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Acetyl-CoA carboxylase (ACCase: EC 6.4.1.2) is one of the essential biotins
containing enzymes required by plants for fatty acid synthesis and elongation.
The unique enzyme is present in its homomeric form in all the Gramineae family,
making it a suitable target for developing herbicides selectively against weeds of
the Gramineae family. One such example is infestation of Phalaris minor in winter
wheat crop fields, where aryloxyphenoxypropionates (FOP); cyclohexanediones
(DIM) and phenyl pyrazoline (DEN) group of ACCase inhibiting herbicides are
used. However, the increasing number of ACCase herbicide resistant weed
populations has compelled agro-scientists to seek varied possibilities for weed
control, through Integrated Weed Management (IWM) strategies. Developing
new potential herbicides to regain sensitivity in weeds could be an approach to
weed control. The current advancement in computational techniques could be
of aid in developing new herbicide-like molecules by exploring the genomics,
proteomics and structural details of catalytic sites of herbicide action in crops as
well as weeds.

KEYWORDS

acetyl-CoA carboxylase (ACCase), carboxyl transferase (CT) domain, mutation,
herbicide resistance, rational drug discovery, safeners, aryloxyphenoxypropionates,
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1 Introduction

Weeds are one of the most stubborn challenges for farmers, causing a reduction of
~35% in crop production (Oerke, 2006). There are broadly two ways to manage weed
control: physical and chemical. Among the two, using chemical means (use of herbicides)
is the more convenient and efficient method as it saves time and capital investment.
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Different herbicides have different targets, which have been
classified accordingly into thirty-four groups (Heap, 2023)
(https://www.hracglobal.com). Herbicides against six target sites:
acetyl-CoA carboxylase (ACCase), acetolactate synthase (ALS),
photosystem II (PSII), synthetic auxin, very long chain fatty acid
(VLCFA) and protoporphyrinogen oxidase (PPO or Protox) are
readily available and used. ACCase is the most studied among all
the presently known herbicide targets. ACCase is a biotin-
containing enzyme which is responsible for generating malonyl-
CoA separately in plastids and cytoplasm of the plant cells, which is
further used for fatty acid biosynthesis and elongation as well as
secondary metabolites; respectively (Nikolau et al., 2003). Studies
have revealed considerable variation in crop and weed grass
ACCase protein, making it a suitable target to develop herbicides
against them (Luo et al., 2012; Takano et al., 2020). Thus, ACCase-
inhibiting herbicide has become a critical factor in controlling
weeds (Naylor, 2008).

ACCase inhibitors, aka ‘Group A Herbicides’ precisely
diclofop-methyl, were introduced in 1978 in the market (Neve
and Powles, 2005; Kaundun, 2014). The newly introduced
herbicides were selective against grass weeds, with zero to
minimal harm on crop plants and lesser residual effect in the soil
(Rendina and Felts, 1988; Chhokar and Sharma, 2008; Gherekhloo
et al., 2021). Molecular studies have revealed the binding site of a
protein and its interaction mechanism with herbicides. Herbicides
of this group bind to the carboxylase transferase domain of the
protein and block its functioning, thereby killing the plant (Zhang
et al, 2004; Linda et al, 2010). The efforts of researchers have
opened up the path to understanding the mechanism of resistance
development in weeds due to misuse of herbicide doses. So far,
numerous variants of ACCase have been reported in resistant
biotypes of weeds (Gaines et al., 2020; Gherekhloo et al., 2021).
The ACCase-resistant weeds has infested the crop fields of canola,
chickpea, lentils, faba beans, peas, lupins, spring barley, flax and
wheat causing a rapid decline in crop production (Heap, 2023). Ina
study conducted by the International Crop Research Institute for
Semi-Arid Tropics (ICRISAT) out of the total annual loss of
agricultural produce in India, weeds share almost 33% of the
total losses.

Wheat grain production is drastically affected by a weed called
‘Little seed Canary grass’ i.e., Phalaris minor, which is an annual
weed infesting winter season crops across many continents. Phalaris
minor is a very competitive weed especially in wheat crops due to its
similar morphology in the early growth stage. The problem of
resistance is still increasing with the time swing which has led to
devastation for wheat growers, causing a 15-50% loss in the total
harvest (Rao et al., 2014; Gharde et al, 2018). Management of
herbicide resistance usually depends on the understanding of the
biology of the weed species, the reason for the development of
resistance in them and the mechanism of interaction of herbicides
at their respective target sites. By combining the knowledge of
catalytic binding sites of herbicides and their mode of interaction,
researchers can design and develop new herbicide-like molecules as
well as incorporate a well-planned Integrated Weed Management
(IWM) strategy to control weed infestation in crop fields.
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2 Domain organization in
ACCase protein

