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RESEARCH

Systemic Seed Treatment Uptake during Imbibition
by Corn and Soybean

Daibin Yang, Suemar A. G. Avelar, and Alan G. Taylor

ABSTRACT

Systemc seed treatment uptoke into soybean
{Glycine max (L) Merr] and com (Zea mays L.}
soads during imbibition has not been investi-
gated over a broad range of application rates,
The objectives of this study were to investigate
the uptake capacity of seads and assess the
rake of the seed coat on uptake. A flucrescent
compound, coumarin 120 {7-amino-4-methyicou-
marin}, was applied a3 & moded saed treatment in
the range of 0.01 to 20.0 mg g’ seed to study
the dose effects on sesd uptake of two com lines
and three soybean culfivars. In general, there
was a large increase in seed uptake as dosage
increased, folowed by & saturated state at higher
dosages. The uptake by two lines of com seeds
and three cultivare of soybean seeds showsd a
dose-dependent process that was dascribad by
an exponential model of Yz y, - Ae™ {? > 0.93),
wherey, is the uptake limit, A and k are conetants,
and x is the applied dose rate. The valug of y,
is an indicator of & seed's uptake capagity, and
it differed between the two com lines and the
three soybean cultivars, The calculated dose
rate at which the uptake achieved 95% of y,
(¥} Bls0 varied widely within the com jines and
soybean cultivars examined. A low value of x,,
= 0.87 mg g seed was measurad for com line
B73. This result indicates that a seed treatment
may reach its uptaka lirmit at a low dosage. The
sapd-covering layers of com kines and the black-
geaded soybean cultivar attenuated the uptake
of the seed treairment.
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Abbreviations: GCB, gmphitived carbon  black; HPLC, high-
pertormanve liquid chromatography; log K, matio of the concentration
of 4 solute between water and octanol; MeGN, acetonitrily; PRA, primary
secondary amine; PVA, polyvinyl aleohol; x,. calvuluted dose rate at
which the uptake achieved 95%. of the uptake Bmit; y,, uptake limit,

Si-,l.l) TREATMLNTS are widely used in agriculture to manage
carly-scason insects and diseases, as well as seed-borne pacho-
gens (Elbert ot al., 2008 Sharma ot al, 2015). For conuol of
internel seed-borne pathogens and aboveground dJiscases amd
insect pests, the active ingredionts must have systamic activity,
For example, systemic neonicotinoid seed treatment insecticides
are used worldwide to control foliar pests (Douglas and Tooker,
2015). Syaemic eriszole fungicide sced trestmens are used w
control Tilfetia and rust discascs (Fletcher ct al., 2010%. There are
few reports on the uptake of agrochemicals applied as seed treat-
micnts and generally under limited dosages that are used for pest
management. For example, the uptake of selected herbicides by
soybean [Glire max (L) Merr.] sceds was investigated over 2
16-fold range (Rieder et ak., 1970), and the fungicide triticonazole
was tested over a 5.3-fold ange (Quérou et al,, 1998). The focus
of the current study is on the uptake of a systemic compound ineo
soybean and corn {Zea maps L} sceds during imbibition over 4
much lagger 2000-fold range, o our resulis have broad applica-
tion for understanding commercial seed reasment uptake.

