, flag leaf was correlated with awn presence (Table 4.9).

However, a strong correlation between plant height and survival at 1-dose and
survival at 2-dose with (0.7) and (0.64), respectively and highly significant for both
doses with p-value (<0.001). In the same vein, panicles length has correlation with
survival 1-dose and survival 2-dose with (0.52) and (0.72) respectively and highly
significant for both doses with p-value (0.02) and (<0.001) respectively. Also, tiller
number is correlated with survival 2-dose with (0.6) and p-value (0.01). In addition, leaf
length is correlated with survival 2-dose with (0.5) and p-value (0.02). The pericarp
colour is correlated with germination I-dose with (0.47) and p-value (0.04). Lastly, hull
colour is correlated with viability 1-dose and 2-dose with (0.63) and (0.76) p-value

(<0.001).
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Table 4.9: Summary of correlation coefficients () between different morphological traits of weedy rice populations.

Pearson Correlation Coefficients, N = 19, Prob > |r| under HO: Rho=0

Traits* PH SH PT PL TN LL LW PC FE HC HD AN AL SW LS WS G1D GhD V1D VhD S1D S2D
PH 0.00 026 0.02 004 002 015 071 0.02 0.78 <.0001 0.62 0.99 0.09 0.92 0.73 0.95 0.21 0.76 0.72 0.00 0.00
SH 0.65 041 060 030 0.11 069 0.03 0.05 081 0.00 0.11 0.89 1.00 0.23 0.98 0.62 0.16 0.12 0.38 0.10 0.18
PT 027  0.20 097 073 005 092 098 048 049 0.24 0.61 0.83 0.56 0.06 0.38 0.21 0.63 0.42 0.49 0.61 0.57
PL 054 0.13  0.01 0.00 004 0.06 078 038 032 0.06 0.79 0.91 0.35 0.25 0.74 0.77 0.25 0.61 0.41 0.02 0.00
TN 048 025 0.08 0.76 0.06 0.08 097 072 0.01 0.04 0.70 0.81 0.41 0.56 0.48 0.76 0.44 0.08 0.12 0.10 0.01
LL 054 038 045 048 043 052 0.02 055 0.68 0.09 0.85 0.75 0.01 0.95 0.84 0.24 0.21 0.72 0.85 0.07 0.01
LW 035 010 0.02 044 041 0.16 048 021 052 0.29 0.01 0.01 0.38 0.82 0.18 0.42 0.53 0.87 0.67 0.40 0.27
PC -0.09 -0.51 001 -0.07 -0.01 -0.51 0.17 092  0.46 0.78 0.18 0.42 0.78 0.47 0.93 0.04 0.21 0.05 0.13 0.68 0.51
FE -0.53  -045 -0.17 021 009 -0.15 030 0.02 0.16 0.06 0.03 0.26 0.19 0.62 0.57 0.83 0.33 0.83 0.22 0.18 0.65
HC -0.07 0.06 017 024 056 010 0.16 -0.18 0.34 0.60 0.46 0.55 0.26 0.95 0.30 0.35 0.43 0.00 0.00 0.20 0.44
HD -0.79 -0.72 028 -044 -048 -040 -025 0.07 045 -0.13 0.41 0.68 0.46 0.52 0.96 0.28 0.94 0.34 0.52 0.08 0.08
AN -0.12  -038 -0.13 0.07 -0.10 -0.05 059 032 050 -0.18 0.20 <.0001 0.36 0.31 0.54 091 0.23 0.09 0.38 0.79 0.80
AL 0.00 -0.03 0.05 -003 -006 0.08 058 020 027 -0.15 -0.10 0.82 38 0.80 0.67 0.83 0.28 0.19 0.29 0.51 0.80
SW 040 000 014 023 020 057 022 -0.07 -031 -027 -0.18 0.22 0.21 0.82 0.31 0.82 0.85 0.36 0.10 0.05 0.01
LS -0.02 -029 -044 028 014 001 005 0.18 0.12 0.02 0.16 0.25 0.06 0.05 0.05 0.11 0.42 0.84 0.81 0.52 0.38
WS -0.08 -001 022 008 017 -0.05 032 0.02 014 025 -0.01 -0.15 0.11 -0.25 -0.46 0.44 0.78 0.89 0.89 0.80 0.49
G1D 0.02 -0.12 030 -0.07 0.07 -028 020 047 005 023 -0.26 0.03 0.05 -0.06 -0.37 0.19 <.0001 0.52 0.89 0.11 0.24