Biotin acts as an enzyme/biocatalyst to perform carboxylation,
decarboxylation, and transcarboxylation in the central metabolism
pathway. There are five different types of biotin-containing protein,
among which four are biocatalysts, namely geranoyl-CoA
carboxylase, 3-methylcrotonyl-CoA carboxylase, and the two
structurally different acetyl-CoA carboxylases (ACCase) namely;
heteromeric and homomeric ACCase (Wurtele and Nikolau, 1990).
ACCase is the rate-limiting enzyme in fatty acid formations. It
plays a key role as an intermediate between lipid and carbohydrate
metabolism for fatty acid production (Luo et al., 2012). It is the first
enzyme complex that catalyzes ATP-dependent carboxylation of
acetyl-CoA to malonyl-CoA. For plants, ACCase directs the flow of
carbon from photosynthesis to primary and secondary metabolites.

There are two distinct isoforms of ACCase in plants namely, the
plastid ACCase (important in the biosynthesis of primary fatty
acids) and the cytosolic ACCase (involved in the biosynthesis of
long-chain fatty acids) (Yu et al., 2008). The heteromeric ACCase,
which occurs in plastids of most of the plants of a non-Gramineae
family, is composed of four independent polypeptides: Biotin
Carboxylase- BC, Biotin Carboxyl Carrier protein- BCCP and two
carboxyl transferase- oo and B-CT, which is analogous to the
organization of bacterial and archaeal ACCase (Sasaki and
Nagano, 2004a; Zhang et al., 2004). Biochemical and molecular
characterization has already been performed for heteromeric
ACCase of various plant species such as Arabidopsis thaliana,
Glycine max, Brassica napus, and Pisum sativum. Sequencing of
ACCase protein has also been deduced, however 3D structural
clarity of mature heteromeric sequence has not been figured out yet
(Sun et al,, 1997; Kaundun, 2014). Over the years researchers have
studied and reported that the primary structure of each subunit of
heteromeric ACCase has considerable conservation to other plant
species and comparatively lower similarity to bacterial ACCase. Of
the four heteromeric ACCase subunits, the 50-kDa BC subunit is
the most highly conserved among plant species (Thelen et al., 2001;
Cronan and Waldrop, 2002). Another isoform of the said
biocatalyst is homomeric ACCase, a 500-kDa enzyme with two
identical subunits. The enzyme is common in all the Gramineae
plant families (grasses) (Incledon and Hall, 1997). Unlike
heteromeric ACCase, where functional domains are distinctly
classified as separate subunits. Homomeric ACCase has fused
domains where functional domains (NH2-BC-BCCCT-COOH)
are linearly arranged (Figure 1), thus providing a high degree of
amino acid sequence conservation (Nikolau et al., 2003). Wheat
crops lack heteromeric ACCase but have two isoforms of
homomeric ACCase localized in the plastid and cytosol
(Podkowinski et al., 2003).

Further studies have been conducted to identify the sequential
differences among different homomeric ACCase of the Gramineae
family, precisely among various infesting weeds and wheat. Multiple
sequence alignments of Alopecurus (NCBI ID.- CAL63611.1), A.
japonicus (NCBI ID.- AFD53915.1), and Beckmannia syzigachne
(NCBI ID.- AGT45916.1) ACCase CT-domain amino acid
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Domain organization of single unit of homomeric Acetyl-CoA Carboxylase (ACCase) protein, showing its three functioning regions namely, Biotin
Carboxylase (BC), Biotin Carboxylase Carrier Protein (BCCP) and Catalytic Transferase (CT) domain.

sequences have been performed using Clustal Omega (https://
www.ebi.ac.uk/Tools/msa/clustalo/) to evaluate evolutionary
conserveness in protein profile. The alignment revealed that the
major part of the CT-domain in protein sequence is conserved with
hardly any variable regions that are not at the catalytic site of
herbicides (Figure 2), which points towards the fact that there is
little to no role of mutation in the selective activity of herbicides
on weeds.

Studies have confirmed that resistance in crops including wheat
from herbicides is accomplished majorly via the active metabolism
of herbicides from crop plants by their detoxification with the help
of cytochrome P450 (Cyt-P450) and glutathione S-transferase
(GSTs) (De Prado et al.,, 2012). Active metabolism of
chlorotoluron (Mougin et al., 1991), clodinafop-propargyl (Kreuz
etal., 1991), and fenoxaprop-p-ethyl (Romano et al., 1993) in wheat
mediated by Cyt-450 and GSTs, respectively, have been reported.
Use of agrochemicals categorized as safeners (Davies and Caseley,
1999; Deng, 2022; Zhao et al., 2023) (chemical compounds used to
diminish herbicide phytotoxicity in crops by the ease of
physiological and molecular pathway alteration, without
interfering in the activity of herbicides on weeds) in composition
with herbicides have proved to increase expression of Cyt-P450 and
GSTs selectively in grass crops, thereby enhancing detoxification in
the crop from herbicides (Hatzios, 2003; Edwards et al., 2005)