Plant roots take up systemic soil-applied compounds from
the surrounding soil. and these chemicals are then transporred
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upward into the aboveground tisues via the transpica-
ton stream in the xylem. From the root to the xvlem,
these compounds must penctrate across several biological
layers: the epidermis, cortex, endodermis, and pericycle
{Collins ot al., 2006). This provess is driven by & water
potential gradient, but those bivlogical lavers are sclec-
tively permeable {Santoni et al., 2000, This sclective
permeability is determined by the balance between the
affinity and mobility of abzorbed chemicals in plant tissues
{Uchida, 1980), Mare hydrophilic chemicals are Jess able
to permeate across the hydrophobic hipid membranes,
whereas highly lipophilic chemicals are recained in lipid
plant constituents. Therefore, for an organic compound
to have systemic activity requires a balance berween its
hydrophilic and lipophilic properties. The degree of
lipophilicity is determined by 2 compound’s solubalicy
in octanol and water, expressed on a log seale as the log
K, or partition cocfficicnt (log P} (Satchivi, 2014; Trapp,
2004). Based on the log K, the systemie ability of an
organic compound’s movement from root to shoot was
mathematically described and termed the TSCF (ranspi-
ration seream concentration factory by Brigys cval., 1982),
A normal or Gaussian distribution was revealed for the
TSCF was TSCF = 0.784 exp—f{log K, — 1.787/2.44],
with the muximum systemic uptake of log K = 20
using barley (Hordeum vulgare 1.} as the model system.
Later, additional Guossian models were developed for the
root-to-shoot uptake process in soybean and other species
{Collins vt al., 2006).

Alternatively, systemic active ingredients may be
absorbed dircctly into crop sceds during imbibition from
the treated seed surface 1o the embeyo. For comcrolling
internal seed-borne discases and insect pests that awack
the seed embryo, seed uptake of the active ingredients
during imbibition is piveral. Insufficient penctration of
active ingredients into the sceds would fail to control these
internal pathogens and insect pests. To hetter understand
the potential for uptake of agrochemicals into seeds requires
an vnderstanding of the physical and chemical properties of
dhe active ingredient. Previons seudics fron: vur iboratory
revealed that seed coat permeabdlity varied by crop seeds
and were grouped into three categories: () permwable,
{ii) selectively permeable, and (i) aonpermeable (Taylot
and Salancnka, 2012} These categorics wore developed
based on uptake of selected Auorescent tracer compounds
with known physical and chemical properties, For example,
coumarin | or 151 is mederatcly lipophilic and nonionic in
nature, whereas thodamine B & modertely lipophiltic and
ionic in nature {Taylor and Salanenka, 2012). Secds that
allowed both tracers to diffuse through the seed cont to
the embryo have the permesble charseteristie, and soybean
seeds were classified with permieable seed coats (Taylor and
Salancnika, 2002). Sveds thatallowed anly coumarin | or 151
but restricted rthodamine B from diffusing through the sced

coat and pericarp have seleetive permeability charmcteniseie,
and corn (Fea mays L) sced is in this category (Dias et al.,
2014). Therefore, in the case of seed treatment uptake, both
the log K and electrical charge of 2 molecule determine
ies ability to penctrate the sced coat. Finally, sceds thae
blocked both racers from diffusing have the nonpermeable
characteristic, and cucumber (Cueis sativws L) seed is
an example (Salanenka and Taylor, 2011}, Unfortunately,
miany guestions remain on the uptake of systemic chemvicals
by sceds during imbibition. What is the uptake eapaciry
of a seed 1o the seed tremment? Do the seed cour or seed-
covering layers artenuate uptake? Finally, what is the
maximmm uptake cfhciency of applied sced treatment that
diffused into the soybean cmbryo or com internad tissues
fembryo + endosperm)? In this paper, a model fluoreseent
tracer, courmarin 120 (F-amino-4-methylcoumaring with
systemic properties was wsed to mimic an agrochemical
seed treatment to investigate seed aptake over a wide range
of application rates.

MATERIALS AND METHODS

Chemicals and Crop Seeds

Coumarin 120 is nonjonic with 2 log K, of 1.1, According to
another study from our laboratory, a nonione compound with
log K, 11 would diffuse throngh the sced-covering lavers 1o
the nternal tissues of bath soyhean and corn (Yang et al., 2018,
Theretore, this tracer is predicted to have systemie uptake
{Briggs etal, 1982). Coumarin 120 {99 was purchased from
Sigma-Aldrich. Acetonatrile [MeCGN, high-performance liquid
chvomatography [HPLC] grade) was purchased from Fisher
Scientific, Primary sceondary amine (PSA) was purchased from
Agilent Technologies. Graphitized carbon black (GU13) was
purchased from Agels Technologies. For seedd coating, poly-
winyl alevhol (PVA, Selvel 205) was purchased from Sekisut
Specialty Chemical Compairy, and Tritor X-100 wis purciused
from Electron Microscopy Sciences.