GhD -030 -033 0.2 -028 -0.19 -030 0.16 030 024 0.19 0.02 0.29 0.26 -0.05 -0.20 0.07 0.79 0.97 0.47 0.01 0.03
V1D 0.07 037 -020 0.12 041 0.09 -004 -045 -0.05 0.63 -0.23 -0.40 -0.32 -0.22 0.05 0.03 -0.16 -0.01 <.0001 0.62 0.86
VhD -0.09 021 -0.17 020 037 -005 0.10 -036 029 0.76 -0.16 -0.22 -0.25 -0.39 0.06 0.04 0.04 0.18 0.88 0.12 0.44
S1D 070 039 -0.13 052 039 042 020 -0.10 -032 -031 -0.41 0.06 0.16 0.45 0.16 -0.06 -0.38 -0.60 -0.12 -0.37 <.0001
S2D 064 032 -014 072 060 055 027 -0.16 -0.11 -0.19 -0.41 0.06 0.06 0.58 0.21 -0.17 -0.29 -0.49 -0.04 -0.19 0.86

*PH, plant height; SH, shattering; PT, type of panicles; PL, panicles length; TN, tiller; LL, leaf length; LW, leaf width; PC, pericarp colour, FE, flag leaves erect; HC, hull colour; HD, heading; AN,

awn presence; AL, awn length; SW, 1000-seeds weight (gm); LS, length of the seed; WS, width of seed. G1D, Germination rate for one-dose; GhD, Germination rate for half-Dose; V1D, Viability one-
dose; VhD, Viability half -dose; S1D, Survival one -dose; S2D, Survival 2-dose. Listed below and above the diagonal line are » values and their probability (P) levels, respectively.



4.2 A Simple Method to Determine and Characterize Imidazolinone
Herbicide Residues from the Soil

Contamination of environmental resources by herbicides is an increasing
environmental concern. Undoubtedly, soil plays a significant role in an agro-ecosystem,
but information for analysis of these types of herbicide residues in the soil can be very
difficult to achieve. HPLC with UV detection was chosen due to it being a fast and
effective separation method. This study involves trying different columns and mobile
phases for the HPLC technique. Finally, in this method a proper separation was
achieved using the gradient mobile phase and Cig column (4.6 x 250 mm, 5 pum) was

used for stationary phase separation.

Purified water was used as one of the mobile phases, due to its low cost, lack of
toxicity to the environment (Lagana et al., 2000). The mobile phase acetonitrile (100%),
as one of mobile phase, is the best mobile phase (Demoliner et al., 2010; Martins et al.,
2014), along with purified water acidified with 10% acetic acid (pH to 2.8), due to the
pH’s effect on the peak shape (Singh, 2013). Therefore, acetonitrile was chosen due to it
is higher solubility and higher elution strength than dichloromethane for fractionating
the analytes. Acetonitrile is the best choice for the mobile phase (Singh, 2013).
However, analysis was carried out using gradient solvent program using mobile phase A
(acetonitrile (100%)) and mobile B (purified water acidified with 10% acetic acid (pH
adjusted to 2.8). The initial gradient program was 35% A, maintained for a minute, then
increased to 45% for 3 min, then decreased to 35% at 8 min. The column temperature
was set to 30°C. The flow rate was 1 ml/min, injection volume was set to 17 pL, and

UV detection was set to a wavelength of 251 nm.
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Simultaneously, methanol was evaporated before the sample is injected into the
HPLC apparatus. Standard curve linearity and calibration was determined at six
concentrations (0.1, 0.5, 1, 5, 10, and 20 pg /ml), and were prepared in the laboratory by
diluting the stock solution and plotting the analytes' concentration against peak area.
Each level of the concentration was analyzed repeatedly. The equation of analytical
calibration was obtained by plotting the peak areas on y-axis and the concentration on
the x-axis within the previous calibration levels for both Imazapic and Imazapyr. The
concentration of both herbicides was calculated by comparing the peak values in the
calibration, using the regression equation. The linearity of the method was determined
from the correlation coefficient, as per Figure 4. 11.The equations of analytical
calibration graphs, obtained by plotting peak areas against concentrations of the
imazapic and imazapyr herbicides. The linear regression equations were y = 64086 x +
6626.7, with R = 0.9978 for imazapic, and y = 35078X + 3189.9, with R of 0.9998 for

imazapyr respectively, showed good linearity as shown in Table 4.10.