3 Acetyl-CoA carboxylase:
a biocatalyst

ACCase utilizes bicarbonate and ATP for carbon dioxide and
energy sources (Konishi and Sasaki, 1994). The reaction pathway
occurs in two steps: ATP-dependent transfer of CO, from HCO5 to
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the nitrogen atom of the biotin prosthetic group of ACCase. The
biotin is covalently bound to the ACCase enzyme at the carboxyl-
terminal amino acid group of a lysine residue of the biotin side
chain. The next step in the reaction is a transfer of active CO,
attached to biotin to acetyl-CoA. The acetyl-CoA carbon ion in the
CT domain of the protein performs a nucleophilic attack on the
carboxybiotin-enzyme. Finally, it transfers the active CO, attached
to biotin to acetyl-CoA. After this step, the biotin prosthetic group
is again regenerated, and malonyl-CoA is formed (Sasaki and
Nagano, 2004b; Takano et al., 2020).

(1) Biotin carboxyl carrier protein + HCO; + Mg2+—ATP —
Biotin carboxyl carrier protein—CO, + Mg2+—ADP + P
Biotin carboxylase

(2) Biotin carboxyl carrier protein—CO, + acetyl-CoA —
Biotin carboxyl carrier protein + malonyl-CoA: carboxylase

After the reactions are complete, the protein reverts to its initial
form without alteration in its structure and form. The reaction is the
lead cause for the flux of carbon through the pathway (Figure 3).

Though there is considerable similarity in the pathway of
ACCase biocatalytic action still, the plastid and cytoplasmic
ACCase have a substantial difference in their structure, which
enables herbicides to recognize and interact with plastid ACCase
(Nikolskaya et al., 1999; Raghav et al., 2016; Takano et al., 2020). As
discussed in the earlier section (Domain organization in ACCase
protein), the linear homomeric ACCase is highly conserved with
only a few changes between the sequence of different plant species.
These small changes in amino acid sequence make it easy for
researchers to develop selective herbicides against weeds that
would not harm the crop (Green and Owen, 2011; Tehranchian
et al., 2018).

frontiersin.org


https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://doi.org/10.3389/fagro.2023.1218824
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Rajak et al.