Prefiminary uptake studies were conducted on nine Hnes
of corn, and two wene selected with low and high uprake
(Avelar and Thomazella, unpublished daca, 2016). Corn seeds
of lines OH7B and B73 were provided by Do Dale Wibkon
{Valent BioSciences, Libertyville, IL). In addition, preliminary
studies were conducted on 17 soybean caltivars, and theee were
selected with different uptake patrerns {Avelar and Amirkhani.
unpublished data, 2017}, Two yellow sceded soybean cultivars
were examined: ‘TAR 192" from the lowa State Besearch
Foundation {Ames, 1A}, and "TMG 132RE’ from Tropical
Melhoramento & Genética, Fundagio MT (Unisoja. Brazil)
Black-seeded soybean cultivar “V12-1223" was provided by Dr,
Bo Zhang, Virginis Polytechnic Institute and State University
{1acksburg, VA).

Seed Treatments with Coumarin 120

Suspension concentrates of coumarin 120 were prepared
by dispersing coumarin 120 powder in 2n aguecous solution
containing 4% PVA and 0,12 Triton X-1041, The 'VA was used
as hinder to adhere the coumarin 120 to the seed surface. ‘Friton
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X-100 was used as a surfactam o disperse the compound.
Corn amd sovbean seeds were weighed individually, amd the
coumarin 120 sospension concentrate was loaded prociscly
onter the surface of each seed with 3 micropipette, The applied
dosage of coumarin 120 for each treatment was catrulated from
the mean seed weight of cach seed Jor {Table 31 Each treared
seed was dried in 2 gentle air stredm immediarely until 5 dey
layer of coumarin 120 was observed on the surthee of each seed.
Four replicates (seeds) were examined for each rreatment,

Decoated Coumarin 120 Seed Treatments
Cotir seeds of both lots were soaked in water tor 2 o 3 h, then
the pericarp and testa were temoved with forceps fron each
seed. The decouted seeds were dried 1 a forced-air oven at 36°C
overnight. The inact seeds of both cotn lots were soaked and
dried in the samc manner for direct experimenta] comparison.
Seed coats of the three soyhean cultivars were remsaved by hand
withowt seaking, The decoated rorm and soyhean seeds were
treated individuslly with the same method as described above.
The applied dosage of coumarin 120 used in the decoated seed
study was 0.3 and W mg g7 seed.

imbibition of Treated Seeds and Removal

of Seed-Covering Layers

Afer treatment with different dosages of courarin 120, seeds
were equabibrated in a 7% relatree humidity chamber to achieve
2 unitormy water activity for all samples prior to suwing (Bay et
al., 1995). Treated seoeds were imbibed an silica sand swath 20
mossture content at 20°C, and sovbean and corn seeds were
removed from the sand 12 and 20 h after planting, respectively.
The imbibed sceds were thoroughly washed with water to
remove any residuad conmarin 130 on the surface of imbibed
seeds, Then the soybean coat or corn pericarp and testa of intace
seeds were removed with forceps. In the case of decoated seeds
fembryos or embryos + endosperm) were thoroughly washed to
remove esidizal tracer.