The matrix effect has been mentioned in literature and is explained via multiple
perspectives, with some reporting a shift of over 10% on the analytical results
(Kemmerich et al., 2015). However, some that are less than 20% does not affect the
matrix (Ferrer et al.,, 2011).The chemical analysis of these herbicides in soil is often
problematic due to the low detection limits required and the pH adjustment during the
extraction process. IMI is a weak acid as per in Table 4.11, therefore their presence in
soil is influenced by pH (Schreiber et al., 2017). Soil particles were fine-grinded to
increase the interaction between the solvents and soil particles, which lead to increased

herbicides extraction.
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The traditional types of extractions ordinarily use the chemical compound PSA
(primary secondary amine), and due to the fact that the IMI family are present in
multiple forms, it acts as a weak acid/base, which allows PSA to hold over acidic
herbicides (Marcia, 2014). One of the important effects occurs when the types of
herbicides have pKa. values in the range 1.3-3.9 (Krieger, 2001), which includes the
weak acid IMI herbicides. Based on this, the shape of the peak area during analysis was
expected to be affected by the value of the pH of the mobile phase. Soil pH and the
microbial activity are the main factors in the degradation process of IMI herbicides in
the soil (Sondhia et al., 2015). For example, when the pH increases, the adsorption and

persistence decreases.
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Figure 4.11: Representative calibration curve for IMI was obtained by the
determination of six levels in duplicate at ranged from 0.1-20pg/mL.
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Table 4.10: Peak area versus concentration (0.1 to 20 pg/mL) for imazapic and
imazapyr.

Concentration  “Areafor g joviation AT gy Geviation
(Mg/mL) imazapic imazapyr

0.1 3477 +124.02 3680 +140.00
0.5 54956 +5512.72 21381 +949.65

1 59366 +8092.74 39914 +4501.50

5 305898 +65193.93 179150 +8560.39
10 688046 +96563.22 354730 +36051.21
20 1273564 +178045.52 704156 +2816.62

* Average of three replications; "Std deviation (standard deviation).

Also, another important factor that control the residues’ concentration is the depth
and type of soil. IMI sorption is correlated and increased with clay content, due to
increased binding of the herbicide to soil particles, where (Gianelli et al., 2014).
Burnside et al., (1963) show that some herbicides can leach deep into the soil. For
example, some studies revealed that the sorption of these types of IMI as imazapyr to
sandy soils is very weak compared to its sorption to clay and humic soils (Lode &
Meyer, 1999). The agricultural soils contain numerous impurities and old chemicals,
which can persist for a long time, which would cause separation problems in the
column, especially if the soil contained only very low concentrations of imazapic or
imazapyr. Imazapyr and imazapic have the potential to leach into groundwater due to
its persistence and mobility in soils, and very low volatility (Gianelli et al., 2014).
Certified imazapic and imazapyr (USA) were used for calibration (Figure 4.12, Figure

4.13, Figure 4.14, and Figure 4.15).
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Table 4.11: The characteristics (molecular and physicochemical) of Imazapic and

Imazapyr.
Name 2 Imazapic  Imazapyr
Family/chemical Imidazolinone Imidazolinone
class
Trade name Cadre, panoramic, plateou Arsenal, Chopper, Habitat,

Chemical name

Molecular weight

Molecular formula

Structural formula

Water solubility

Lifetime in soil

® pKa

¢ Goss

[2-(4,5dihydro-4-methy-4-(1-
methylethyl)-5-oxo-1Himidazol-2-yl)
5-methyl-3-pyridinecarboxylic acid]
275.30308g/mol

C1aH17N305
H3C .~ COOH
| P
%CH3
HN
%y CHa

2200mg/L
Around 120days

2.1,3.9
High potential

Stalker
[2-(4-isopropyl- 4- methyl-5-
oxo0-2-imidazoline-2-yl)
nicotinic acid]

261.2765g/mol

Ci13H15N303

9740 mg/L
90-120 days

1.9,3.6
High potential

? Data quoted from (Schreiber et al., 2017; Senseman, 2007)." Indicates the pH value at which 50% of
total molecules are associated in soil and 50% of total molecules are dissociated.© Method of classification
of potential surface water contamination.
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Figure 4.13: Imazapic standard 10ppm.
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Figure 4.14: Imazapic standard 0.5 pg/ml.

Figure 4.15: Imazapyr standard 0.1 ug/ml.

The adsorption of IMI herbicides decreases by increasing heavy rain and
temperatures. The higher solubility of these types in water, high temperatures, and great
rainfall in Malaysia are main factors that play important roles in the transition of
residual particles of herbicides via its pores or movement to other places and shift up the
degradation mechanism, as per (Fish et al., 2015; Grey et al.,, 2012). Malaysia has
almost daily high intensity rain fall and temperatures. Studies revealed that temperatures
between 35C°- 45C° and increased soil moisture enhance both the chemical and
microbial degradation for herbicides (Neto et al, 2017). Different methods are

applicable for extraction of IMI herbicides from soil samples, but most are not
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satisfactory (de Oliveira et al., 2014). Despite the fact that imazapyr and imazapic were
applied in low doses, both can remain for long periods of time in the soil , which can
cause agronomic and environmental problems (Kraemer et al., 2009). However,
leaching is influenced by the environment, which means that when the water content
decrease from the upper surface, it leads to increased pH. Also, some chemical

herbicides move to the upper surface of the soil due to capillary action, which causes it

to evaporate (Mangels, 1991).