10.3389/fagro.2023.1218824

' " 2

Consensis  aLN1SYQPLS VIDLKRCSAR NNKTTYCYDF

Conservatn

CALS%I11  ALNTSYQPLS VIDLKRCSAR NNKTTYCYDF

AFDSSO1S!  ALNTSYQPLS VIDLKRCSAR NNKTTYCYDF

ACTIS9161  TLNNSYQPLS VIDLKRCSAR NNATTYCYDF
6 7 8

Consensus, FAEKNGSWGT P11aMORAAG LNDIGMVAW

Gonservation

CALSILI  FAEKNGSWGT P1IPMORAAG LNDIGMVAW

AFDSI9IST  FAEKNGSWGT P IIAMORAAG LNDIGMVAW

AGTUSIG!  FAEKNGSWGT PIIAMGRAAG LNDIGMVAW
12 13 191

Consensis  REDAFFEAVT NLACEKKLPL |YLAANSGAR

Gonservaten

CALS®ILI  REDAFFEAVT NLACEKKLPL (YLAANSGAR

AFDSI9IS!  REDAFFEAVT NLAGEKKLPL |YLAANSGAR

AGTUS9I61  REDAFFEAVT NLACEKKLPL [YLAANSGAR
181 191 EY

Gonsensis. LDEDHDRISS SVIAHKMALD SGEIRWVIDS

Gonsenvaton

CAL6®111  TDEDHDRIGS SVIAHKMQLD SGEIRWVIDS

AFDS151  TDEDHDRISS SVIAHKMQLD SGEIRWVIDS

AGT9161  SDEDHDRISS SVIAHKMOLD SGEIRWVIDS
21 21 21

Consansus. FTLTFVTGRT VGIGAYLARL GIRGIQRIDQ

Gonsenvaton

CALS%iL1  FTLTFVTGRT VGIGAYLARL GIRCIQRIDO

AFDSMISI  FTLTFVTGRT VGIGAYLARL GIRGCIORIDO

AGTUSIEI  FTLTFVTGRT VGIGAYLARL GIRCIQRTDO
a0t an 2

Consensis  MATNGVVHLT VPDDLEGVSN |LAWLSYVPA

Gonservaton

CAL6I  MATNGVVHLT VPDDLEGVSN |LRWLSYVPA

AFDSH1S]  MATNGVVHLT VPDDLEGVSN |LAWLSYVPA

AGTESSI61  MATNGVVHLT VPDDLEGVSN |LAWLSYVPA
a1 ant Bl

Consensis  AAISGIDDSO GKWLGGMFDK DSFVETFEGW

Gonservatin

CALS®ILI  AAISGIDDSO GKWLGGMFDK DSFVETFEGW

ADSNIS AAISGIDDSO GKWLGGMFOK DSFVETFEGW

AGTUSI61  AAISGIDDSQ GKWLGGMFDK DSFVETFEGW
@ a w

Corsenss  PADPGQPDSH ERSVPRAGQOV WFPDSATKTA

Consarvation

cALeo6I 1.1 ADPGQPDSH ERSVPRAGQV WFPDSATKTA

AFDSIISI  PADPGQPDSH ERSVPRAGQV WFPDSATKTA

AGT4EO161  PADPGQPDSH ERSVPRAGQV WFPDSATKTA
@1 a1 501

Consonsis  EGnLOAGSTI VENLRTYNOP AFVYIPKAAE

Gonsarvation

CAL®ILI  EGNLQGAGSTI VENLRTYNOP AFVYIPKAAE

AFDSIS!  EGILQAGSTI VENLATYNOP AFVYIPKAAE

AGTUSIB!  EGNLOAGSTI VENLRTYNOP AFVYIPKAAE
s 551 S0

Gonsensus. LEPOGLIEIK FRSEELKEGM GRLDPeLIDL

Gonservaton

GAL6®!11  LEPQGLIEIK FRSEELKECM GRLDPELIDL

AFDS1S1  LEPOGLIEIK FRSEELKEGM GRLDPDLIDL

AGT#SSI61  LEPOGLIEIK FRSEELOEGM GRLDPELIDL
6ot o1t =

Gonsensus. LYTQIAVAFA ELHDTSLAMA AKGVIRKVVD

Conservaten

CALS%i1  LYTQIAVAFA ELHDTSLAMA AKGVIRKVVD

ADSIIST  LYTOIAVRFA ELHDTSLAMA AKGVIRKVVD

AGTESOIE1  LYTOIAVRAFA ELHDTSLAMA AKGVIRKVYVD
6ot &7 et

Consensis  EKFpHKSAIE LIKKWYLASE aAaAGSTAWD

Conservation

CALSILI  EKFPHKSAIE LIKKWYLASE AAAAGSTDWD

AFDSI9IS!  EKFPHKSAIE LIKKWYLASE SAAAGSTOWD

AGTSIE1  EKFSHQSAIE LIKKWYLASE AAVAGSTGWD
1 71 1

Consansis. LSDVAgSSSD LQALPQGLSM LLOKMDPSKA

Gonsanvaton

CAL%I1  LSDVAGSSSD LQALPQGLSM LLOKMDPSKRA

AFDSNIS!  LSDVAGSSSD LQALPQOGLSM LLDKMDPSKA

AGTSHI61  LSDVADSSSD LQALPQGLSM LLDKMDPSKR

FIGURE 2

El
PLIFEaAVQK

PLTEEAAVOK

LDMSTPEFPS

LDMSTPEFPS
LDMSTPEFPS
LOMSTPEFPS

151
1GIADEVKSC

IGIADEVKSC
1GIADEVKSC
1GIADEVKSC

E
VVGKEDGLGY

VVGKEDGLGV
VVGKEDGLGV
VVGKEDGLGV

2
PIILTGFSAL

PIILTGESAL
LILTGFSAL
LILTGFSAL

B

NIGGPLPITK

NIGGPLPITK
NIGGPLPITK
NIGGPLPITK

E

AKTVVTGRAK

AKTVVTGRAK
AKTVVTGRAK

AKTVVTGRAK

a5
QAMLDFNREG

QAMLDFNREG
QAMLDFNREG
QAMLDFNREG

st
LRGGAWVVID

LRGGAWVVID
LRGGAWVVID
LRGGAWVVID

e
KaRLQGANGS

KARLQGANGS
KARLOGANGS
KTRLOGANGS

o
WEDSRSFFYK

WEDSRSFFYK
WEDSRSFFYK

WEDSRSFFYK

601
DDDAFVAWRE

DDDAFVAWRE
DDDAFVAWRE
DDDAFVAWRE

75
AQFIEEVMKY

AQFIEEVMKY
AQFIEEVMKY
AQFIEEVMKY

@
SWSNISSENN

SWSNISSENN
SWSNISSENN

SWSNISSENN

101
GRQIIVIAND

RQIIVIAND
RQIIVIAND
RQIIVIAND

181
FRVGWIDDSS

FRVGWTDDSS
FRVGWTDDSS
FRVGWADDSS

221
ENIHGSAAIA

ENIHGSAAIA
ENIHGSAAIA
ENIHGSAAIA

281
NKLLGREVYS

NKLLGR
NKLLGR
NKLLGREVYS

a4
SLDPIDRPVA

SLDPIDRPVA
SLDPIDRPVA
SLDPIDRPVA

a0

LGGIPVGYIA

LGGIPVGYIA
LGGIPVGYIA

LGGIPVGYIA

481
LPLEILANWR

LPLFILANWR
LPLFILANWR

LPLFILANWR

2
SKINPDRIEC

SKINPDRIEC
SKINPDRIEC
SKINPDRIEC

581
LSDGESLOKS

LSDGESLOKS
LSDGESLOKS
LSDGESLOKS

o1
RLRRRISEDV

RLRRRLSEDV
RLRRALSEDV

ALRRAISEDV

01

NPENYKEY 1K

NPENYKEY 1K
NPENYKEYIK