Sample Preparation for HPLC Analysis

Samples wiere extracted with the QuEChERS @uack, Easy.
Cheap, Effective, Rupged, and 3afe) method {Anastassades ot
al,, 2003). Beaefly, the mostar and pestle were frozen with bguad
N,. Tor cach replicste, one seed was placed into the frozen
mortar, immersed in liquid N,, and then were ground mto a fine
powder. The powder was fransferred into 1 Si-ml centrifuge

tabe with 2 screw cap. Next, 1 ml of MeON was added and
the mixture was shuken for 2 min using 2 Vortex mixer it roam
temperature. After this step, 3 mivture of 3.3 g of MghO,
10 g of Nac| was added. The centrifuge tabe was immediaicly
shaken vigorously for | min o prevent the formation of MgSOy,
agglomerares and centrifuged av 3500 rpm for 5 min. A 45-mi.
sample of the sepernatang was subjected o dispersive solid-phase
extraction using a mixwre of sorbents and MgSQ, orn: Hng
GCB, 50 g PSA, and 100 mg Me8Q,; soybear 30 mg PSA
and 160 mg MeSO,3 The vabe was shaken vigoroudy or 1 min
using @ vorex mixer. Finally, the extoes was fileered through o
0.22-pnysyringe filier. The recovery was 86 £ 3.2.4 for the varn
seed and 95 & 3.80 for the suybean seed, respectvely.

HPLC Analysis

Caoumarin 120 was quantified wing an Agilent 1100 HPLC
equipped with 4 1200 Huorescence decector using an ONS-3
column (G Scignces, 3 pm, 46-mm ¥ Ti-mm column},
The maobile phase @ mE min 7y vsed was 5 min 3006 MeCN
+ MY warer, 6 miEn 00 MeCIN 6t water, § min 9
MeCN + 1020 wager, 10 min 3000 MeON + 70 water, A
gradient system wis wsed and the temperarure of the column
was 30°C. The injected volume was 20 ub.. The wavelengthe
of the fuoresconce detector were set at the maxinom excita~
vion snd emission veavelengths of 342 {excitation) and 409 sm
{ensission). The rerention time of cowmarin 120 was %17 miti.

Data Analysis

Fhe applicibon kale of coumarin 120 was cxpressed as mmile-
grams per gram of sced, and using the mean soed weight for
each seed lot, the application rate was converted o milligrams
per seed {Fable 1). Seed uptake was expressed as concentration
of ghsorbed coumarin 120 as micrograms per gram of seed, The
concentration of cormarin 120 in corn and soybean sced was
calcodated by regression analysis and was conducied using the
buile-in mostels in sofoware Origin Pro 8.0 (Originlab, 200R},
using Eq. 11} belowe

BESULTS

The concentration of absorbed coumarin 120 {tracer)
e corn cinbryo + endosperm is shown for twoe corn
lines treated with 801 to 2000 mg &' sced {Fig. 1) The
absorbed tracer concentration greatly increased from (M

Table 1. The applied dosage of coumarin 120 for each treatment of the comn and soybaan seed.

et g v e o

lioddossge " B73 " T OHTB

— L
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CTMGTgRA TT T vigdeR T

M0 " sead mg seed

0.01 0.0023 Q0024 feleiild Q006 0019
a0s 001 Qm2 Q008 0408 0008
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Fg 1. The concertration of absorbed counarn 120 = imbibed
saeds of com OHTR and B72 and their fifting curves with mods ¥ e
¥, = Aar, where 5, is the uptake frril, A and k are constants, and ¥
sihe applisd doso rats. The bars represant =5€ omfour repizates.

to 1.0 mg g™* seed for both OH7B and B73, and both com
lines approached a saruratod condition from 1.0t 5.0 mg
g ' seed. Although the treml of uptake curves was similar
for both lines, B73 reached tracer uptake satoration at z
much lower concentration that OH7B. To Farther math-
ematically describe the uptake curves, dose-dependent
relationships weve analyzed wsing an cipirical moded:

Y=y, ~ AeF]]

where Y is the conceneration of absorbed cowmarin 120,
¥, is the calculated uptake limit, A and & are constants, x
is the applicd dose rate, and x,, is the calovated dosage
in milligrams per gram of seed to achicve 958 of y. A s
the background fuorescence in the sample, and o« higher &
value indicated that the uptake reached its smurared st at
a lower applicd dosage of tracer. The caleubated constants
and values from fitting Eg, |1} to the dwta are shown in
Table 2. The uptake limie (p) of tracer for OH7B and B73
was 195 and 44,3 jtg o7 seed, respectively, whereas the x|
for OH7B and B73 was 1,74 and 087 mg g7 seed, respee-
tively. Therefore, the uptake limit (y ) of OHTB was over
fourfold higher than that of B73, and the x,, of OH7B was
50% higher than that of B73.