4.2.1  Selectivity
Selectivity is defined as the evaluation or detection of the analyte from others
analytes and different compounds that could be present at the same moment in the

matrix or the sample (Ahuja, 1989). There were no matrix peaks in the chromatogram

analysis that interfere with analysis of the residues as shown in Figure 4.16
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Figure 4.16: Extraction imazapic and imazapyr with good resolution.

422  Accuracy (%Recovery)-Limit of Detection (LOD) and Limit of

Quantitation (LOQ)

The achieved results revealed an excellent linearity at different concentrations of

Imazapyr and Imazapic standards in the range from 0.1 to 5 pg/mL. These herbicides’
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concentrations are spiked to blank soils as described in the experimental section. Due to
the spiking of the extracts, the final comparison between the two systems is expected to
be valid. The precision and recovery for the two herbicides was calculated through the
injection of freshly prepared six standards. The proportion of the area of the peak of
herbicide resulting from the spiked solution to the area of the herbicide peak resulting
from a standard solution prepared previously was calculated. The average percentage
recoveries for Imazapyr and for Imazapic varied from 76%-107% and 71-79% with 0.1-
5 ng/mL fortification level, and 0.1-10 pg/mL at fortification level, respectively, are
shown in Table 4.12 and Figures 4.18 to Figure 4.23.The LOD and LOQ were found to
be 1.04 and 3.09ug/ml for imazapic, and 0.17 and 0.51pg/ml for imazapyr, respectively.
In the extracted soil sample, it was 0.19 pg/mL for imazapic and 0.04 pg/mL for
imazapyr. This proves the slow degradation process of these residues in the soils under
environmental conditions. The soil samples were taken during rice crop cultivation of

about 90 days and the residues are evidently still present.

The Koc for the two herbicides were 137 and 100ml g, respectively, which means
low adsorption and high mobility, and eventually high levels of leaching. Nevertheless,
both herbicide residues are still present after ~90 days, especially imazapic with 0.19
pg/ml. Simultaneously, persistence of residues in the soil does not necessarily mean that

it injures sensitive crops, as persistence differs from bioavailability.

4.2.3  Repeatability and Stability

The repeatability was determined by calculating the RSD of the peak areas of the 6-
duplicate injections of fortified samples which is < 15. It represents the closeness of the
results from the same methods, laboratories, and tools. This is achieved via 6

concentrations, each replicated thrice to a total of eighteen times, encompassing the
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specified range of the procedure. Accuracy = mean +=SD, for imazapic 75.85 + 3.4, and

for imazapyr, it was 90.232+14.

Table 4.12: Recovery of imazapic and imazapyr from the soil. (n=3).

Fortified ? Recovery (%) for Av. recovery Recovery (%) for  Av. recovery
concentration imazapyr for imazapyr imazapic for imazapic
(ug mL) +SD " +SD
0.1 (96.4; 110.9; 114.0) 107.0+9.4 (71.9; 70.9; 70.6) 71 £0.6
0.5 (72.6; 80.1; 89.5) 80.7+8.4 (52.5; 82.8; 102.0) 79 £20.4
5 (79.2;77.9; 73.1) 76.7+3.1 (97.4; 97.4; 77.6) 90+11.2

The averages of three samples processed through the procedure. ® SD: Standard deviation.

Figure 4.17:Fortification imazapic 0.1pg/mL.
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Figure 4.18: Fortification imazapic 0.1pg/mL.

Figure 4.19: Fortification imazapic 0.5pg/mL.
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Figure 4.20: Fortification imazapic 0.5pg/mL.

Figure 4.21: Fortification imazapyr0.5ug/mL.
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Figure 4.22: Fortification imazapyr0.5ug/mL.

Lastly, the parameters for HPLC method was controlled on specific parameters as

Table 4.13.

Table 4.13: Chromatographic system parameters.

Mobile phase (A) acetonitrile (100%) and mobile (B)
purified water acidified with 10% acetic
acid (pH adjusted to 2.8)

Column Cis column (4.6 x 250 mm, 5 pm)

Flow rate 1.0 mL/min

Injection volume 17uL

Column Temperature

Between 30-35 °C

Wavelength

251nm

Run time

About 8 minutes
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4.3 Leaching Potential and Residues Activity of Imidazolinone Herbicide in
Clearfield Rice Soil Using High-Performance Liquid Chromatography

20 Samples were collected from three fields sites of in Sawah Sempadan-Tanjung

Karang district and analyzed using the aforementioned procedure. The following data

were presented in Table 4.14, Figure 4.24 and Figure 4.25

N
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Imazapyr Imazapic

- Imazapic -
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Figure 4.23: Actual Concentration of imazapic and imazapyr of soil sampling in plot 1.

| Imazapyr Imazapic

Concentration pg/mL
(9]

Fields

Figure 4.24: Actual concentration of imazapic and imazapyr (png/ml) in the soil samples
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Table 4.14: Terminal residues of the Imazapic and Imazapyr (ug/mL) at various locations for the different samples.