NPENYNEYIK

71

5
QCYVKATELY

QCYVKATELV
QCYVKATELVY

QCYVKATELY

i
I TFRAGSFGP

1
PERGFRYIYm

PERGFAYIYM

e
SAYSRAVEET

SAYSRAYEET
SAYSRAYEET
SAYSRAVEET

21
SHMQLGGPK I

351
YIPENTCODPR

YIPENTCDPR
YIPENTCOPR
YIPENTCOPR

an
VETQTHMMOLY

VETQTMMOLY
VETQTMMOLY
VETQTMMOLY

an
GFSGGARDLF

FSGGQRDLF
FSGGQRDLF
GFSGGQRDLF

55

YAERTAKGNY

YAERTAKGNV

59
IEARKKQLLP

|EARKKQLLP
|EARKKQLLP
IEARKKHLL

=

LAKEIRgVIG

LAKEIRGVIG

m
ELRAQRVSqL

ELRAQRVSRL
ELRAQRVSOL
ELRAQRVSOL

Multiple sequence alignment of the amino acid sequences of Alopecurus myosuroides, A. japonicus and Beckmannia syzigachne ACCase protein.

4 ACCase: target for herbicide

ACCase is involved in various plants’ metabolic pathways,
directly as well as indirectly, making it essential for their growth
and survival. Since it is present in almost all plants and is vital for
their survival, it has been used to develop several herbicides against
weeds. The variation in the protein of crop’s amino acid sequence in
comparison to weeds, encodes a structural variation in the binding
site of herbicide. It allows the herbicide to interact with weed
ACCase selectively (Umetsu and Shirai, 2020). However, before
discovering structural differences, researchers kept on doing hits
and trials to introduce herbicide molecules in the market, which
also led to the discovery of non-selective herbicides (which acts
upon all plants).

ACCase inhibiting herbicides (Group A, Table 1) are classified
into three chemical families: aryloxyphenoxypropionate (APP or
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FOPs), cyclohexanedione (CHD or DIMs), and phenylpyrazole
(DEN). The FOP and DIM group were introduced 45 years ago,
while the DEN group herbicide that consists of pinoxaden was
launched in the market in 2006 (Hofer et al., 2006; Dayan et al.,
2019). These herbicides inhibit the ACCase enzyme activity and are
typically used to control grass weeds during the cultivation of cereal
crops or broadleaf crops. The molecules of these herbicidal groups
consist of a similar carbon skeleton compared to a polar substitute.
Still, at the same time, each one has its distinct features due to the
presence of different functional groups in them (Déelye, 2005). FOP
groups are in the formulation of butyl, methyl, or ester, making
them highly lipophilic, thus increasing the capacity to cross cell
membranes (Shaner and Beckie, 2014). The residual activity of these
herbicides has also been studied. It has been stated that they have
limited residual activity in the soil, providing a higher value of solid-
liquid partition and adsorption potential, i.e., herbicides become
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FIGURE 3
A schematic representation of the reaction of ACCase protein for its biological functioning. Source: Ohlrogge J, Browse J. Lipid biosynthesis. Plant
Cell 1995.

TABLE 1 ACCase inhibiting herbicides are classified into three groups based on their chemical scaffold (https://www.hracglobal.com).

Chemical group Herbicides

Aryloxyphenoxypropionates (FOPs) Clodinafop-propargyl, Clifop, Cyhalofop-butyl, Diclofop-methyl, Fenoxaprop-ethyl, Fenthiprop, Fluazifop-butyl,

o Haloxyfop-methyl, Haloxyfop-etotyl, Haloxyfop-P-methyl, Isoxapyrifop, Metamifop, Propaquizafop,
R1 R2 0.
X
X1 (0]

Quizalofop-ethyl, Quizalofop-P-tefuryl

X1=F,CL6r, 1At
Cyclohexanedione (DIMs) Alloxydim, Butroxydim, Cloproxydim, Cycloxydim, Profoxydim, Tepraloxydim, Clethodim, Sethoxydim,
le) Tralkoxydim

R1
R2 (6]
Phenyl Pyrazoline (DEN) Pinoxaden
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tightly bound to the soil. The bound molecules are absorbed by
plant roots and then transform to their respective acid forms
damaging the plants. However, such activity has been observed to
last for only fourteen days (Lancaster et al., 2018).