The role of the sced coat as a barrier for the uptake
of coumarin 120 during imbibition was investigsted
using decoated seeds. For OH7B, the concentration of
coumarin 126 increased from R2.7 1o 8 pg g7 seed

at 0.3 mg g7 sweed dosage when the coat was removed,
thus a 7955 fcrease at this duse rate {Fig. 2). Similady,
the concentration of counmrin 120 increased from ub o
S pg g7 seed at 10 nyg 7" seed dossge wlien the coat
was removed, 2 2.1-fold increase ae this dose rate. For B73,
the concentration of conmarin 120 incrcaswd by 28% at
0.5 mg g ' seed dosage with 3 2.6-fold increase from that
of intact seed 2t 10 mg 77 sced dosage (Fig 3). Addition-
ally, the voncentration of coumarin 120 in the intace seeds
after soaking and drying (Fig. 2} was compared with that
of intact seeds withoue soaking and drying (Fig. 1} ac 0.3
and 10 myg g * seed dosage, and no significant diffeeences
were measured for cach dosage, Therefore, soaking and
deying did not aleer seed coat permeability.

The coneentration of ahsorbed coumarin 124 {tracer)
tneo sovhean embryns is shown from seeds wreared from
001 to 20.0 mg g ¥ seed (Fig. 31 The concentration of
tracer greatly increased ap low applicd dosages for TMG
132RR and IAR 1902 seeds, whereas the uptake curves
of these two cultivars leveled off from 3.0 to 100 mg g !
sced, bn contrast, the tracer uptake rate of the black-seeded
cultivar VE2-1223 was muach lower than the ewo yellow-
seeded culdvars. The uptake curves of the three soyhean
culrivars ako were described with the same kg, (1] veed
for corn. The calculated x valucs from Eq. [1] using data
of soybean sceds are shown in Table 2. The arder of x,,
Taer ome S ¥os gam v T Fpg gz gopy Fovealed that TMG
132 R was approaching y, st a bower applied dosage than
IAR 1902, whereas V1241223 would approach y at a
dosage above the maximum dossge tosted in this seudy
when extrapolated from Eqg, {1].

T understand the role of seed cout (testa) of sovbean
on tracer wptake, the testa was removed from the dry
seed. The concentration of eacer in the embryo of
V12-1223 increased from 14.0 (Fig. 3) to 114 gg g™ sced
at 0.5 mg 7" seed dosage (Fig. 4), resubeing inoa seventold
increase. At 10 mg g seed dosage, the concentration
of coumarin 120 increased from 97.7 (Fig. 3) to 237 pg
g ' seed dosage {Fig. 4) resubted in a Ld-fold imerease
vompared with the intact seed. However, the concentra-
von did not ditfer hevween decoated and intact seeds for

Table 2. Constants from fitting Eq. (1] to the data of absorbed coumarin 120 from the seed treatment of corn and soybean and

the calcutated dose rate at 95% of the uptake fimit (x,.).