Actual. Actual.
Fields Plot sample aE ¢ Depth °R.T fo_r ‘Area fo_r Concentrati_onfor "R.T for ‘Area for Concentrationfor
(cm) Imazapic Imazapic Imazapic Imazapyr Imazapyr Imazapyr
1 A FIP1DI 0-20 5.76 64276 <LOQ 4.64 84945 1.96
B FI1P1D2 20-40 5.92 1091 <LOQ 4.6 21381 0.58
2 A F1P2DI 0-20 5.65 16879 <LOQ 4.65 1079 <LOQ
B F1P2D2 20-40 n.d n.d n.d n. d n. d n. d
- 3 A FI1P3DI 0-20 n.d n.d n.d n. d n. d n. d
o B F1P3D2 20-40 n.d n.d n.d n.d n.d n.d
ff 4 A F1P4Dl1 0-20 5.71 5026 <LOQ n.d n.d n.d
B F1P4D2 20-40 n.d n.d n.d n.d n.d n.d
5 A F1P5D1 0-20 5.8 1608 <LOQ n.d n.d n.d
B F1P5D2 20-40 n.d n. d n.d n.d n.d n.d
6 A F1P6DI1 0-20 5.75 4871 <LOQ n.d n.d n.d
B F1P6D2 20-40 5.86 2318 <LOQ n.d n.d n.d
~ 1 A F2P1D1 0-20 5.72 3353 <LOQ n.d n.d n.d
o B F2P1D2 20-40 5.63 2214 <LOQ n.d n.d n.d
-LCLL’ 2 A F2P2Dl1 0-20 5.8 7541 <LOQ 4.62 5421 <LOQ
B F2P2D2 20-40 n.d n.d n.d n. d n. d n.d
. 1 A F3P1DI1 0-20 n.d n.d n.d n. d n. d n.d
o B F3P1D2 20-40 n.d n.d n.d n. d n. d n.d
.L%) 2 A F3P2Dl1 0-20 5.96 1562 <LOQ 4.52 56983 <LOQ
B F3P2D2 20-40 n.d n.d n.d 4.78 1326 <LOQ

F.C: Field Code; ° R. T: Retention time and ¢ Average peak area represent the average peak areas value of same plot soil samples. Limit of quantitation (LOQ) for imazapicand
imazapyr (3.09 ug/ mL) and (0.51 ug/ mL) respectively. The fields which did not contain IMI residues were removed.




CHAPTER 5: DISCUSSION

It is high likely that several weedy rice biotypes in Malaysia have already ‘evolved’
to be resistant to imidazolinone herbicide (OnDuty™) possibly from consequential
conferment of resistant genes from Clearfield® rice to weedy rice (Shivrain et al., 2008;
Jaafar et al., 2014; Dilipkumar et al., 2018). Different weedy rice biotypes from this
study showed a wide variation of IMI herbicide responses to the weed during pre-
emergence (Figures 1, 2) and post-emergence (Figures 3,4) herbicide applications at
various dosage. This confirmed that sampled weedy rice biotypes have various degrees
of resistant towards IMI herbicide. This variation might be caused by accidental and/or
voluntary hybridization between IMI tolerant cultivated rice with weedy rice in the

Clearfield® rice fields.

Engku et al., (2016) reported the potential gene flow between Malaysian Clearfield®
rice (MR220CL1 and MR220CL2) to various weedy rice biotypes producing resistant
progenies in the F1 population. The hybridization introduces gene flow and
subsequently increases genetic diversity and heterogeneity of the hybrid weedy rice
populations (Chang, 2003), initiating hybridization-differentiation cycles of next
generations (Gu et al., 2004; Mispan et al., 2013). This increases genotypic selection for
adaptive/survival traits (Mispan et al., 2013; Zhang et al., 2017; Qiu et al., 2017) which
later expand the probability of survival potential from selection pressure due to

continuous IMI herbicide application (Kuk et al., 2008; Dilipkumar et al., 2018).