5 ACCase interaction with herbicides

The activity of ACCase protein relies upon blocking fatty acid
synthesis, which is a primary requirement for the regulation of plant
growth hormones, lipids, and secondary metabolites (Heldt and
Piechulla, 2011). The herbicide activity leads to a decrease in fatty
acid synthesis, indirectly leading to the outflow of secondary
metabolites and, thereby, plant disease (Delye, 2005; Kaundun,
2014). The herbicide translocation occurs in both the xylem and
phloem tissue and travels to the meristematic region. Later, it is
followed by the penetration of herbicides in the cell wall of weeds,
leading to tissue damage and seepage of sap, which interrupts
various metabolic pathways, leading to disruption in the growth
of new leaves (Kukorelli et al., 2013). After one week of treatment,
common symptoms in plants are evident, including initial
greensickness followed by chlorosis in leaves (Dayan et al., 2019).

Biochemical and molecular studies have provided evidence that
the catalytic binding site of FOPs, DIMs, and DEN group lies in the
vicinity of the CT-domain of homomeric ACCase (Délye, 2005; Xia
et al., 2016), though they bind slightly at different sites and interact
with different amino acids, i.e., have different binding modes. After
a comparative analysis of all the interacting residues of protein with
FOP and DIM herbicide, it was divulged that they are conserved
amino acid residues. Enzymatic studies of ACCase protein have
proved that FOP and DIM group of herbicides are competitive
inhibitors of ACCase substrate and non-competitive inhibitors
HCO5', Mg"?, and ATP, suggesting that they function by binding
and blocking trans-carboxylation by CT-domain (Rendina et al,
1990; Burton et al., 1991; Devine, 2002). Crystal structure of
Saccharomyces cerevisiae ACCase in complex with herbicides of
different groups revealed that the molecules of other groups share
common interacting amino acids (Ile1735 and Alal627) as shown
in Figure 4 and Table 2, giving ideas for a new class of herbicide
(Xiang et al., 2009; Xia et al., 2016). Another interaction study of
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FOP and DIM group of herbicides with plastid ACCase protein of
P. minor revealed that an essential interaction of FOP interacts with
Ser133 amino acid residue for its binding at the CT-domain. While,
the interaction of Ala56 and Ile160 amino acids is invariable for
binding the DIM group to the CT domain (Rani et al., 2019)
Understanding herbicide mode of action gave insight into the
development of resistance in weeds against them. Studying
mechanisms of action and classifying herbicides based upon their
common mode of action instead of categorizing them based on the
target site or their respective chemical families will help to ponder
more deeply about the cause of resistance developed against them in
plants (Singh et al., 2004). Interaction studies of herbicides have
revealed that the most frequent cause of herbicide resistance
development is a mutation at the target site by single or multiple
amino acid changes at the CT-domain of homomeric ACCase
protein. The mutation leads to a lower affinity for herbicides in
resistant biotype plants without interpreting the normal biological
function (Xiang et al., 2009; Zhu et al., 2009; Beckie and Tardif,
2012; Murphy and Tranel, 2019; Rani et al, 2019). However,
mutations at non-target sites have also been noted that cause
structural changes in protein, leading to alteration in binding sites.

6 Mutation in ACCase protein

Herbicides have been used to tackle the problem of weeds in
crop fields ever since they were introduced into the market.
Mismanagement and overdose of these herbicides have led to the
issue of mutations in the target protein in weeds, making them less
or non-sensitive against the herbicides, thereby enhancing the
problem of weeds in crop fields leading to a loss in crop
production. Homomeric ACCase enzyme of the Gramineae
family is extremely sensitive toward aryloxyphenoxy propionates
(APP) and cyclohexanedione (CHD) herbicide molecules (Burton
et al., 1989; Sasaki and Nagano, 2004b; Delye et al., 2008; Vazquez-
Garcia et al,, 2021), leading to mutations (Table 3).

Mutation in ACCase protein has been in several weed plants
against various ACCase inhibiting herbicides. Point mutations
(Trp-1999:Cys, Trp-2027:Cys, Cys-2088:Arg Asp-2078:Gly, Gly-
2096:Ala, and Ile-2041:Asn) in ACCase of grasses have been
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Interaction of (A) Diclofop: herbicide of aryloxyphenoxypropionates group, and (B) Tepraloxydim: herbicide of cyclohexanedione group, with the

catalytic site residues of acetyl-CoA carboxylase protein.
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TABLE 2 Interacting amino acid residues of acetyl-CoA carboxylase protein with aryloxyphenoxypropionates (FOP) and cyclohexanedione (DIM)

group of herbicide.

