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Abstract

Abstract
To reduce pesticide use without affecting the quantity and quality of agricultural
products is one of the great challenges of the 21st century. New agrochemicals with
optimal efficacy, environmental safety and user friendliness are needed for sustainable agriculture. Prodrug strategy provides a new possible way for achieving this goal
by vectorization of agrochemicals, which may lead to site-targeted tanslocation and
distribution. By applying prodrug concept into agrochemical design, the purpose of
this thesis was to study profungicides which can concentrate in plant phloem tissues
for controlling vascular or root diseases. The non-systemic fungicide fenpiclonil from
the phenylpyrrole family was selected as model compound. According to carrier-mediated prodrug strategy, the resulting profungicide molecules were modified by
introducing amino acid and glucose promoity respectively.
The first part of this thesis was to select an ideal promoiety for plant nutrient
transport systems. The phloem mobility of L-glutamic acid and D-glucose fenpiclonil
conjugate was compared in Ricinus communis seedlings. In systemicity tests, the
concentration of L-amino acid fenpiclonil conjugate in phloem sap was about 20
times higher than that of D-glucose fenpiclonil conjugate. The results suggested that
the amino acid promoiety was clearly more favorable to phloem mobility than that of
glucose. Further investigation revealed that the systemicity of L-glutamic acid conjugate was pH dependent and almost completely inhibited by the protonophore carbonyl
cyanide 3-chlorophenylhydrazone (CCCP). Considering the concentration of
L-glutamic acid conjugate in phloem sap that was about five times higher than its
counterpart of the D series, we concluded that the phloem transport of the L-glutamic
acid conjugate is governed by a stereospecific amino acid carrier system energized by
the proton motive force.
In the second part, we investigated and exploited the limitations of our vectorisation strategy of D-glucose fenpiclonil conjugate (D-GFC) that exhibited an extremely
low phloem systemicity. The effect of D-GFC at 0.5 mM concentration was studied
III
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using R. communis seedlings, leaf discs of broad bean and a yeast mutant complemented with AtSUC2, coding for sucrose transporter involved in sucrose phloem
loading in Arabidopsis thaliana. The results showed that D-GFC strongly inhibited
the

uptake

and

phloem

transport

of

[14C]-sucrose

like

P-chloromercuribenzenesulfonic acid (PCMBS) used at the same concentration. But
unlike PCMBS which binds to the sulfhydryl groups of numerous membrane proteins,
no inhibitory effect of D-GFC on [3H]3-O-methyl-D-glucose and [3H]-glutamine, as
well as on PM-H+-ATPase activity, was observed in the Ricinus model. Further results showed that D-GFC also inhibited the plant sucrose transporter involved in
phloem loading in Fabaceae and Brassicaceae. Hence, D-GFC could be used as a new
tool in phloemology to study the transport routes and compartmentation of endogenous sugars.
Finally, the studies centered on structural optimization by selecting the spacer
arms of amino acid conjugates. The phloem mobility of three new spacer-linked amino acid conjugates was tested to investigate the effect of spacer arm structure on
recognition and transport by carrier system using the R. communis seedlings. The
conjugate which contains a triazole ring with the shortest chain length showed the
best phloem systemicity among the four conjugates, indicating that reducing the
length of the chain between the triazole ring and the L-α-amino acid function led to
an improvement of the phloem systemicity. By contrast, removing the triazole ring
did not improve systemicity although physicochemical properties were more favourable to diffusion through the plasma membrane. In addition, the amino acid conjugate
exhibited clearly a broader ability to phloem systemicity than fenpiclonil acidic derivatives within the pH value range of the foliar apoplast (pHs from 5.0 to 6.5).

Keywords: Propesticide, Fungicide, Phenylpyrrole, Ricinus communis, Vicia faba,
AtSUC2, Phloem transport, Systemicity, D-Glucose conjugate, L-Amino acid conjugate
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Résumé
Réduire l'utilisation des pesticides sans affecter la quantité et la qualité des productions agricoles est l'un des grands défis du XXIe siècle. De nouveaux produits
phytopharmaceutiques avec une efficacité optimale, une sécurité environnementale et
dépourvus d’effets nocifs pour les utilisateurs, sont nécessaires pour une agriculture
durable. La stratégie de prodrogue offre une nouvelle voie possible pour atteindre cet
objectif en vectorisant les produits agrochimiques, ce qui peut conduire à un transport
et à une distribution ciblés chez la plante. En utilisant le concept de prodrogue dans la
conception de composés phytosanitaires, nos travaux ont pour objectif d’étudier de
nouveaux profongicides potentiels qui peuvent se concentrer dans la sève
phloémienne en vue de lutter contre les maladies vasculaires et racinaires. Le fenpiclonil, fongicide de contact de la famille des phénylpyrroles, a été choisi comme
composé modèle. Selon une stratégie de prodrogues faisant appel à un transport actif
via des protéines transmembranaires manipulant normalement les nutriments issus de
la photosynthèse, des conjugués ont été synthétisés en introduisant respectivement un
α-aminoacide ou un sucre dans sa structure.
La première partie de ce travail a consisté à sélectionner le meilleur nutriment
capable de leurrer les systèmes de transport des plantes. Nous avons comparé la mobilité phloémienne, chez le ricin, de conjugués associant le fenpiclonil avec l’acide
glutamique ou le glucose par le biai d’un espaceur. En utilisant le modèle Ricin
comme test de systémie, nous avons montré que le conjugué fenpiclonil-L-acide glutamique est 20 fois plus concentré dans la sève phloémienne que le conjugué fenpiclonil-D-glucose. Ces résultats suggèrent donc que les acides aminés sont de
meilleurs groupements vecteurs que le glucose, assurant ainsi une meilleure mobilité
des conjugués dans la plante. D'autres études ont révélé que la systémie du conjugué
avec l’acide L-glutamique est dépendante du pH et presque complètement inhibée par
le carbonylcyanure m-chlorophénylhydrazone (CCCP). En considérant le fait que la
concentration du conjugué avec l’acide L-glutamique dans la sève phloémienne est
V
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environ cinq fois plus élevée que son homologue de la série D, nous pouvons conclure
que le transport phloémien du conjugué avec l’aminoacide de la série L est régi par un
système de transport d'acide aminé stéréospécifique activé par la force proton motrice.
Dans la deuxième partie de notre travail, nous sommes intéressé aux limites de
notre stratégie de vectorisation révélées par la très faible systémie du conjugué fenpiclonil-D-glucose (D-GFC). Les expériences ont été conduites en utilisant des
plantules de ricin, des disques folaires de fève et un mutant de levure exprimant AtSUC2. Nos résultats ont montré que ce conjugué inhibe aussi fortement que le
PCMBS (utilisé à la même concentation) l'absorption et le transport phloémien du
saccharose-[14C], mais qu’il n’a pas d'effet inhibiteur sur le transport du
3-O-méthyl-D-glucose-[3H] ou de la glutamine-[3H] chez le ricin, ni même sur
l’activité de l’ATPase-H+ de la membrane plasmique, contrairement au PCMBS qui
se lie aux groupements sulfhydryl de nombreuses protéines membranaires. Des résultats complémentaires ont montré que D-GFC inhibe aussi le transporteur de saccharose impliqué dans le chargement phloémien chez les Fabaceae et Brassicaceae. Il
constitue un nouvel outil en phloémologie pour étudier les voies de transport et la
compartimentation des sucres endogènes.
Enfin, la mobilité phloémienne de trois nouveaux conjugués du fenpiclonil avec
des acides aminés a été évaluée pour étudier l'influence de la structure de l’espaceur
sur la reconnaissance et la manipulation par un système de transport actif chez le ricin.
Parmi les quatre conjugués testés, celui qui contient un cycle 1,2,3-triazole avec la
chaîne la plus courte a montré la meilleure mobilité phloémienne, indiquant que la
réduction de la longueur de la chaîne entre le cycle triazole et la fonction
L-α-aminoacide a permis d’optimiser la sytémie. En revanche, la suppression du cycle 1,2,3-triazole n'améliore pas la systémie, bien que les propriétés physico-chimiques du produit soient plus favorables à la diffusion au travers de la membrane plasmique. Enfin, nous avons montré que les conjugués avec les acides aminés
présentent clairement une plus grande aptitude à la mobilité phloémienne que les déVI
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rivés acides de fenpiclonil dans la plage des valeurs de pH de l'apoplasme foliaire (pH
de 5,0 à 6,5).

