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INTRODUCTION

Natural resources have been traditionally used in agriculture by humans. For example, crab and
shrimp shell powder has been applied to control crop disease and improve soil fertility (Ha and
Huang, 2007). On the other hand, chitin is an important structural component in fungal cell walls
and can be degraded by plant chitinases to eradicate fungal infection (Grover, 2012). Plant cells
can recognize chitin and chitin-derived molecules to elicit immune response. Since the 1980s,
chitin and its deacetylation product chitosan have been used for crop farming as biopesticides,
biofertilizers, seed coating formulation, and agricultural film (El Hadrami et al., 2010; Hadwiger,
2013; Trouvelot et al., 2014).

In order to overcome the poor solubility obstacle to chitin and chitosan application, soluble
chitin oligosaccharides (CTOS) and chitosan oligosaccharides (CSOS) are prepared from these
polysaccharides. The effects of CTOS and CSOS on crop disease control were validated by several
researches (Yin et al., 2010). Several biopesticides or biofertilizers have been developed based on
these two oligosaccharides. However, the quantity and quality of the research on CTOS is much
better than that on CSOS. Some papers even claimed that CSOS had no effect on plant disease
control (Vander et al., 1998). However, based on the previous works (Cabrera et al., 2006;Maksimov
et al., 2011; Guo et al., 2012), just like CTOS, CSOS are potent pathogen-associated molecular
patterns (PAMP).

CHEMICAL AND PHYSICAL PROPERTIES

Chitin is the second most abundant biomass in the world and can be found in fungal cell walls
and the exoskeletons of arthropods (Rinaudo, 2006). Compared to chitin, chitosan is rare in nature
and found only in the fungi that have deacetylase enzymes. CTOS and CSOS are the degradation
products of chitin and chitosan. CTOS and CSOS are builtup with N-acetylglucosamine or
glucosamine with a degree of polymerization (DP) from 2 to 10. The only difference is the acetyl
group on the C2 of the sugar ring in CTOS. The degree of acetylation (DA) is closely linked with
the polysaccharides material, the chemical, or enzyme degradationmethods, as well as modification
of enzymes such as chitin deacetylase (Tsigos et al., 2000). The acetyl group is important to CTOS
function (Maksimov et al., 2011). For example, acetyl group is important to CTOS binding with
its receptor (Liu et al., 2012; Hayafune et al., 2014). On the other hand, CSOS, with only an amino
group on C2, are cationic oligosaccharides, which are attracted to negatively charged materials,
such as plant cell membrane. This character makes the function and mechanism of CSOS more
complicated.
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Another issue in this field is the ability to define and
differentiate CTOS and CSOS. Theoretically, CTOS should have
a 100% DA and CSOS should have no acetylation. However,
lots of oligosaccharides, called chitooligosaccharides (COS),
contain both N-acetylglucosamine and glucosamine because of
the varied preparation methods (Yin et al., 2009; Jung and Park,
2014). Previous reports showed that COS may have different
functions and functional mechanisms with a primary factor of
DA difference (Falcon et al., 2008). So, we strongly recommend
that scientists and companies provide the detailed DA data when
they discuss CTOS or CSOS, which should only be described as
with the 100 and 0% DA oligosaccharides.

CTOS and CSOS, the degradation products of chitin
and chitosan, have different physical characteristics from the
polysaccharides, which are important for their functions (Kim
and Rajapakse, 2005; Jung and Park, 2014). Chitin is insoluble in
common solvents, whereas chitosan dissolves in aqueous acidic
solutions. Low DP CTOS ranging from 2 to 6 can be dissolved
in neutral water. However, the CTOS with DP > 6 are not easily
dissolved in neutral water, which limits its application. On the
other hand, all CSOS have a good solubility in neutral water.

CSOS production is inexpensive and effective using several
advanced methods including physical, chemical, and biological
techniques. Nowadays, the environmentally friendly enzymatic
method is favored as a near perfect process, which can control
the DP and DA of the products with low-cost (Jung and
Park, 2014). However, CTOS production is still challenging
with a small quantity of commercial products using chemical
methods. Though many chtinases have been reported, enzymatic
production of CTOS is not very successful.