Interacting amino acid residue

The herbicide group involved in the interaction

Phe1956 (Hydrogen bond)

Aryloxyphenoxypropionates (FOP)

Tyr1738 (Non-bonded contacts)

Val2001 (Non-bonded contacts)

Gly1734 (Non-bonded contacts)

Gly1998
(Hydrogen bond: DIM group
Non-bonded contacts: FOP group)

Tle1735 (Hydrogen bond)

Aryloxyphenoxypropionates (FOP) and Cyclohexanedione (DIM)

Alal627 (Hydrogen bond)

Cyclohexanedione (DIM)

Thr1757 (Non-bonded contacts)

reported, which lead to the development of herbicide-resistant
weeds (Délye et al, 2008). Molecular studies have revealed that
sensitive and resistant homomeric ACCase has the specific
substitution of Ile to Lue in the CT domain, which changes the
plastid ACCase from sensitive to the resistant enzyme (Zagnitko
et al,, 2001; Powles and Yu, 2010). Such mutations have been
reported in P. minor, wheat, wild oats, and Setaria viridis L. Beauv,
making the plants resistant to herbicides (Christoffers et al., 2002).
There have also been reports of mutations that affect the sensitivity
of more than one herbicide group towards the enzyme.

Several studies reported that Trp2027-Cys, Gly2096-Ala,
and Ile2041-Asn mutation leads to resistance against APP
herbicides while a mutation of Asp-2078-Gly caused resistance
against APP as well as CHD herbicide group, which also includes
clethodim (Beckie et al., 2000; Délye, 2005; Menchari et al., 2006;
Liu et al,, 2007; Yu et al., 2007; Kaundun, 2010). Some of the first
reported mutations in P. minor’s ACCase protein in the Mexico
population are Asp-2078:Gly and Ile-1781:Leu, which is the
probable reason for the loss in herbicides’ affinity with the weed
(Délye et al., 2008; Cruz-Hipolito et al., 2015; Raghav et al., 2016;
Golmohammadzadeh et al., 2020).

These mutations causing resistance in weeds have become a
challenge and difficult to control the weed population and regain
the crop production to meet the world’s population needs. The
production of wheat grain has been greatly reduced by the
infestation of P. minor biotypes (Abbas et al., 2018; Gherekhloo

etal, 2021; Rajak et al., 2023), which has become a world concern as
wheat is the staple food in many parts of the world. Agricultural
biologists have started a detailed study about the effect of these
mutations, the interaction of herbicide at a molecular level with
resistant and susceptible protein, insight into the catalytic site where
herbicide binds in protein, etc., to develop effective herbicides to
reclaim crop production.

7/ Resistance management strategies

As formerly discussed in previous sections, herbicides did play a
crucial role in increasing crop yields. But their repetitive application
and overuse have led to the emergence of herbicide-resistant weed
biotypes, posing a severe danger to the agricultural community by
leading to deteriorated quality as well as quantity of crops. The
reduction in crop production is not directly proportional to the
increasing world population, but they are comparable (Food and
Agriculture Organization of the United Nations, 2017; Calicioglu
et al, 2019). Along with traditional farming cultural practices,
different strategies are being used to control the weed infestation
in the crop which include physical, biological and chemical methods
as described below:

1. Physical method (mechanical and manual): It includes
hand weeding and hoeing, digging, mowing and cutting,

TABLE 3 Mutations in acetyl-CoA carboxylase protein, reported in the various species of the poaceae family.

Mutation in amino acid References
1. Ile-1781-Leu (Zagnitko et al., 2001; Délye et al., 2002; Zhang and Powles, 2006)
2. Trp-1999-Cys (Liu et al., 2007; Powles and Yu, 2010)
3. Trp-2027-Cys (Déelye et al., 2005; Raghav et al., 2016)
4. Ile-2041-Asn/Val/Leu (Zagnitko et al., 2001; Délye et al., 2003)
5. Asp-2078-Gly (Délye et al., 2005; Kukorelli et al., 2013)
6. Gly-2096-Ala (Délye et al., 2005; Beckie et al., 2012)

* The amino acid residue position are numbered in correspondence to the full-length plastidic ACCase in A. myosuroides.
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dredging and chaining, burning and flaming, soil
solarization etc.

2. Cultural practices: Use of improved and certified seed
varieties, planting at close row space with higher seed rate
of the crop, sowing at the proper time, crop rotation,
employing stale seed technique, intercultural, tillage,
mulching etc. are some of the techniques employed as a
cultural practice by farmers (Mohler et al.,, 2021).

3. It has been reported that the use of weed-contaminated
wheat seeds increased the infestation of resistant P. minor
at an alarming rate (Yadav et al., 2002; Travlos et al., 2020).
As per general seed certification standards 2-5 P. minor
seeds kg™ is permissible in wheat.