Viability percentage of the seedlings for herbicide treatment as a pre-emergence
application at half-dose (21.44+19.6%), commercial dose (13.9+13.8%) and double-dose

(7.3+4.1%) rate (Figure 3) shows application of OnDuty™ as pre-emergence herbicide
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might help in managing weedy rice at the early stage. Imidazolinone herbicide
reportedly to have a slight effect on the percentage of seed germination in chickpea but
a significant shift down in the speed of germination (Hoseiny-Rad & Jagannath, 2011).
This is in line with the stewardship guideline for the Clearfield® Production System
(CPS) to apply the OnDuty™ herbicide only between 0 to 7d after sowing (DAS). High
percentage of imazapic (52.5%) one of active ingredients in OnDuty™ - acting as pre-

emergence herbicide might contribute to this action (Dilipkumar et al., 2018).

However, this study showed that MR220CL2 (imidazolinone tolerance variety) seeds
also affected by the pre-emergence application (Figure 5) if the seeds were directly
sowed before pre-germination. The usage of OnDuty™ as pre-emergence herbicide
could be more effective in transplanting method especially with an increased dosage
from the commercial rate. However, the environmental impact of regular usage and high
dosage of this herbicide need to be properly assessed because the current CPS practice
showed potential herbicide leachate and carryover in the rice field soil (Bzour et al.,

2019).

The application of OnDuty™ herbicide as a post-emergence herbicide can increase
the potential of weedy rice to escape the CPS. Only 23.5% of weedy rice sampled
populations can be fully controlled (susceptible) by commercial dosage and additional
35.3% were controlled by 2-dose. The low formulation rate of imazapyr (17.5% or
equivalent of 38.5 g a.i. ha-1) as a post-emergence herbicide in the OnDuty™ will
increase the probability for diverse weedy rice populations to survive. Dilipkumar et al.,
(2018) reported that imazapyr can control resistant biotype of weedy rice at 4,995 g a.i.

ha-1. This wide margin creates ample window for weedy rice to adapt in the CPS
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environment and consequently become resistant to the herbicide through spontaneous

mutation over time (Tan et al., 2005; Sales et al., 2008; Kuk et al., 2008).

Unfortunately, disobedience of some farmers to follow the CPS guidelines and
stewardships has been reported (Dilipkumar et al., 2018; Harun et al., 2018) and
personally observed especially on practicing CPS for more than three consecutive
seasons in the same field, late application of OnDuty™ at 10 to 15 DAS, and reducing
the herbicide dosage to cut input cost. Previous experience in Malaysia already reported
that continuous use of phenoxy herbicides since late 1980s has caused the weed species
shift to graminaceous species including weedy rice in Malaysia rice granaries (Baki,
2006; Mispan et al., 2019). Malaysia will face ecological risks of continuous weedy rice
mutation in favor to its survival if no stringent ecological risk valuation including the
screening and mitigation strategies to break selection of IMI resistant weedy rice in the

CPS system (Sudianto et al., 2013; Mispan et al., 2019).

Studies revealed how much of IMI- herbicides run-off into soil are important due to
their potentially deleterious effects on the environment (Schreiber et al., 2017).
Improving methods for extraction from the environment are very important, because
these residues of these herbicides remain present in Swedish soil after 8 hours
(Borjesson et al., 2004b). Using HPLC-UV method is common in literature, and it was
used by many researchers because it provides more realistic results (Helling & Doherty,

1995; Lagana et al., 1998; Pace et al., 1999).

IMI herbicides (imazapic/imazapyr) were widely used in Clearfield® rice soils. To
date, only a few studies are available discussing on the residues of these herbicides,

especially in the context of Malaysian soil. Therefore, for this purpose, high
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performance liquid chromatography (HPLC) with UV detection was developed using a
Zorbax stable bond C18 (4.6 x 250 mm, 5 pum) column, with two mobile phases. The
average percentage recovery for imazapyr and imazapic varied from 76%-107% and 71-
77%, with 0.1-5 pg/ml fortification level, respectively. The limit of detection (LOD)
and limit of quantification (LOQ) were found to be 1.05 and 4.09 for imazapic and
0.171 and 0.511 pg/ml for imazapyr respectively, in the top 15 cm. In the extracted soil
sample, it was 0.19 pg/ml for imazapic and 0.04 pg/ml for imazapyr, respectively.
Based on this study, a pre-harvest period of 40-60 day is suggested for rice crops after

IMI application.

Using this HPLC-UV method, Calibration curves from different known
concentrations of imazapic and imazapyr herbicides (0.1, 0.5, 1.5, 10, 20 pg/mL) were
constructed. The equations of analytical calibration graphs obtained by plotting peak
areas against concentrations of the imazapic and imazapyr herbicides. The linear
regression equations were y = 64,086x + 6626.7, with R = 0.9978 for imazapic, and y =

35078X + 3189.9, with R 0f 0.9998 for imazapyr respectively.