Mots clés : Propesticide, Fongicide, Phenylpyrrole, Ricinus communis, Vicia faba,
AtSUC2, Transport phloémien, Systémie, conjugué avec le D-glucose, conjugué avec
un L-aminoacide
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Chapter 1. Introduction and literature review
1.1 Challenges and opportunities for pesticide
The development of science and technology has greatly promoted agricultural
civilization since 1950s, but the world food problem remains one of the greatest challenges confronting humankind, particularly in developing countries. According to a
latest United Nations report, World Population Prospects: The 2012 Revision[1], it is
estimated that the world population will reach more than 9.6 billion in 2050. This
means that global food demand will be doubled until 2050 to feed a steadily growing
population[2,3]. Meanwhile, Agriculture faces increasing pressures from environmental deterioration, climate change, land restrictions, loss of biodiversity and crop
pests[4-6].
It is to be noted that plant health problem is a major cause of crop losses[7]. The
spread of pests and pathogens have always been threatening the global crop production, especially for single crop species agroecosystems. Every year, estimates of 30–
40 % crop losses due to plant health problems are common in the scientific
literature[7-9]. Global crop pests include more than 10,000 species of insects, 30,000
species of weeds, 100,000 diseases (caused by fungi, viruses, bacteria and other microorganisms) and 3,000 species of nematodes[10]. Compared current distributions of
1901 pests and pathogens and historical observation, Bebber and co-workers warned
that if current trends continue, many important agricultural nations could be saturated
with pests within the next few decades[11]. Hence, the effective control of pests and
pathogens is essential to global food security.
Crop chemical protection has been applied to agriculture to secure the
sustainable production of food and fiber for more than 200 years. The increased use of
pesticides since the early 1960s was a major factor for the huge productivity increases
achieved[9]. Without pesticides, about 70% of crop yields could have been lost to
pests[8]. Over the past 30 years, integrated pest management (IPM) programmes have
1
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been accepted and implemented worldwide[12,13]. IPM combines various
management strategies and measures to grow healthy crops and reduce the use of
pesticides, including cultural, biological and chemical measures[14,15]. Although the
IPM programmes substantially reduced pesticide use, chemical control still cannot be
replaced and will continue to play an essential role in crop protection in the foreseeable future.
Despite pesticides have produced great benefits yet, the incorrect use of
pesticides also poses significant threats to human health and environment[16,17].
With the growing public concern, there has been a clear trend of reducing pesticide
use worldwide. The European Commission Directive 2009/128/EC on the sustainable
use of pesticides established a framework to achieve a sustainable use of pesticides
for reducing the risks and impacts of pesticide on human health and environment,
meanwhile promoting the use of IPM and low pesticide-input management including
non-chemical alternatives[18]. France, which is the fourth largest market following
the USA, Brazil, and Japan, has implemented an action plan called “Écophyto” in
2008[19]. The entire sector, firms, wholesalers, cooperatives, agricultural advisers and
farmers, is included in the Écophyto II, which is expected to reduce the 50 % nationwide use of pesticides by 2025[20].
Reducing pesticide use while at the same time maintaining the quantity and quality of agricultural products creates both challenges and opportunites for agrochemical
development. New innovations are needed to discover more selective and efficient
chemicals. However, a serious problem is only a very small part of pesticides (less
than 0.1%) actually reaches their target pests after application, and off-target portion
becomes environmental pollutant[21]. To meet these demands on reducing pesticide
doses and improving the efficiency, targeted delivery of pesticides will be a new trend.
Advances in targeted drug delivery strategies have been phenomenal throughout the
past few decades[22]. It is interesting to explore the possible applications on pesticide
targeting using the same approaches, such as ion-trap strategy and carrier-based ap2
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proaches. The structure and function of plants also provides various potential pesticide delivery systems.

1.2 Transporter-Mediated Prodrug for Delivery
1.2.1 Prodrug strategy
Agrochemical and drug discovery share the common goal of innovation. To keep
the dose at the lowest possible level and enhance bioavailability are prime properties
to new active ingredients. As commonly defined, bioavailability implies the extent
and rate at which a drug becomes available in the systemic circulation[23]. This term
also can be used in agrochemical research to describe a pesticide that exerts its biological action in certain plant organs or cells at a distance from the site of application.
Both agrochemicals and drugs require targeted delivery to ensure high localization at
the site of action, while limit toxicity in non-target organs or organisms.
There are various barriers which can hinder drug from reaching its site of action,
including poor aqueous solubility, inappropriate lipophilicity, insufficient chemical
stability and lack of site specificity. Furthermore, the physiological structures and
functions of the body are capable to protect human tissues from pathogens and toxins,
but such functions can produce numerous hurdles to drug delivery as well. The permeability of biological membranes is a key determinant of drug bioavailability[24,25].
After oral administration, the pharmacological activity may be restricted by the inability to be absorbed from the gastrointestinal tract[26,27]. The blood–brain barrier
(BBB), formed by brain vessel endothelial cells linking together by tight junctions, is
a diffusion barrier[28,29]. The BBB is the most important factor limiting the drug
permeability to the central nervous system[28,30].
The prodrug concept (Fig. 1-1), as first introduced by Adrian Albert in 1958[31],
can be used to improve the physicochemical properties or bioproperties of the parent
drug molecule in such a way as to enhance its deliverability[32]. Prodrug strategies
have been used to solve the problems in oral absorption, organ distribution, metabo3
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lism and excretion. Over the last two decades, it is estimated that the percentage of
drugs classified as prodrugs has significantly increased to about 10% worldwide[33].

Figure 1-1. An illustration of the prodrug concept (modified from Rautio et al.[34]).

1.2.2 Membrane transporters in drug transport
One of the promising means of prodrug strategies is carrier-mediated
transport[24]. Drug transporters are now widely acknowledged as important determinants governing drug absorption, excretion, and in many cases, extent of drug entry
into target organs[35]. There are more than 400 membrane transporters belonging to
two major superfamilies of membrane transporters: the ATP-binding cassette (ABC)
and the solute carrier (SLC) families[36]. There have been many attempts to improve
drug absorption by targeting specific membrane transporters (Fig. 1-2). The frequently exploited transporters include peptide, amino acid and glucose transporters.

4
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Figure 1-2. Multiple drug carriers in different tissues (modified from Ref.[37]). LATs, L-type
amino-acid transporters; MCT1, monocarboxylate transporter 1 (also known as SLC16A1); MDR,
multidrug-resistant; MRPs, multidrug-resistance-related proteins; NPT1, sodium phosphate transporter 1 (also known as SLC17A1), NTCP, sodium-dependent taurocholate co-transporter (also
known as SLC10A1); OATs, ornithine aminotransferases; OATPs, organic anion transporting
polypeptides; OCTs/OCTNs, organic cation transporters; PETP1, peptide transporter 1 (also
known as SLC15A1); SPGP, sister P-glycoprotein (also known as ABCB11); URAT1, urate anion
exchanger 1 (also known as SLC22A12); GLUT1, glucose transporter 1.

5
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1.2.2.1 Peptide Transporters: PEPT1 and PEPT2
Members of the oligopeptide transporter family (SLC15) mediate proton-coupled
co-transport of many diverse peptide and peptidomimetic compounds. Two family
members, PEPT1 (SLC15A1) and PEPT2 (SLC15A2), have been identified in mammals[38]. The expression of both transporters in different mammalian tissues was
summarized by Brandsch and co-workers[39]. PEPT1 is mainly expressed in the
small intestine and PEPT2 in the kidney[37]. Almost all 400 dipeptides and 8000
tripeptides derived from the 20 proteinogenic L-α-amino acids are the substrates for
both transporters, despite large differences in molecular size, net charge and hydrophobicity [38,40]. Peptides that contain D-enantiomers at the N-terminal position
have good affinities and are transported with high rates[38].
Because of their broad substrate specificity, particular affinity and high capacity,
peptide transporters represent attractive targets for the delivery of pharmacologically
active compounds[37,38,41-43]. Several β-lactam antibiotics and a number of amino
acid and dipeptide prodrugs are transported by peptide transporters. Amoxicillin and
cefaclor (Fig 1-3A and Fig 1-3B) are two of the widely prescribed β-lactam antibiotics exhibiting good oral bioavailability[44]. Uptake study revealed that both antibiotics were transported by PEPT1 and PEPT2, suggesting that peptide transporters are
responsible for the renal reabsorption and intestinal absorption of the two
antibiotics[45]. Bestatin (Fig 1-3C), a dipeptide-like anticancer drug, is well absorbed
following oral administration[46]. Further study demonstrated that Bestatin is actively
transported by PEPT1 and PEPT2[42,47]. The oral absorption and systemic availability of 5’-amino acid ester prodrugs of acyclovir and zidovudine can be improved via
the PEPT1 transporter (Fig 1-3D) [48]. Valganciclovir (Fig 1-3E), a valine ester prodrug of ganciclovir, is actively transported by PEPT1, which results in the enhancement of bioavailability with 10-fold higher than that of ganciclovir (60.9 vs 5.6%)[49].
Valganciclovir has also been shown to be a substrate of the PEPT2 transporter[50].

6
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Figure 1-3. Examples of prodrug uptake by peptide transporters[44,46,49,50].