4. Biological methods: To inhibit the infestation and growth
of weeds herbivorous fishes, insects, and other animals
could be used as biological agents. Competitive crop
varieties are also being used to suppress the growth of
weeds in crop fields. Competitive wheat varieties with
unique genotypes (HD2787, WH542, PBW343) which
have quick growth in initial stages are underused for
weed management (Chauhan et al., 2001; Malik et al,
2002). Through this method, weed is not completely
eradicated but its population is controlled. The use of
crops population with resistant properties (non-
transgenic) or genetic modification of crops (transgenic
varieties) to develop herbicide-resistant properties has also
greatly improved weed management strategies. Corn,
canola, sorghum, corn, alfalfa, wheat, sugar beets,
sunflower, rice etc. are some of the herbicide-resistant
crop plants that are commercially available in the market
(Duke, 2005).

5. Chemical control: Crude oil, rock salt, waste oil, arsenical
ores and sulfuric acid have been in use for centuries to
eradicate weeds (Bell, 2015), however, none of the

The

breakthrough in selective chemical weed control was

marked after the discovery of 2,4-D and MCAP in 1945

(Green and Castle, 2010).

chemicals had a selective effect on weeds.

The agricultural field is the reservoir of many weed seeds (seed
banks), among which many may germinate upon irrigation or may
remain in their dormant stage. Conventional weed control practices
are only feasible to control the germinated seeds. In contrast, the
remaining dormant seed in the seed bank reminisce unaffected in
the soil and will become the cause of the infestation in the next
cropping. It is important to integrate cultural practices, physical,
chemical and mechanical methods to tackle the problem of resistant
weed infestation (Kaur et al., 2022). This management scheme that
incorporates multiple weed control techniques (physical, chemical
and biological) in an integrated manner without emphasized
reliance on a single technique to tackle weed infestation, and
reduce their population below the economic threshold is termed
Integrated Weed Management (IWM) (Friesen et al., 2000; Scavo
and Mauromicale, 2020). IWM strategy is more efficient, as leftover
weeds that remain in the field after one method can be eliminated
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with another weed management technique, which results in the
reduction of the soil seed bank.

8 The rational approach to herbicide
discovery

Using conventional methods to design, discover and develop
new effective herbicide molecules is practically inconvenient due to
enormous amounts of manual work and capital investment (Sparks
and Lorsbach, 2017; Berestetskiy, 2023). In this era, agro-
researchers are leaning more toward a computational and rational
approach based on the genomic study (Gressel, 2011; Duke et al,,
2019) predicted protein structure, predicted interaction study of
molecules with protein (molecular docking and dynamics study),
stability of bonds (interpreted through bond energies) etc. (Stewart
et al., 2009; Horvath, 2010; Busi et al., 2013; Rajak et al., 2023).
These studies are of utmost importance to unravelling the catalytic
site of protein (susceptible and resistance type) and its interaction
with molecules. It will give us an insight into the pharmacophoric
features of the catalytic site and the minute difference in the
catalytic site that changes the susceptible protein to resistance
against herbicide. This knowledge would be helpful in the future
to construct a potential compatible herbicide against the
said protein.

A study has been carried out for sensitive and resistant ACCase
protein of P. minor against the FOP and DIM group of herbicides,
revealing the fact that there is overlap in the binding niche for both
the group of herbicides which could be used to develop new
molecules that can occupy whole binding site of both groups and
make the new molecule more efficient (Singh et al., 2012). The same
group has done in vitro testing on P. minor plantlets with several
new molecules with herbicide activity and has discovered a
molecule (6-ethoxy-4-N-(2-morpholin-4-ylethyl)-2-N-propan-2-
yl-1,3,5-triazine-2,4-diamine) that is more efficient than the pre-
existing herbicides (Singh and Rani, 2020) using a refined
physiochemical parameter to determine molecules with a
herbicide like properties (Rani et al, 2023). It would be safe to
say that such studies could help to understand the interaction study
of herbicide and protein with thousands and lakhs of possible
molecules (Virtual High Throughput Screening) in real-time
through computational means. It would save lots of time, labour,
and capital investment, proving an excellent aid for agrochemical
industries. Interaction study of known herbicides with the 3D
structure of ACCase could also be performed computationally to
decipher their mechanism of action and categorize them based on
their mode of action, which might help in explaining weed
resistance development.

9 Final remark

The importance of ACCase in the biological functioning of
plants makes it a relevant herbicide target. Herbicides with a
selective effect on weed ACCase have been introduced in past to
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control weed infestation in the field. However, due to the
development and prevalence of resistant weed biotypes previously
introduced herbicides are either no longer efficient or completely
ineffective in weed infestation. One way to tackle the problem of
ACCase-resistant weed populations is advancement in herbicide
development strategies, which may include the computational
approach to precisely design binding site-compatible herbicide-
like molecules. Furtherance in technology has fueled the process by
saving time and capital, and now it is possible to test hundreds of
thousands of molecules for their potential within a few hours.
Furthermore, integration of other weed management techniques
(IWM) could be employed to achieve effective control over the
monstrous problem of rapid weed infestations in crop fields.
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