Varablet

Line or cultivar W A k . Xgp
Com
OH/B 95 8¢ L¥ 1] 0.43 1.74
B3 443 vk} 3350 .85 08F
Sovboan
TG 132AR 238 o 0458 0:08 B30
1AR 1902 243 734 0337 094 8.8}
vig42as . 158 B0 om0 Q@8 B
1,18 the uptake wvdt and A and | e constants,
1 Extrapolated from Eg. {1,
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The concentration curves of absorbed conmarin 120 for
corn (Fig 1) and soybean (Fig 3} exhibited binge increases
as the applied dosage increased, followed by 4 satueaned
condition at higher dosages for two lines of com and twa
yellow-seeded sovbean seods, The black-seeded sovheun
cultivar V12-1223 had a different sose response curve than
the two yellow-sceded eultivars, The vptake by all five lots
wested revealed a dose-dependent pracess thas was desenbed
by the exponcatial Eq. [1). The caleulated values of p,
varied widely within soybean and corn varietices examined
(Table 2% however, the enponential mode] Gr woll for al)
five secd fots tested {7 = 05930 In this study, we nsed a
wide dose range 2000-fold) of coumarin 120 that for four
af the five seed lots exanined exceeded the maximum
uptake limit that resulted in a saturated condition (Table 2).
However, in previous reports on the uptake of agrochemi-
cals by crop seeds, 4 lincar model was developed to descobe
the uptake process as low dosages were applied over a refa-
tively narruw range, For example, the uptake of herbicides
{inmuron, chlorpropham, accazine, EPTCC, and anuben? by
soybean sceds was directly proporoseal to coneenracion of
saaking selution in the range of 0.02 to 0.32 mM (Rieder
et ak., 1970). When the fungicide triticonazole way applivd
a5 & seesd treatment 1o speong whaeat (Fritdn sesdeise ), the
calenlated amount absorbed by the caryopsis was linearly
carrelated to the applied rate in the range of 045 10 2.4 g
ki ! seed (Quérou et sk, 19918). In our study, corn OH7EB
and theee rested soybean caltivars also presemied o lincar
refationshap between seed uprake and applied dosage in the
range of (:01 1o 0.5 mg g™* seed with 2 > .93, For com
B73, the lincar dosage-dependent uptake was not measured
even 91 low dosages. According to thewe rwo cited sadies,
tinear models would not be suitable to predier a samaration
condition on uptake of seeds.

As shown in Fig 1 and 3, the suturation effect was
ahserved over the uprake process of copmann 120 by com
aed soybeun seeds after planting. This is the first report on
the saturation cffect of sced uptake. This observation would
be useful ro understand the uptake of seed treatnrent in crop
protection. The value of y,_ in Eq. [1] is a0 indicator of the
uptake capacicy of a seed. A high value of p indicates a seed
has a high capacity of asbsorbing chemicals couted on the
surface of a seed. This would benefit the pest management,
especially the seed-horne pathogen managemient. On che
other hand, iF the applicd sccd treatment akoo presenes the
plant growth inhibitory effect e, the triazole fungicides).
the treated seeds would be at high risk of phytotoxicity.
The valug of x, eabeulaeed by Eqg. [1] is abo an impor-
tant parameter. A low value of x, imphes that uptake of a
wed treatment would he saturated at 3 low dose rate. In our
study, the value of x for corn B73 was 087 g g ¥ seed,
This value is lower than the recommended divage of many
pestichles used as seed treatments {e.g., the recommunded
dosage of imidacloprid is 23 mg g™ seed).

The uptake process of a tracer into o seed indudes cwo
stapres: movernent across the seed coat and firther movement
within the seed embrve fod cadospery), The decouting
experiments were performed o sepanate the ctfect of the
seed coat or seed-covering layers on uptake by the embryo
or embryo + endosperni,. The decoated seed had groater
uptake of teacer than the intact seed of cach com line
cach dossge (Faye 33 Therefore, the pericarp-testa detenti-
ared uptake and served as a barrier. In comparing decoarcd
carn sceds of bath lines, OIN7B had greater uptake than
B73 (Fig. 2}, Therefore, as the sced-vovering Liyers were
removed, varicral detferences in uprake were attributed toa
greater absorption of the tracer by the embryo + endosperm
of OH7B compared with B73. For soybean TMG 132RR
and FAR 1902, the seed coat did not act a5 3 barrier, as no
differences in concentragon were measured hotweets intace
{Fig. 3} and decouted seeds {Fig. ). Theretore, the yellow-
seeded cultivars were permeable. However, in the case of
the Mack-sceded suybean, the seed coust both deervased the
uprake hinsit {3 and requored the highese docge coneen-
wration to approach x (Tabe 2). The uptake of decoared
V12-1223 showed wo differemees in comparison with
the two pernwable yellow-seeded cultivars. Therefore,
uptaki in the blick-seeded cultivar was governed by seed
eoat permeshibity. Collectively, the maximum vptake of
cultivar or line was inflaenced by the seed coat that acted us
3 barrivr, and/or internal tissues with their afinity for the
systenue componad.