1.2.2.2 L-type amino acid transporter 1 (LAT1)
The L-type amino acid transporters 1 (LAT1) is a sodium-independent exchanger,
which was first cloned in 1998[51,52]. LAT1 has various tissues distribution, including brain, intestine and kidney[53,54]. More specifically, LAT1 is highly expressed in
the luminal and abluminal membranes of the blood–brain barrier (BBB) [52,55,56].
The supply of large neutral amino acids across the BBB is regulated by LAT1[55]. In
addition, LAT1 prefers neutral L-amino acids with bulky or branched side chains for
its substrates[57].

7
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Figure 1-4. Chemical structures of amino acid-related drugs[54,58,59].

The exploitation of the LAT1 with prodrug strategy could be an attractive way to
enhance BBB penetration and improve the delivery of amino acid-related drugs to the
central nervous system without increasing non-specific tissue binding[54,58-60].
L-DOPA (Fig 1-4A), a widely used prodrug in the treatment of Parkinson’s disease, is
a straightforward example of compounds transported into the brain via the
LAT1[57,61,62]. However, its parent compound dopamine is poorly transported
across the blood-brain barrier due to its hydrophilic nature. A recent example of the
successful application of LAT1 mediated uptake is an L-tyrosine prodrug of ketoprofen[58]. This is the first demonstration of an amino acid-drug conjugate (Fig 1-4B),
which is not only recognized but also actively transported across the BBB by LAT1.
Similarly, a ketoprofen–lysine prodrug (Fig 1-4C) was also able to cross the BBB via
LAT1-mediated uptake, which further proved that carrier-mediated transport is a feasible way to deliver small molecular weight drugs into brain[59]. Melphalan is a polar
alkylating agent used to treat brain cancer (Fig 1-4D), which was transported across
the rat blood-brain barrier via BBB large neutral amino-acid carrier[63]. Recently,
amino acid prodrugs have been successfully applied to improve poor permeability,
intravenous delivery, drug targeting and metabolic stability[64].
8
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1.2.2.3 Glucose Transporter (GLUT1)
Glucose transporter isoform 1 (GLUT1) is a sodium-independent facilitative
glucose transporter[65], which has a high transport capacity[34]. GLUT1 is specifically distributed on the BBB[66]. The BBB GLUT1 transports not only D-glucose,
but also transports other hexoses including mannose, galactose, deoxyglucose, and
3-O-methylglucose[67].

Figure 1-5. D-glucose conjugates as substrates for the blood-brain barrier GLUT1 transporter. A,
Naproxen conjugates[68]. B, Glucose conjugates with ketoprofen and indomethacin[69]. C, Dopamine conjugates at the C-1, C-3, and C-6 positions[70].
9
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Recently, several studies have shown that GLUT1 may participate in the
transport of some glycosyl prodrugs through the blood-brain barrier. Glycosylation
strategy has been used to deliver naproxen, a nonsteroidal anti-inflammatory drug,
into the central nervous system[68]. The glucosyl thiamine disulfide prodrugs of
naproxen (Fig 1-5A) exhibited excellent transport ability across the BBB after systemic injection. Gynther and co-workers[69] prepared two conjugates of ketoprofen
and indomethacin with glucose (Fig 1-5B), and both glycosyl prodrugs were able to
significantly inhibit the uptake of [14C]D-glucose into rat brain. Furthermore, the two
produced prodrugs were capable to cross the BBB in a temperature-dependent manner,
suggesting that the brain uptake of the prodrugs is carrier-mediated. Fernandez et al.
[70] synthesized a series of glycosyl dopamine derivatives with different linkers at the
C-1, C-3, and C-6 positions of D-glucose (Fig 1-5C). The results of glucose uptake
inhibition using human erythrocytes showed that the C-6 substituted derivative displayed the best affinity for GLUT1.

10
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1.3 Uptake and transport of pesticide in plants
1.3.1 Basics of pesticide systemicity
Systemicity can be defined as the ability of a pesticide to be absorbed into plants
and translocated in the vascular system[71]. In other words, systemic compound is
able to enter a plant to reach the conducting tissues and to be transported away from
the site of application via xylem and/or phloem. The uptake of systemic pesticides
mainly rely on foliar or root application. In addition, the systemic distribution of pesticide in plants can be achieved following two pathways of movement (Fig 1-6)
termed apoplastic (or apoplasmic) and symplastic (or symplasmic) [72,73]. The symplast (or symplasm) is the living part of the plant that is enclosed by the plasma membrane. Short-distance cell-to-cell transport through plasmodesmata as well as
long-distance transport in the phloem is symplastic. The apoplast (or apoplasm) is the
“nonliving” part of the plant that is outside the plasma membrane. Short distance
movement through the intercellular spaces as well as long-distance movement in the
xylem vessels is apoplastic.

Figure 1-6. The apoplast and symplast pathways (modified form [74])

There are four basic types of systemicity, depending on the different degrees of
uptake and transport in plants[75]. The first is local systemicity, which means absorption from the leaf surface and penetration into the leaf with limited diffusion around
the site of application. The second is translaminar systemicity, which is used to de11
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scribe a compound being applied to the upper leaf surface and then exerting its effect
on the lower leaf surface after penetration (Fig 1-7A). The third is xylem systemicity,
which means long-distance translocation in the same direction as the transpiration
stream from roots to shoots (acropetal) (Fig 1-7B). The fourth is phloem systemicity.
In this case, the movement can be both downwards from the leaves to roots (basipetal)
and upwards from the shoots to apical sink tissues via the phloem sieve (acropetal)
(Fig 1-7B). In addition, the pesticides which can be transported both in the xylem and
the phloem are termed ambimobile pesticides[72]. In many cases, pesticides considered as systemic are only those which are able to move in the vascular system.

Figure 1-7. The different types of systemicity (modified from [76])

12
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Systemic property is important to the expression of biological activity of pesticides, and can also lead to a strategy to improve the biological performance. Because
of less wash-off by rain, the compounds which have local or translaminar systemicity
can provide longer-term residual activity after penetrating into leaf tissues. Therefore,
systemic pesticides are able to considerably reduce not only the dose rate but also the
number of applications for each season. Also, translaminar systemicity is important
property for both fungicide and insecticide. Some fungi and insects live on the lower
leaf surface, but pesticide is often applied as sprays to the upper leaf surface. Cotton
aphid (Aphis gossypii Glover) usually feed on the lower surface of cotton leaves, and
can cause leaf malformations of young plant like leaf curling or rolling. Insecticides
acetamiprid with translaminar systemicity can provide good control of cotton
aphid[77]. When acetamiprid was applied to the upper leaf surface of cotton, its
translaminar residual activity provided 100% mortality of aphids feeding on the lower
leaf surface within 12 days[77]. Further, translaminar systemic insecticide can be used
to control insects that feed inside the leave such as leafminer and tomato pinworm[75].
Long-distance transport of pesticide is mainly carried through xylem and/or phloem,
and a compound can be transported to the different parts of plants after soil or foliar
application. The sulfonylurea herbicides, which inhibit acetolactate synthase, need to
be translocated in the phloem to all parts of the plant[78]. Ambimobile insecticide
spirotetramat is used to control hidden and soil living sucking pests, such as aphids
and whiteflies[79]. In addition, long-distance movement enables pesticide to protect
newly emerging shoots.
1.3.2 Passive processes of systemicity
In general, the uptake and transport of most pesticides are passive diffusion determined by physicochemical properties, including penetration into the plant surface
and translocation within the plants via xylem and/or phloem[80-82]. Both soil and
foliar application are the most popular pesticide application techniques, which require
pesticides to be taken up by plant roots or leaves, respectively.
13
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Soil-applied pesticides, which can be absorbed by roots, move in the direction of
the transpiration steam. Root Concentration Factor (RCF) and Transpiration Stream
Concentration Factor (TSCF) can be used to described the root absorption and the
subsequent translocation to shoots, defined as the following equations[83]:

RCF=

Concentration in roots
Concentration in the nutrient solution

TSCF=

Concentration in xylem sap
Concentration in nutrient solution

Bromilow and co-workers[84] established the correlation of the RCF and TSCF
to lipophlicity of pesticides (estimated using Kow, 1-octanol/water partition coefficient). After study the absorption of 18 non-ionized compounds in barley macerated
roots, the results showed that accumulation in roots and transport to shoots could be
related to Kow by the following equations:
Log RCF-0.82 =0.77 log Kow -1.52
TSCF=0.784 exp- logKow -1.78 2 /2.44
It was found that the values (RCF) increased with increasing lipophilicity (log
Kow) in barley roots[84]. However, an optimum lipophilicity (log Kow = 1.8) was
observed in hydroponically grown barley roots for maximum translocation to shoots,
and slightly lower than that reported in soybean roots at a log Kow value of 3[71,84].
The xylem mobility of very lipophilic compounds with log Kow > 4.5 was very
small[84].
Unlike nonionized compounds, root uptake and translocation to shoot of many
weak acids increased as the pH of the bathing solution decreased. The uptake of 2,4-D
into barley roots from nutrient solution was 36 times greater at pH 4.0 than at pH 7.0
for 24 h[85]. Meanwhile, the translocation of 2,4-D following uptake by roots increased about 4 times as the pH was reduced from 7.0 to 4.0[85]. Xylem systemicity
14
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of ionized compounds in plants can be predicted from pKa and log Kow values. Bromilow and co-workers established a general rule, lipophilic weak acid compounds
(log Kow >4) are non-systemic, while compounds of intermediate lipophilicity (log
Kow form -0.5 to +3.5) can move in the xylem[86].
The pathway of a foliar-applied systemic pesticide involves circular permeation,
long-distance translocation within the vascular tissues (phloem and then possibly xylem), and unloading to sink regions[82]. The plant cuticle, a protecting film covering
the epidermis of leaves, is the first barrier to foliar uptake[87]. The absorption of lipophilic compounds by plant cuticles can be predicted with good precision from log
Kow values of the compounds[88]. Generally, cuticle penetration tends to increase
with increasing lipophilicity of the chemicals within certain range[21]. But greater
lipophilicity was associated with decreased translaminar activity[89].
Kleier and co-workers[90] developed a mathematical model for the plant vascular system that enables the prediction of phloem systemicity as a function of its Kow
and pKa. This model was built on the intermediate permeability hypothesis by incorporating the effect of acid dissociation[91]. The compounds with a log Kow value of 0
to 3 and a pKa value of 3 to 6 are predicted to have an optimum permeability for
phloem mobility[92]. Moreover, modification of chemical structure of oxamyl based
on Kleier model by adding glucuronide was proved to be a good way to confer phloem mobility to poorly mobile pesticide[93]. Satchivi and co-workers[94-96] designed
a dynamic, nonlinear simulation model (ERMESSE) for whole plant transport and
allocation of foliar-applied xenobiotics, which is a comprehensive model integrating
physicochemical properties (lipophilicity, acid dissociation constant and molar volume) of the active ingredient with plant parameters. The results from the ERMESSE
model showed that an optimum absorption and translocation can be expected for weak
acid molecules (4.0 ≤ pKa ≤ 8.0) with a molar volume of 225–300 cm3 mol-1 and an
intermediate lipophilicity (-0.5 ≤ log Kow ≤ 2.5)[82].
Weak acid compounds can be accumulated in sieve tubes by the ion-trap mecha15
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nism, because of the pH difference between apoplast and symplast[97,98]. At the pH
of the apoplast, about 5.5, weak acids are partly ionized. The undissociated form easily diffuses through the plasma membrane of the sieve tube-companion cell complex
to reach the phloem symplast (pH 7.5 to 8.0) where it will be substantially ionized.
Since the anions cannot easily pass back through the lipophilic membrane, they will
be trapped (Fig 1-8).

Figure 1-8. Accumulation of weak acids within cells by the ion-trap effect (adapt from [78] ).

Ester-acid-toxophore hypothesis has been applied in to improve circular uptake.
Once inside the plant, the ester form will be hydrolyzed and the acid form will be
loaded into the phloem by ion-trap mechanism[97]. Herbicides containing carboxylic
acid functions are generally applied to plants as ester derivatives, such as diclofop,
2,4-D and triclopyr[99]. They will be rapidly activated within the plant by hydrolysis
to the corresponding free acids. In addition, the ion-trap strategy can be extended to
other pesticide families. For example, fenpiclonil is a non-systemic phenylpyrrole
fungicide, but acidic derivetives of fenpiclonil can be detected in phloem sap after attaching a carboxylic acid group[100,101].
1.3.3 Carrier-mediated processes influencing systemicity
Plant plasma membrane is a hydrophobic diffusion barrier to separate the cytoplasm from external environment. But at the same time, plasma membrane must facilitate and continuously regulate the exchanges of information and substances between
the cell and its environment. Larger-scale transport between plant and environment, or
between leaves and roots, is regulated by membrane transporters at the cellular level

16

Chapter 1. Introduction and literature review

[74]. Channel transporters are able to enhance ions and water diffusion across the
plasma membranes of higher plants[102]. For example, water-channel proteins are
transmembrane proteins that enable water to cross biological membranes at rates faster than the rates of diffusion through the lipid bilayer[103]. Unlike channels, carrier
proteins do not have pores that extend completely across the membrane, and they bind
the specific substances on one side of the membrane and release it on the other
side[74]. Plant sugar transporters comprising sucrose and monosaccharide transporters mediate long distance transport of sugar from source to sink organs and play a
central role in active phloem loading and unloading processes of sucrose[104-107].
Amino acids can be translocated from the site of biosynthesis to sink tissues via the
phloem and xylem, in which plant amino acid transporters are essential participants in
the loading and unloading steps[108]. The various plant transport systems provide
potential targets as carriers for agrochemical molecules (Fig. 1-9).

17
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Figure 1-9. Overview of the various transport processes on the plasma membrane and the vacuolar membrane (tonoplast) of plant cells (From Ref. [74]).

In modern pharmaceutical research, it is generally accepted that both passive
transcellular diffusion and carrier-mediated processes coexist and contribute to drug
transport across biological membranes[24]. However, passive diffusion was considered as the only way for uptake and transport of pesticides in plants for a long time.
The functions of potential plant pesticide transporters have been overlooked. The researches on the carrier-mediated processes of pesticide transport are seldom con18
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cerned in the literatures.

Figure 1-10. Possible carriers involved in the uptake of xenobiotics by the phloem tissue (adopted
from Ref. [109])

But as research progressed in the last two decades, some pesticides have been
found to be transported by identified plant carrier systems (Fig 1-10). Glyphosate, a
widely used herbicide, is transported to root and shoot growing tissues via phloem
after foliar application[110,111]. Carrier-mediated uptake of glyphosate at low concentration has been reported in leaf protoplasts of broad bean via a phosphate transporter[112]. In maize and soybean cell suspensions, active uptake of glyphosate was
inhibited by carbonylcyanidem-chlorophenyl hydrazine (CCCP), orthovanadate, diethylstilbestrol (DES), phosphate, and phosphonoformic acid (PFA), suggesting that
the glyphosate carrier is a phosphate transporter energized by the plant plasmalemma
ATPase[113]. One possible glyphosate-resistance mechanism is the non-recognition
of the active uptake system, because the inhibition of glyphosate-loading into the
phloem was observed in some glyphosate-resistant weeds[114]. Furthermore, a recent
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study shows L-type amino acid transporters (LAT1/LAT2) play major roles in the
uptake of glyphosate across mammalian epithelial tissues[115].
Two other herbicides have been shown to exhibit carrier-mediated processes.
The uptake of paraquat into maize root cells and maize suspension cells was competitively inhibited by putrescine, indicating that a polyamine transporter is responsible
for the uptake of paraquat[116,117]. In addition, Xi et al.[118] identified AtPDR11, a
plasma membrane-localized ABC transporter, as a paraquat transporter from the paraquat-tolerant mutant pqt24-1. The enhanced paraquat tolerance of pqt24-1 is due to
loss of AtPDR11, which results in less accumulation of paraquat in plant cells. The
uptake of the auxinic herbicide 2, 4-D in maize root protoplasts occurs by two mechanisms, the ion-trap mechanism and active transport mediated by an auxin carrier[119].
Moreover, the ANT1 amino acid transporter can also transport 2, 4-D through the
plasma membrane[120].
Over the last two decades, there have been several attempts to improve pesticide
phloem mobility or translocation to root system utilizing plasma membrane sugar or
amino acid transporters. Two synthesized α-amino acid conjugates, lysine-2, 4 D and
aspartic acid-triazolyl alcohol (Fig 1-11A), markedly and specifically inhibited threonine uptake and phloem loading by leaf tissues, suggesting that both conjugates can
be recognized by amino acids transporter[121]. Further study using several derivatives of phenoxyalkanecarboxylic acid and L-lysine (Fig 1-11B) demonstrated that the
plant amino acid carrier system is able to recognize a wide range of conjugates of
various sizes, structures and Kow[122]. Interestingly, the distribution of conjugate
lysine-2, 4 D and parent compound (2, 4-D) on broad bean showed a significantly
difference in certain plant organs[109]. As a non-metabolized conjugate, the accumulation of lysine-2, 4D in the root system is 5 to 10 times greater than that of parent
compound (2, 4-D)[109]. Another study demonstrated that introduction of a glycinyl
moiety to fipronil can improve the phloem systemicity of parent compound in intact
soybean seedling[123].
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Figure 1-11. Examples of pesticide-amino acid conjugate or pesticide-sugar conjugate

Conjugation of pesticide with glucose also has been explored to develop phloem-mobile insecticide. Yang and co-workers[124] synthesized a glucose-fipronil
conjugate (Fig 1-11C) and tested its phloem mobility in castor bean seedling. The result showed that glucose-fipronil conjugate was detected in phloem sap. Further study
for the mechanism of systemicity showed that uptake of glucose-fipronil by cotyledon
discs was markedly inhibited by CCCP and phloridzin as well as the phloem mobility
was inhibited by phloridzin, revealing that a carrier-mediated mechanism was involved in uptake and phloem loading[125]. In order to visualize the movement of
glucose-fipronil conjugate, a fluorescent glucose-fipronil conjugate (Fig 1-11D),
which exhibited comparable phloem mobility, was synthesized via click
chemistry[126]. Fluorescence photographs displayed that the fluorescent conjugate
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can be loaded into sieve tubes after entering into epidermal cells and mesophyll cells
and then translocate from cotyledon to hypocotyl via the phloem in castor bean seedlings (Fig 1-12). Yuan et al.[127] synthesized of a series of monosaccharide-fipronil
conjugates including hexose, pentose, or deoxysugar moieties. Phloem mobility test in
castor bean seedlings indicated that L-Rhamnose fipronil and D-fucose fipronil conjugate displayed the highest phloem mobility among all of the tested conjugates.