SIGNAL RECOGNITION

It remains unclear about the molecular mechanisms for plants
recognizing and transducing the signals of oligosaccharides
(Côté and Hahn, 1994; Yin et al., 2010; Trouvelot et al., 2014).
Generally, there are five steps for the process: oligosaccharins
signal recognized by the receptor on plant cell membrane;
signal transfer and magnification; responding-genes activation
and responding-proteins accumulation; induction of defense-
related secondary metabolites; defense reaction (Yin et al., 2010).
The first two steps—the signal recognition and transduction vary
greatly among oligosaccharins including CTOS and CSOS.

It is pioneering work in the field of plant immunity for
identifying the high-affinity binding protein of CTOS on the
surface and microsomal membranes of rice cells (Shibuya et al.,
1993). From 1993 to 2002, several other high-affinity binding
proteins of CTOS were identified in rice, wheat, barley, soybean,
and carrot by affinity labeling and cross-linking of carbohydrate
and protein techniques (Shibuya et al., 1996; Kaku et al., 1997;
Day et al., 2001; Shibuya and Minami, 2001). A breakthrough
was reported in 2006 when Shibuya’s lab purified and identified
an CTOS-binding protein (CEBiP) from plasma membrane of
rice cells. This protein contains the chitin binding lysin motif
(LysM) domain, but no intracellular domain, which suggests that
it is a component of the CTOS recognition complex (Kaku et al.,

2006). Subsequently, another LysM protein, called Chitin Elicitor
Receptor Kinase 1 (CERK1) or LysM Receptor-Like Kinase 1
(LysM RLK1) which was cooperated with CEBiP for CTOS
recognition, was found soon byNaoto Shibuya’s andGary Stacey’s
labs respectively (Miya et al., 2007; Wan et al., 2008). CERK1
has the transmembrane and intracellular domains, and several
papers suggest that CERK1 is the important component in CTOS
recognition (Petutschnig et al., 2010).

In 2012, the crystal structure of AtCERK1 was characterized
(Liu et al., 2012). The structure indicates that DP is important to
CTOS recognition. The chitin octamer induces the ectodomain
of AtCERK1 dimerization, but low DP CTOS can inhibit this
effect. The N-acetylglucosamines groups bind with the LysM
domain of AtCERK1. The interactions are established mainly
through some of the branched groups from one side of N-
acetylglucosamines, providing numerous hydrogen bonds with
the main chain of AtCERK1 ectodomain. The recognition of the
N-acetyl moieties allows AtCERK1 to distinguish CTOS from
CSOS and oligoglucan (Liu et al., 2012).

The same binding property has also been found in OsCEBiP
binding with CTOS. One chitin oligosaccharide binds two
dimerized CEBiPs simultaneously from opposite sides. The
dimerization and chitin octamer induces reactive oxygen
generation, which is inhibited by a unique chitooligosaccharide
(GlcNβ1,4GlcNAc) with acetyl groups on one side of the
molecule, suggesting the acetyl groups are essential for binding
(Hayafune et al., 2014).

After these breakthroughs on rice and Arabidopsis, lots of
CEBiP and CERK1 analogs have been reported from other plants
including tomato and maize (Tanaka et al., 2010; Fliegmann
et al., 2011; Gust et al., 2012; Zeng et al., 2012; Lee et al.,
2014) suggesting that the CTOS recognition is universal in both
monocotyledons and dicotyledons. These results rapidly expand
the knowledge of CERK1 downstream signal transduction.
Several important signal nodes like Rac1, PBL27, LIK1, and
RLCK176 have been identified recently (Ao et al., 2014; Le
et al., 2014; Shinya et al., 2014). A representative pathway
is: OsRacGEF1 phosphorylation dependent with OsCERK1
leads to the activation of the small GTPase OsRac1; OsRac1
activates the MAPK pathway through MKK4 and OsMPK3/6;
the activated OsMPK3/6 inspires the downstream transcription
factors (Akamatsu et al., 2013). Based on these excellent research,
the model of CTOS recognition and signal transduction on
arabodiposis or rice is basically clear (Sánchez-Vallet et al., 2014;
Shinya et al., 2015). Besides the LysM domain containing-Chitin
and CTOS binding protein, plant derived 6-Cys hevein-like
peptides could bind with chitin and CTOS (Kini et al., 2015).
The biological effect of these hevein-like peptides needs further
researches.