Previous researches reported that these herbicides are slow to degrade in soil under
normal environmental conditions (Bajrai et al., 2017). Imazapyr has a half-life of 90-
120 days, while imazapic has a half-life of 3 months. The Ko (soil organic partition
coefficient) for both herbicides were137 and 100ml g™!, respectively, which means low
adsorption and high mobility, and eventually the high level of leaching. Nevertheless,
these herbicidal residues persist for extended periods of the times, thus representing a
high risk of environmental contamination of soil, surface, and groundwater, especially

imazapic (Souza et al., 2016).
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The LOD and LOQ were found to be 1.04 and 3.09 pg/ mL for imazapic, and 0.17
and 0.51 pg/mL for imazapyr, respectively as found from our previous study (Bzour et
al., 2017). From Tables 4.14 and Figure 4.24, imazapic and imazapyr were found at
depths more than 20 cm. The residues were at 0.58, 0.03 on the first 20 cm and 1.96,
0.58 at the 20-40cm depth, which agrees with (Neto et al., 2017; Refatti et al., 2017),
who reported that imazapyr and imazapic can leach up to more than 25 cm. The
presence of both IMI residues at 20-40cm depth in field 1 (plot-1) may be due to the soil
sample location at the edge of the field (on the corner of the field), and it is the first

sample collected (Figure 4.24).

The management practices and procedures of the farmers are instrumental towards
the presence of these herbicides. Some plots were not as cultivated, and seldom
ploughed, which may result in reduced sunlight, and accumulation of IMI residues
throughout the seasons. Table 4.14 shows that the imazapic residues were present in
most samples, especially at depths of more than 20 cm, in contrast to imazapyr residues,
which were only found in the field 1 -plot 1 and field 3 -plot 2. This could be attributed
to the concentration of imazapyr and imazapic in the whole compound (Onduty®
compound were 0.58 and 0.19 g/L, respectively). Therefore, the concentration of
imazapic is tripled, which could explain the accumulation and translocation of imazapic
more than imazapyr. Vizantinopoulos and Lolos (1994) pointed out that imazapyr has
low persistence, and can move and leach into deep layers, reaching more than 45 cm.
The residues of imazapic in the plots decreased from soil depths of 20 — 40 cm. The
residues in plot 1 were 0.58, 0.03, plot. 2: 0.03, (-), plot 3: (-), plot 4: 0.10, plot 5: 0.04,
(-) and Plot 6 were 0.09, 0.05 pg/mL, respectively. The reason for the shift down of the
peak areas could be due to translocation involving the movement of soil forming

materials throughout the soil’s profile and the leaching of herbicides into deeper layers.
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The adsorption of herbicides decreased due to increasing heavy rain and
temperatures. The higher solubility in water, pH, high temperatures, and high rainfall in
Malaysia are some of the main factors that play an important role in the transition of
residual particles of herbicides through the pores or movement to deeper layers, as per

(Borjesson et al., 2004a; Castillo et al., 1997; Fish et al., 2015; Grey et al., 2012).

Malaysia has almost daily high-intensity rainfall and medium daily temperatures.
Studies reported that temperatures between 35 — 45 °C and increased soil moisture
enhances both chemical and microbial degradation of herbicides, as well as their
respective mobilities (Jourdan et al.,, 1998; Laabs et al., 2000; Neto et al., 2017).
Therefore, different factors can affect the leaching of these types of herbicides into the
depth of the soils, including the pH, concentration of herbicides, and type of the soil. At
pH values greater than 6, the IMI herbicides are weakly adsorbed into the soil (Ozcan et
al., 2017). Another important factor that affects the residual concentration is the type of
the soil. IMI sorption increases alongside soil clay content, due to increased bindings of
the herbicide to soil particles (Gianelli et al., 2014). In this research, the type of the soil
was clay loamy, which means that the percentage of adsorption increase and IMI
herbicides dissipation decrease (Sondhia et al., 2015). Sondhia (2013) reported that IMI-

herbicides could leach into clay loam soil up to a depth of 70 cm.
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CHAPTER 6: CONCLUSION AND FUTURE RECOMMENDATIONS

6.1 Research Conclusion

The Clearfield® Rice Production System (CPS) technology was successfully
managing weedy rice infestation and increasing crop production in Malaysia. However,
there were concerns on the recurring presence of weedy rice in the CPS fields in recent
years, suspecting the weedy rice has become resistance to imidazolinone herbicide
(OnDuty™). This study showed different dosages of imidazolinone herbicide only
reduced ~30% of germination rate but significantly decreased the weedy rice seedlings
viability. Low viability rate for commercial (13.9£13.8%) and double (7.3+4.1%)
herbicide dose indicated application of OnDuty™ as pre-emergence herbicide was
effective to control weedy rice. The application of OnDuty™ at later stage after the
recommended period increased weedy rice escape potential in the CPS fields by 64.7%
to 76.5% for one- and two-dose applications, respectively. Therefore, there is a
possibility that weedy rice in Malaysia has developed certain levels of resistance
towards imidazolinone herbicide. Stringent ecological risk valuation of CPS is needed

to mitigate the development of herbicide resistant weedy rice in the future.