Figure 1-12. Translocation of fluorescent glucose-fipronil conjugate in caster bean (Ricinus
communis L.) seedlings: The cotyledons were incubated in a buffered solution containing 100 μM
conjugate. (A, B) cross sections of mid-veins of cotyledons, (C, D) cross sections of petioles of
cotyledons, (E, F) cross sections of hypocotyl of caster bean seedlings. All photos were observed
by confocal laser scanning microscope (Zeiss780, Germany). The presence of fluorescent xenobiotics was indicated by arrowheads. EC: epidermal cells, CS: cell wall space, MC: mesophyll cells,
PH: phloem, X: xylem. (From Ref. [126])

Any pesticides transported in the vascular system must cross the plasma membrane and enter the symplast[71,98]. Therefore, the mechanism of entry into the symplast will be an important factor in influencing both its long-distance transport and
distribution throughout the plant. The classical approach to improve systemicity can
be achieved through optimizing the physicochemical properties to increase passive
membrane penetration[92]. However, several attempts mentioned above suggest that
22

Chapter 1. Introduction and literature review

the targeted prodrug approach by conjugating with nutrient moiety is also a feasible
approach to confer systemic properties to pesticide.
1.3.4 Methods used to investigate systemic pesticides
In the early-stage of pesticide discovery or systemicity screening, several simple
rule-based models and mathematical plant uptake models have already been developed to predict and assess the plant uptake and translocation of agrochemicals based
on physicochemical properties. There are two widely used models that predict the
systemicity of pesticides, Bromilow model and Kleier model[128,129]. These models
can be used to both nonionized and acidic compounds by combination of acid dissociation constant (Ka) and 1-octanol-water partition coefficient (Kow) (Fig 1-13). In
drug discovery, oral bioavailability or passive membrane permeability of drug candidates can be predicted using Lipinski’s rule of five (Ro5) and other simplified rule
established by Veber[130,131]. The same approach was adopted to profile agrochemicals [132-134], which can be applied to pesticide screening and optimization. In the
screening process, molecules that are predicted to have acceptable absorption or permeation properties in term of appropriate physicochemical properties can be defined
as ‘drug-like’[131]. Hao et al.[135] established some rules for pesticide-likeness derived from drug-likeness, including molecular weight ≤ 435 Da, calculated octanol/water partition coefficient (ClogP) ≤ 6, number of H-bond acceptors (HBA) ≤ 6,
number of H-bond donors (HBD) ≤ 2, number of rotatable bonds (ROB) ≤ 9, and
number of aromatic bonds (ARB) ≤ 17. These models mentioned above are able to
give useful information of the systemic ability of compounds rather than accurate
predictions[136]. It should be noted that all those rule-based and mathematical models
are passive diffusion models and not applicable to active carrier-mediated molecules.
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Figure 1-13. Plant uptake models for prediction of systemicity of weak acids and nonionized
compounds (Modified from Ref. [137]).

There are various approaches to measure transport of pesticides in plants. The
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most popular approach is the application of radioactive compounds, especially for
14

C-labeled pesticides. [14C]-Chlordecone was used to study the uptake and distribu-

tion in radish and maize shoots after growing in contaminated soils[138,139]. To
demonstrate the phloem transfer of insecticide fipronil, sunflower culture seed was
coated with [14C]-compound[140]. Autoradiographs of [14C]-glyphosate treated plant
can be used to observe its distribution and investigate its uptake and transport[80,141].
Moreover, fluorescence labeling is also a widely used approach. To simulate the foliar
uptake process of pesticides, the uptake of two model fluorescent xenobiotics in broad
bean leaves was visualized by confocal laser scanning microscopy[142]. Two-photon
excitation microscopy technique provides a nonintrusive tool for visualizing and
tracking the movement, storage locations and degradation of organic chemicals using
only plant and compound autofluorescence[143]. Two bioactive fluorescent gibberellic acid compounds were synthesized and applied to study their distribution in Arabidopsis thaliana roots to investigate the hormone transport[144]. In addition, most of
extraction and determination methods of pesticide residues can also be used to study
the systemicity of pesticide at the cellular, organ and whole-body level. The plant extracts containing non-labelled compound can be analysed by chromatographic techniques, such as GC, HPLC, LC/MS[123,145,146].
The investigation of xylem or phloem systemicity is often necessary for more
specialized systems of study. To study the root-to-shoot translocation of
non-radiolabelled pesticides, the pressure-chamber technique was applied in detopped
soybean roots to obtain a considerable volume of xylem sap[71,147]. Chollet and
co-workers[148] recently developed a non-destructive method to assess root-to-shoot
translocation of soil-applied pesticides. This method relied on a dwarf tomato, which
can exude an abundant apoplastic fluid through large stomata for several months.
Furthermore, the collection of relatively pure phloem sap has been experimentally
challenging. The current methods for sampling and analysis of phloem sap were
summarized by Dinant and Kehr[149]. Generally, one approach is to obtain sieve-tube
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exudate from the exuding stylets of phloem-feeding insects[150,151]. Aphids are the
most commonly “natural syringe” to collect pure phloem exudates[152], but it is a
time-consuming and work-intensive technique. In addition, a few plant species exude
phloem sap from wounds after severing sieve elements, which are possible to be used
in pesticide research, such as excised leaves of legumes and excised flowering stems
of yucca[78]. Cucumber and pumpkin are two other plants that are widely used to
collect phloem sap from the wounds in the stems[153,154].
Castor bean (Ricinus communis L.) is a widely used model plant to study the
phloem translocation of nutrients as well as xenobiotics[155-159]. Ricinus seedlings
offers the unique chance to obtain pure phloem sap for several hours after cutting the
hypocotyl hook, because in contrast to nearly all other plants it lacks an efficient
sieve-tube plugging-mechanism[157]. The cotyledons of the Ricinus seedling are
embedded in the endosperm, which provides germination nutrients. Duo to the absence of cuticle (or very thin), the apoplast of the cotyledons is in direct contact with
the external space so that it can be considered as an “open apoplast” [160]. This feature enables Ricinus seedlings to be an ideal model plant to study the uptake and
phloem loading characteristics of the cotyledons. After the endosperm is removed,
chemicals can be added to incubation solution bathing the cotyledon and phloem sap
can be sampled from the upper part of severed hypocotyl[100,109,124].
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1.4 Systemic fungicides and its significance
1.4.1 Brief history to systemic fungicides
The control of crop diseases with fungicides has already had a successful history
for almost 200 years. The discovery of Bordeaux mixture in France in 1882 was an
important milestone of chemical fungicides. Up until the 1940s, chemical disease control was mainly dependent on inorganic chemical preparations[161]. Inorganic fungicides are generally contact fungicides with multiple sites of action and protective activity against various diseases. Two decades from 1940 to 1960 witnessed a start of a
new era for organic fungicides. During this period, the introduction of the dithiocarbamates and later the phthalimides was a major improvement over previously used
inorganic fungicides for plant disease control[162]. From 1960 to 1970, the benzimidazoles, carboxamides, and early sterol biosynthesis inhibitors (SBIs) were introduced as the first fungicides with a specific mode of action[163]. The 1970s saw significant advances in crop protection chemistry. Dicarboximides, triazoles, phenylamides and host defense inducers were commercialized[161,162]. During the 1980s,
second generation SBIs, amines, carboxylic acid amides and melanin biosynthesis inhibitors entered the market[164]. With the continually growing agrochemical markets,
strobilurins, anilinopyrimidines, phenypyrrole and new triazoles were launched in the
following 10 year period from 1990 to 2000. Since the year 2000, major new products
consisted of “new generation” triazoles and strobilurins, and several molecules with
new modes of action such as metrafenone, mandipropamid and boscalid[165]. Over
the past 70 years, many novel fungicides in various chemical groups were discovered.
Meanwhile chemical fungicides gradually became a central part of disease control.
However, with the increasing regulatory requirements and the emergence of resistance to fungicides, the rate of introduction of new products slowed dramatically in
recent years.
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Figure 1-14. Some milestone systemic fungicides.