However, the research on CSOS recognition is severely lagged
behind that of CTOS and reports on the binding proteins of
CSOS are very limited. The only reported CSOS binding protein
in plants was purified by chitosan affinity chromatography
from cultured cells of Rubus (Liénart et al., 1991). Specific
binding of CSOS with high affinity to strawberry, tobacco, and
rapeseed has been revealed in our lab by using the fluorescent
labeling method (Yin and Du, 2009). Concentration and time
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dependent manner was also observed in these experiments
(Guo et al., 2012; Yin et al., 2013). Two CSOS binding
proteins have been identified in tobacco and Arabidopsis plasma
membrane by affinity chromatography method (Yin et al.,
2009). The protein from tobacco is 75 kD, which is similar
to the reported chitin oligosaccharides receptor CERK1 with
transmembrane and intracellular domains. The structural and
functional characteristics of this protein should be further studied
to determine if this protein is a receptor. The protein from the
Arabidopsis is quite small (12 kD), suggesting that it may not be
a receptor.

Another point of view proposes that CSOS has no specific
receptors in plants. The evidence is that in former CTOS binding
work, CSOS was usually used as an inhibitor and showed no
binding ability to CERK1 and CEBiP (Kaku et al., 2006; Miya
et al., 2007). The cationic property of CSOS was considered as
the primary reason for the binding of CSOS with plant plasma
membrane. However, in our experiment, another oligomeric
cationic material poly-L-lysine (MW 500–2000 D) cannot inhibit
the binding of CSOS to rapeseed membrane, which suggests the
binding is not only dependent on the cationic property (Yin et al.,
2013). However, it is still uncertain if there are other proteins
besides CERK1 that can bind with CSOS.

Besides the signal recognition via a receptor mode, CSOS
may also enter the plant nucleus and have the ability to act on
chromatin. The chromatin conformational changes can regulate
the genes expression directly without the requirement for specific
transcription factors (Hadwiger, 2008, 2013).

EFFECT AND APPLICATION

In different plant pathosystems, the effects of CTOS, CSOS, and
COS with different DAs are distinct and chaotic. The effect
is also related to the concentration, DP, application time and
methods, and growth period of plants (El Hadrami et al., 2010;
Yin et al., 2010; Hadwiger, 2013). Though there are comparison
experiments between CTOS and CSOS, we suggest that only the
simultaneous experiments in a set of experiments can reflect the
real situation. It is a pity that these reports are still rare. Based on
above CTOS and CSOS research situation and results, it can only
be concluded that both CTOS and CSOS have positive effects on
disease control although possibly with different targets.

Interestingly, the applications of CTOS and CSOS are nearly
diametrically opposite with their signal research situation. Taking
China as an example, there is 55 CSOS-based products from
40 companies with China pesticide registration certificates, but
no CTOS products are currently available. This phenomenon is
partially due to the mature production techniques of CSOS than
those of CTOS.

Taken together, the present situation and problems of CTOS
and CSOS research and application can be summarized as
following:

(1) The large-scale production technology of CSOS is mature and
widely used; meanwhile the CTOS production technology is
the bottleneck for its application.

(2) The research to uncover functional mechanism of CTOS is
much more intensive than that of CSOS, especially on the
signal recognition and transduction.

(3) Although commercial products have been developed and
applied to agriculture, the method of application of CTOS and
CSOS is not optimized due to the lack of understanding of the
related mechanisms.

To solve these problems, the following work should be focused
on in the future:

(1) Large-scale production technology of CTOS;
(2) DA and DP controlled production technology;
(3) CSOS signal recognition and transduction;
(4) Effect comparison between CTOS and CSOS in the same

experiment;
(5) Standard application methods of CTOS and CSOS for

different plants and their diseases.
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