A simple analytical method based on HPLC-UV was developed and validated to
determine the IMI residues in the Clearfield® rice soils in this study. It is necessary to
monitor the presence of herbicides residues in soils and waters and develop methods for
reliable analysis, as important tools of regulatory programs to protect the environment.
A gradient of mobile phase A (acetonitrile (100%)) and mobile B (purified water
acidified with 10% acetic acid (pH adjusted to 2.8)) yields excellent separation and
resolution, in a short analysis time, for the two herbicides (less than 7 min), with

retention time for imazapyr and imazapic at ~4.6 and 5.9 min, respectively. Excellent
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linearity in the range of injected standard concentrations with a high degree of precision
and accuracy could be achieved. Therefore, the proposed analytical method could be
useful for detecting the imidazolinone family in agricultural soil and water in the future.
Results of this study suggests the need for an extensive research to determine factors
affecting the half-life of these herbicides and their contribution to their persistence.
Also, further studies are needed on the laboratory level and plant bioassay to evaluate if

these residues can indeed cause injuries to other crops.

The residual activity of herbicides may be detrimental to the environment, requiring
analysis of the persistent residues in the soil and water. Since, a reliable method for the
identification of IMI herbicides method was used to determine IMI-herbicide residues in
the rice field soils. Residues of imazapic and imazapyr were found to fall within 0.03—
0.58 pg/mL and 0.03—-1.96 pg/mL, respectively, in three locations. IMI herbicides are

persistent in the soil, and their residues remain for up to 85 days after application.

A pre-harvest study was suggested for these herbicides on water, which will provide
a clearer indicator on the use of IMI in Clearfield® rice fields. The LOD and LOQ were
found to be 1.04 and 4.09 for imazapic and 0.17 and 0.51 pg/mL for imazapyr,
respectively. The results showed that residual herbicides were present in the soil in
certain plots, reaching 2040 cm. It was observed that high mobility herbicides can

leach into deeper layers of the soil, which could threaten deep aquifers.

This study elucidated the environmental properties of IMI herbicides that are
commonly used in major results also confirmed the need for more in-depth studies at
different times of application, to precisely evaluate the actual leaching depth of these

herbicides and its mechanisms.
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6.2  Future Work

Despite the progress of researches on weedy rice in Malaysia, information of its
genetic diversity in crop fields and IMI- herbicide resistance weedy rice is still
insufficient. Therefore, this limited information about weedy rice restrain the drawing of
effective techniques tools and methods for weedy rice management. Therefore, to close
the gaps, it is important to carry out national-wide study about the weedy rice resistant
in rice crop cultivation fields in Malaysia. Some suggestion research in the future as low
seed shattering weedy rice and shift up the susceptibility of these weedy rice to IMI-
herbicides in the fields. This will help us to more understand hidden secrets related
genetic diversity between weedy rice populations in the regions and try to put surely
effective tools for mitigation strategies. The study of resistance in weedy rice
specifically for imazapyr or imazapic is also needed. Consequently, future research
should focus on these goals to save our crop from the carry over residues and water

contamination.

General observations also indicated that weedy rice studies in Malaysia may develop
a strong interest towards the ‘omics’ research to overcome such issues including weed
management. The genomics studies in weedy rice for instance may arise in the country
due to their rapid evolution dynamics in Malaysian rice agro-ecosystem (Mispan et al.,
2015). Weedy rice also can become a model plant for weed ecological genetic studies to
elucidate genetic and evolutionary mechanism of weed adaptation and competitiveness
in agro-ecosystems using combinative approaches of ecology, genetics and genomics to
provide fundamental knowledge to improve or devise new weedy rice management
strategies (Mispanet al, 2013; Mispan 2014). The biotechnology techniques and

technologies especially in the, metabolomics studies to illuminate useful chemical
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compounds (Saiman, 2014) can be transferred to weedy rice systems for further

understanding on herbicide mechanisms and actions to weedy rice (Ruzmi et al., 2017).

More in-depth study should be conducted at different times of application to
precisely evaluate the actual leaching depth of these herbicides. Secondly, the proposed
analytical steps could be useful for detecting the IMI family in agricultural soil and
water in the future. Thirdly, further investigation is needed to assess the impact of

herbicides residues in water and human health.
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