The invention of systemic fungicides was regarded as a significant progress in
crop protection. Systemic properties offered new opportunities in disease control and
fungicide application. The development of systemic fungicides leads to reduce both
the dose rate and the application frequency. There were some milestone systemic fungicides in development history (Fig 1-14). Carboxin, introduced in 1966, was first
systemic fungicide as a cereal seed treatment. Carboxin was used to effectively control smuts and bunts but it was inactive on other fungal groups and not effective as a
foliar spray. Systemic test in lemon seedlings suggested that carboxin has only xylem
systemicity[166]. Thiabendazole was the first broad-spectrum foliar systemic fungicide, which belongs to benzimidazole fungicide. One successful member of the same
group was benomyl, which was launched by DuPont in 1970. Because of a good systemic property, the benzimidazole fungicides including thiophanate-methyl (1970)
and carbendazim (1976) achieved great success in controlling a wide range of disease
of fruits and vegetables. As most systemic fungicides, the benzimidazole fungicides
can be taken up by roots and translocated upward via the xylem to the leaves, but their
downward translocation in most plants is usually small[167]. In addition, Translaminar systemicity of benomyl and thiabendazole has been detected by protecting sugar-
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beet leaf form infection when the opposite surface was treated with the
fungicides[168]. The phenylamide fungicide Metalaxyl, which was introduced in
1977, was a successful systemic compound to control oomycete. Fosetyl-Al, a phosphonate fungicide also introduced in 1977, is the unique ambimobile fungicide available in the market.
First triazole fungicide triadimefon, launched by Bayer in 1976, was a milestone
for systemic fungicide. The triazole fungicides displayed both curative and protective
activity as well as good redistribution in plant. They have been reported to be transported in both the xylem and the phloem, but tanslocation in the xylem is still a predominant pathway[169-171]. A translocation study between the ears and the flag
leaves of wheat showed that the basipetal translocation of tebuconazole and prothioconazole was more expressed than the acropetal translocation, but the rate seldom
exceeded 5%[171]. Using cucumber powdery mildew as a biological indicator to examine translaminar activity of 61 fungicides, all 7 commercialized triazole fungicides
(tebuconazole, propiconazole, cyproconazole, myclobutanil, epoxiconazole, fenbuconazole and prothioconazole) exhibited moderate or strong translaminar activity[89].
After three decades of expansion, the triazole fungicides have been the largest fungicide group in global market. At present, the second largest fungicide group is the
strobilurins, which are systemic fungicides with protective, curative and eradicant activity. The first strobilurin fungicides were azoxystrobin and kresoxim-methyl, which
entered the market in 1996[172]. The systemic properties of several strobilurins
(azoxystobin, trifloxystrobin, kresoxim-methyl, metominostrobin, pyraclostrobin and
picoxystrobin) were summarized by Bartlett and co-workers[172]. In general,
azoxystobin showed translaminar and xylem systemicity, while no selected fungicides
was phloem mobile. Until recently, systemic fungicides have become the dominant of
overall fungicide market.
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1.4.2 Systemic fungicides for management of vascular diseases
1.4.2.1 Problems in chemical control of Grapevine trunk diseases
Vascular diseases are the most destructive plant disease worldwide and cause
huge economic losses for annual crops as well as woody perennials. These diseases
are generally caused by soil-borne bacteria, fungi and oomycetes that infect the xylem
vessels of plants, and as a result, interfering with the translocation of water and minerals to the crown of the plant[173]. Infection of xylem vessels can induce symptoms
of vascular wilts and/or cankers, which are two types of vascular diseases[174]. Vascular wilt-causing fungi enters and colonizes the plant vascular (xylem) system, disrupting water transport, and leading to wilting, browning and dying of leaves followed
by death of the whole plant[174]. Cankers may cause some reduction in the translocation of water, but generally, do not kill plants unless the cankers are big or numerous
enough to encircle the plant[174]. Over the last 10-15 years, some xylem-inhabiting
fungi in vineyards gradually became the major concern for the global wine industry.
Eutypa dieback, esca and botryosphaeria dieback are three significant grapevine trunk
diseases (GTDs), which are caused by one or several xylem-inhabiting fungi[175].
The symptoms of the GTDs (Fig 1-15) include woody necrosis and decay, chlorosis
and deformation on leaves and berries and the eventual vine death[176,177].

Figure 1-15. Disease symptoms of grapevine trunk diseases. (A, B) typical tiger-like necrosis and
chlorosis on leaves. (C) spotting on grappe berries. (D) cross section of a grapevine wood spur
infected with esca. (E) cross section of a grapevine cordon infected with eutypa dieback. (F)
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symptoms of apoplexy, characterized by dieback of one or more shoots. (picture A, B, C, F from
Fontaine et al. [177] and picture D, E from Pouzoulet et al[178].)

At present, there are no efficient treatments available for the management of the
GTDs [175]. Before 2000, sodium arsenite was once the only potentially effective
treatment to control GTDs, but this inorganic fungicide was banned in 2001 because
of its carcinogenic effect on to humans[175,177,179]. Subsequently, a wide range of
methods, including chemical, biological and cultural, are continually attempting to
control GTDs. Today, chemical treatments are usually used to avoid grapevine infection and limit fungal expansion by protecting pruning wonuds[175]. Several fungicides have been reported to effectively reduce mycylial growth and conidial germination of grapevine pathogens in vitro experiments. Bester et al. [180] investigated the
efficacy of ten fungicides on mycelial inhibition of the four pathogenic species of
Botryosphaeriaceae (Diplodia seriata, Lasiodiplodia theobromae, Neofusicoccum
australe, Neofusicoccum parvum). The result showed that benomyl, tebuconazole,
prochloraz manganese chloride and flusilazole were the most effective fungicides in
inhibiting the mycelial growth on potato dextrose agar (PDA) medium. Pitt et al. [181]
reported that mycelial growth of four species of Botryosphaeriaceae was inhibited by
fludioxonil, carbendazim, fluazinam, tebuconazole, flusilazole, penconazole, procymidone, iprodione, myclobutanil and pyraclostrobin with EC50 values less than 1.0
mg/L. Amponsah et al.[182] showed that nine fungicides were effective at reducing
mycelial growth and/or conidial germination of Neofusicoccum australe, Neofusicoccum luteum and Diplodia mutila. Sosnowski et al.[183] evaluated the effect of 13
fungicides on mycelial growth and ascospore germination of Eutypa lata in vitro experiments. They reported that tebuconazole and fenarimol were the most effective
fungicides to reduce ascospore germination, and mycelial growth was completely inhibited by carbendazim and cyprodinil + fludioxionil.
However, the efficacy of the same fungicides selected from in vitro experiments
was usually variable under field conditions[181-183]. More importantly, no efficient
fungicide was reported to cure infected plants. The different effect of the same fungi31
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cide between in vitro and in the field is probably because the grapevine trunk pathogens live deep in the interior of the host plants. This leads to the failure of fungicides
to reach the targeted pathogens under natural conditions. Thus, whether the fungicides
can be delivered into vascular tissues may be a limiting factor for both protective and
curative activity against GTDs.
1.4.2.2 The need for new fungicides
Most vascular pathogens enter and colonize the xylem vessels, which is composed of dead tracheary elements with relatively low osmotic pressure[173]. Furthermore, xylem systemicity is the primary route for pesticides translocation, and
most of the systemic fungicides move with the transpiration stream in plants. However, xylem-mobile fungicides are not effective for the control of most vascular pathogens. Because, xylem-mobile fungicides are usually translocated and accumulated at
the sites of high transpiration (e.g. leaf tips and margins), leaving the vascular tissues
relatively unprotected[184]. Such wedge-shaped distribution pattern (also named
"apoplastic wedge") is usually observed in dicotyledonous plants, in which xylem-mobile compounds will move increasingly to the leaf margins[78]. In addition,
the disruption of water flows due to embolism or occlusion of vessels in infected
plants diverts the transpiration stream and therefore the fungicides are away from the
pathogen and transported to the leaves[184].
Hence, phloem-mobile fungicide is more promising in control. In the primary
infection processes, the pathogen penetrates the root surface, traverses tissues and stay
in the prevascular phase[185]. Phloem-mobile symplastic translocation enables fungicides to be applied to leaves then pass to roots and also to new growth tissues[184].
Thus many infections can be eliminated in the prevascular phase after the redistribution of fungicide through the plant. Additionally, the phloem-mobile fungicide which
can be translocated to the vascular tissues is likely to cure infected plants. Unfortunately, the phloem-mobile fungicide for effectively controlling the GTDs is not
available at present. The only ambimobile fungicide fosetyl-Al provided no interest32
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ing effect in GTDs control[179]. To effectively and economiclly control GTDs, it is
necessary to find a new phloem mobile fungicide with good activity against grapevine
trunk disease pathogens.
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1.5 Objectives of the thesis
The percentage of prodrugs among the successful drugs is steadily increasing.
One of attractive prodrug approach is to conjugate a drug with endogenous substrates,
and the resulting molecules can be recognized and transported by membrane transporters. Carrier-mediated uptake can not only be utilized to enhance drug delivery
with suitable prodrug formation, but also be a crucial factor in the pharmacokinetic,
safety and efficacy profiles of drugs.
Prodrug strategy has achieved great success in pharmaceutical industry, while it
is rarely used in agrochemical industry. Prodrug approaches for enhancing the bioavailability of drugs have set good examples for agrochemicals. In order to increase the
pesticide efficiency and reduce pesticide use, the same strategy can provide a new
possible way for pesticide design. In particular, carrier-mediated processes will be a
promising approach to enhance the uptake of pesticide and improve the site-targeted
distribution by utilizing plant membrane transporters. For example, phloem systemic
fungicides are supposed to be foliar applied to control vascular or root diseases where
the most existed fungicides are unable to access..
Both amino acid and glucose conjugates have been successfully exploited as carried-mediated propesticides, respectively[109,122,124]. But there is no comparative
study of the effect of amino acid and glucose moitry for phloem systemic profungicide. Furthermore, it is unclear that whether the carrier-mediated propesticide strategy
can be improved by optimizing the spacer arm structure. These structure-activity
studies can promote the understanding of carrier-mediated processes of agrochemcals.
Therefore, there are four objectives for this thesis:
1. To compare the effect of amino acid and glucose promoiety on phloem transport
of fungicide conjugates.
2. To investigate the carrier-mediated mechanism of amino acid-fungicide conjugate and glucose-fungicide conjugate and their possible effect on nutrient
transport and compartmentation.
34
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3. To examine the influence of different spacer structures on phloem systemicity
of the conjugates.
4. To compare the conjugate ability to be loaded in the phloem with that of acidic
derivatives already described[101].
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2.1 Chemicals
2.1.1 Profungicides
Fenpiclonil, which is a phenylpyrrole fungicide from chemical modifications of a
bacterial metabolite pyrrolnitrin, was selected as a model compound in this study. We
modified its chemical structure by adding glucose or amino acid moiety (Fig 2-1). All
fenpiclonil conjugates were synthesized in our laboratory (Synthesis was shown in
following chapters).

Figure 2-1. Chemical structure of fenpiclonil and phenylpyrrole profungicide
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2.1.2 Physicochemical properties
Physicochemical properties and descriptors were predicted using the ACD/Labs
Percepta 2015 release (Build 2726) software from Advanced Chemistry Development,
Inc. (Toronto, Canada). 6 physicochemical properties were calculated: molecular
weight (MW), number of hydrogen bond donors (HBD), number of hydrogen bond
acceptors (HBA), Log D, free rotatable bonds (FRB) and polar surface area (PSA).
The calculated properties were chosen according to their influence on passive membrane transport in plants[1].

2.2 Systemicity test in Ricinus model
2.2.1 Plant material and growth conditions
Castor bean seeds (Ricinus communis L. cv Sanguineus) were purchased from
Graines Girerd et Fils (Le Thor, France). The seeds were placed in wet cotton wool
for 24 h at 27°C ± 1°C and then sown in vermiculite. Seedlings were grown in a humid atmosphere (80% ± 5%) at 27°C ± 1°C with a 14/10 h light/dark cycle. After 6
days of growth in vermiculite, seedlings of average size were selected for the experiments (Fig 2-2A).
2.2.2 Incubation conditions for phloem loading via the cotyledons
The experiments were carried out in the same environment as described above.
The endosperm of seedlings were carefully removed without bending or squeezing the
cotyledons or the hypocotyl[2] (Fig 2-2B). Then the cotyledons were incubated in
buffer solution containing 0.25 mM MgCl2 and 0.5 mM CaCl2. The buffers used were
20 mM MES (pH 5.0, 5.5, 6.0 and 6.5) or 20 mM HEPES (pH 7.0 and 8.0). After 30
min pre-incubation in a standard buffer solution, the cotyledons were incubated in the
same buffer solution supplemented with tested compound or other compounds of interest at given concentration (Fig 2-2C).
To investigate the effect of glucose conjugate 12 on transporter systems, the cot52
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yledons were incubated in buffer solution containing 0.5 mM labeled product:
[3H]-3-O-Methyl glucose (1.5 µCi/10 ml), [14C]-sucrose (0.2 µCi/10 ml) or
[3H]-glutamine (1.5 µCi/10 ml) with or without 0.5 mM glucose conjugate 12.
2.2.3 Phloem-sap collection and cotyledon uptake
After the cotyledons were incubated another 30 min in buffer solution containing
tested compound, the hypocotyl was cut in the hook region about 1 cm from the cotyledons with a razor blade[2-4]. The exuding phloem sap was collected from the cut
end of the upright hypocotyl with a micropipette (Fig 2-2, D and E). The hypocotyl
can be re-cut to increase the flow again. To reduce evaporation, the sap collection was
performed in a Plexiglas microcabinet laid out with wet filter paper. The collected sap
was stored at −20 °C until analysis.
For the determination of radioisotope uptake, the cotyledons were rinsed
(3×2min) in the standard buffer solution, wiped off with paper and weighted. Then,
two cotyledons were digested overnight at 60 °C in a mixture of perchloric acid (65 %;
0.56 mL), hydrogen peroxide (33 %; 0. 27 mL), and Triton X-100 (1 g/L; 0.17 mL).
Radioactivity measurements were conducted on each plant separately.

Figure 2-2. The Ricinus model. (A) The 6 days Ricinus seedlings on vermiculite. (B) The endo53
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sperm was carefully removed. (C) Cotyledons that still attached to the hypocotyls were immersed
in a buffered solution containing the tested product. (D)(E) After cutting the hypocotyl, phloem
sap accumulated on the cross section and then was collected with a micropipette.

2.2.4 Analytical methods
All fenpiclonil derivatives in the phloem sap were analyzed by HPLC after dilution with UHQ grade water (phloem sap/ pure water, 1/9, v/v). The HPLC system
consisted of an autosampler, a quaternary pump and a UV6000LP photodiode array
detector. A reversible-phase Discovery C16 RP-amide column (250 × 4.6 mm, 5 µm
particle size; Supelco, Bellefonte, PA) was used at a flow rate of 0.8 mL/min. The injection volume was 10 μL. The chromatograms were analyzed with PC 1000 software
v3.5 from Thermo Fisher Scientific (Courtabœuf, France). Chromatographic separations were achieved using a gradient elution system (Tab 2-1).
Table 2-1. Chromatographic conditions for the determination of tested compounds
Mobile Phase (gradient)
Products
F 30
12

Flow Rate

Detection

CH3CN

(ml.min-1)

UV (nm)

0.8

218

Time

Water +

(min)

TFA 0.1 %

t=0

68 %

32 %

t=30

45 %

55 %

t=35

68 %

32 %

t=40

68 %

32 %

Retention

L-14
L-15

(min)
24.6
8.2
22.9

F 30
L-13/D-13

time

t=0

70 %

30 %

t=30

40 %

60 %

t=35

70 %

30 %

t=37

70 %

30 %

8.0
0.8

218

8.8
9.7
9.2

L-16

The endogenous sugars glucose, fructose and sucrose in the phloem sap were
determined

enzymatically

using

previously

described

methods[5].

A

su-

crose/D-fructose/D-glucose assay kit (K-SUFRG; Megazyme, Ltd., Bray, Ireland)
was used following the manufacturer’s instructions. To measure the sucrose concen54
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tration, the phloem sap was diluted 100-fold with pure water. All measurements were
performed by using 1/4 of the amounts of the reagents recommended by the manufacturer.
Radioactivity was measured by liquid scintillation analyzer (Tri-Carb 2910TR,
PerkinElmer). Phloem sap was added to 4 mL scintillation cocktail (EcoLite, ICN
Biomedicals). The digested cotyledons were mixed with 14 mL of EcoLite scintillation cocktail and counted by liquid scintillation analyzer.
2.2.5 pH transients in the incubation solution
The measurement of pH transients in the medium using Ricinus cotyledons was
similar to that described previously[6-8]. The endosperm was removed carefully. The
cotyledon still attached to the seedling was incubated in a solution (10 mL) containing
0.25 mM MgCl2 and 0.5 mM CaCl2 at 27°C ± 1°C. The solution was stirred continuously and the pH of the solution was monitored every 30 seconds with a pH microelectrode (Mettler Toledo, InLab Micro), which was connected to a pH meter (S220
SevenCompact pH/Ion Meter, Mettler Toledo) and a recorder. Depending on the aim
of the experiment, the solution can be supplemented with tested compound at a final
concentration of 0.5 or 1 mM. The pH of the solution bathing the cotyledons stabilized after 30 min at pH 4.8-5.0. Small aliquots of concentrated solutions of sucrose or
tested compounds at the same pH were added after reaching a steady state. The pH
was monitored continuously over 3 h.

2.3 Uptake experiments with leaf discs of Broad bean
Broad bean (Vicia faba cv Aguadulce) plants were grown on vermiculite as already described[9]. The experiments were performed on plants possessing five mature
bifoliate leaves.
The leaf discs of broad bean were prepared as previously described[10]. After
stripping off the lower epidermis, leaf discs (1.13 cm2) were preincubated for 30 min
in a buffer solution containing 0.25 mM MgCl2, 0.5 mM CaCl2, 250 mM mannitol
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and 20 mM MES (pH 5.0). After preincubation, the discs were incubated in the same
buffer solution for 30 min supplemented with 0.5 mM labeled sucrose (1 µCi/10 ml)
or 3-O-methylglucose (1.5 µCi/10 ml) with or without 0.5 mM glucose conjugate. At
the end of incubation the discs were rinsed in the solution similar to the preincubation
medium (3×2min). Each disc was then digested overnight at 60 °C in a mixture of
perchloric acid (65%; 112 µL), hydrogen peroxide (33%; 54 µL), and Triton X-100 (1
g L-1; 34 µL). Radioactivity was measured by liquid scintillation analyzer mentioned
above. The measurements were made on each disc separately.

2.4 Uptake experiments in yeast
Saccharomyces cerevisiae strain RS 453 cells were grown and transformed as
described[11]. The AtSUC2 coding region in plasmid pDONR207 coding region was a
generous gift from Dr F. Vilaine (Insitut Jean Pierre Bourgin, Versailles, France). The
coding region was cloned by recombination into plasmid pDR–R1-R2-HIS3[12] derived from pDR 192[13]. The plasmid containing AtSUC2 and the empty plasmid
were inserted into Saccharomyces cerevisiae RS453 and sucrose uptake experiments
were run as described[11]. Briefly, yeast cells were grown to early logarithmic phase
in YNB medium supplemented with 2% glucose. Cells were washed and resuspended
with 50 mM MES buffer (pH 4.5) to reach a final OD600nm value of 0.5. Aliquots (100
µL) of cell suspension were added to 100 µL of a solution containing 50 mM MES
(pH 4.5), and a mixture of unlabelled and 14C-labelled sucrose (concentration: 1 mM;
specific activity: 0.50 mCi mmol−1) at 28 °C for 5 min. The final sucrose concentration in the medium was therefore 0.5 mM.
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6.1 General conclusion
Prodrug strategy has been considered as an important concept in design of modern agrochemicals with optimal efficacy, environmental safety, user friendliness and
economic variability[1]. Profungicides are promising to offer new opportunities in
root and vascular disease control via plant phloem targeting of active ingredients[2,3].
Two propesticide approaches, ion-trap mechanism and carried-mediated transport,
have been explored for developing phloem systemic pesticides in the last 20
years[3-7]. However profungicide design is still in an early stage of development, especially for carried-mediated processes.
Most of recent fungicides are substituted with halogens[8] and the molecular
weight of 90% fungicides located between 220 and 440 Da[9]. Our objective was to
determine the possibility of manipulating the systemicity of fungicides through conjugating them with an amino acid or a glucose. In order to keep the continuity of our
academic research, fenpiclonil, which have been studied for a long time in our laboratory, was selected as the model compound in this thesis.
Therefore, we emphasized the carrier-mediated processes of profungicide. The
transport mechanism of fenpiclonil conjugates was investigated. In general, the results
presented in chapter 3 to 5 provided structure-activity information to optimize the design of carrier-mediated profungicides concerning the selection of promoiety and
spacer arm. Key achievements and findings are as following:
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Figure 6-1. Phloem loading mechanism of L-amino acid fenpiclonil conjugates (AA-F) and possible mechanism of sucrose phloem loading inhibition by stearic hindrance due to the large size
and structure of D-glucose fenpiclonil conjugate (G-F). For simplification, the amino acid carrier
system (AACS) includes all the carriers recognizing the L-amino acid function[10], but the symporters which translocate F-AAs remain to be identified. Conducting complex: no distinction has
been made between the sieve element and the companion cell.

1.

The physicochemical properties of D-glucose fenpiclonil conjugate (D-GFC)
and four L-amino acid fenpilonil conjugates violate the Lipinski’s rule of five
(Ro5) and Veber rules, which are two passive diffusion rules using to predict
the passive membrane permeability of drug candidates and argochemicals.
However, all conjugates were detected in phloem sap. The opposing results of
prediction and systemicity tests in Ricinus model implied that carrier-mediated
processes were involved in the phloem systemicity of there large chlorinated
conjugates.

2. The phloem mobility of the D-glucose fenpiclonil conjugate and the first synthesized L-glutamic acid conjugate was compared. The L-amino acid promoiety
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was dramatically more favourable to phloem mobility than the D-glucose promoiety in this study, indicating that amino acid carriers have a relatively higher
capacity than sugar carriers to translocate phenylpyrrole conjugates.
3. The L-glutamic acid conjugate was five times more concentrated in phloem sap
than its counterpart of D-glutamic acid conjugate and the systemicity of
L-derivative is pH dependent and almost completely inhibited by the uncoupler
of oxidative phosphorylation CCCP, suggesting that the phloem transport of the
L-amino acid conjugate is governed by a stereospecific amino acid carrier system energized by the proton motive force (Fig 6-1).
4. Despite very low concentration of D-GFC in phloem sap, the behavior of this
conjugate led us to conduct an investigation of the mechanism of its absorption.
In a previous work[11], it has been shown that the systemicity of a glucose-fipronil conjugate possibly involved an active absorption. On the other
hand, it is well known that the sucrose transporters are only capable to translocate their natural substrate and some small glucosides. Hence, it is possible that
D-GFC is recognized by sugar transporters, but unable to translocate through
the transporters.
5. Competitive inhibition tests showed that D-GFC dramatically inhibited the uptake and phloem transport of [14C]-sucrose in Ricinus, while no effect on
[3H]3-O-methyl-D-glucose or [3H]-glutamine uptake was observed, unlike
PCMBS. At 0.5 mM concentration, it also affected (80 % inhibition) sucrose
uptake by broad bean leaf tissues and by AtSUC2 expressed in yeast. These results demonstrated that D-GFC can act as a potent and selective inhibitor of sucrose carriers involved in phloem loading and therefore constitute a new tool in
phloemology (Fig 6-1).
6. The structure-activity study of the spacer arm between fenpiclonil and the
L-α-amino acid function suggested that reducing the length of the chain between
the triazole ring and the L-α-amino acid function led clearly to an improvement
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of the phloem systemicity in the Ricinus model. By contrast, removing the triazole ring in the structure of the spacer arm did not improve systemicity.
7. The L-amino acid conjugate L-14 was detected in the phloem sap at all physiological pH range of the apoplast (5.0-6.5), while the phloem systemicity of
acidic derivatives of fenpiclonil was limited to pH values near 5.0. The different
phloem mobility behaviors of fenpiclonil acidic derivatives and L-amino acid
conjugate indicated that carrier-mediated processes can be more promising for
confering phloem systemicity to phenylpyrroles than the ion-trap mechanism.

6.2 Perspectives
Plant transporters which are capable to transport pesticides may result in the
vectorization of agrochemicals as well as reduction of toxicity. There are several unfinished works which might be interesting to promote the development of carrier-mediated profungicide.
1.

As amino acid conjugate strategy can improve the phloem systemicity of profungicides, it is also interesting to evaluate in vitro and in vivo fungicidal activity of amino acid conjugates against plant vascular pathogenic fungus, for example, grapevine trunk diseases and Fusarium wilt of banana.

2.

For a successful prodrug strategy, the active ingredient should be released from
the prodrug to exert its biological action. All selected spacer arms were
non-degradable in this study, so it is interesting to explore a degradable spacer
group in order to release the active ingredient. For example, pH-sensitive linkage can be used, based on the pH difference of the plant apoplast and symplast.

3.

Phloem-mobile fluorescent probes have been proven to be an effective tool to
study phloem loading and transport[12]. Thus we plan to synthesize some fluorescent fungicide conjugates to visualize the uptake and transport of profungicide in the Ricinus model.

4.

Fenpiclonil, a contact fungicide from the phenylpyrrole family, was used as a
model molecule in this study. As carrier-mediated processes were proven to be
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effective, the same strategy should be extended to fungicides of different chemical groups and find another suitable active ingredient as parent compound. This
strategy also could be extended to some defense molecules.
5.

The development of molecular biology provides new opportunities to get more
physiological and structural information for plant sucrose and amino acid
transporters[13,14]. Identifying the transporters of conjugates might be useful to
optimize the structure-activity relationship of carrier-mediated profungicide.
Finally, the prodrug strategy is one of the most promising approaches to enhance

the efficacy and reduce the adverse effects of agrochemicals. Continuous efforts are
needed to promote the discovery and development of successful propesticides.
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