Soybean seed coat permaability was previously inves-
tigated duc to its importance on seed quality and stand
establishivent under environmental stress. The permeable
natore of nuny yellow-secded sovbean eultivirs ix atrrib-
uted to the structural and compaositional characteristic of
the testa. Micropores were observed in permeable soyhean
seed coats {Chachalis and Smith, 2001) that would provide
pachways for pasive difusion. A blick-sceded sovbean
had slower imbibition rate, « thicker seed coar, and greater
mwechanical strength than a yellow-sceded cultivar {Tully
et al. 1981} In addition, the composition of mature
soybean seet cout vartetics may differ and che vuticle of
a nonpermeable variery contained 3 dispropornonaccly
bigher amount of hydroxylated fatty acids in comparison
with permeable varieties {Qutob et al., 2008},

In addition, o complete removal of the sced
covering layers, mechanical mjury that resulted in the
loss of seed coat integrity slse increased uptake in other
studics. Mechanical damape to onion {Afliwn rpa L) and
leek {(oHlliom porm 1.3 soeds vesulted b a porfusion of
banthanum applied during a sced soak (Beresnicwicr ot
al., 1993). Lanthanum is a heavy metal that 15 electron
dense and was imaged by electron microscopy. In the case
of corn, mechanical dammage to the perivarp-tesa rosulred
in grreater uprake of nonionic and jondc fluarescent racers
into seeds {Dias e al,, 2014}
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There are two kinds of difusion processes for trans-
portation across bivlogical membranes for small-size
malecules: passive  diffbsion and  facilicieed  diffacion
Facilitated diffusion can be sacurated (Cussler etal., 1989),
whereas passive diffusion cannot. For example, glicose
was shown to penetrate across cell membrances by both
passive diffision and facilivmed diffusion (lenner et al,,
1972; Carrathers, 199). For the uptake of compounds by
seeds, passive diffusion is generally the accepted mecha-
nismy, but given the results of this study. facilitated diffusion
may take place simultanenusly to the passive diffusion of
cournarin 120. However, there is no evidenee of a special
ransport protein carrier needed for facilitated diffu-
sion, so this mechanism may not be vesponsible for dhe
saturated condition. An alternate explanation is that the
cowmarin 120 would become saturated in the soil solution
during irobibition as dosage concentration incressed, The
solubility of cowmarin 120 is 6137 mg L% so the soil
concentration of coumarin woubd establish the gradient
ultimately resulting in saturated condition in the seed.

The maximum uptake cfficieney was at 0.3 mg g
seed for all cora and soybean sevd lots examined {Fig. 5§.
Wast likely the soil solution was not satwrated at 0.1 mg
&, but this dosage yielded the highest percentage uptake
of the weal applicd material, The seeds bad s great affhinicy
for coumarin 120 uptake when a small amount was avail-
able. However, as dosage increased, more coumarin 120
was available in the soil solution, but much of w remained
in the soil solution and was not taken up. The resalt was
that the maximum percentage upeake of total declined
as Josage increased sbove 00 mg g™t A ronge of seed
rreatrent uptake efficiencies were reported for imidacdo-
prid and clothianidin, both used as neonicroinoid sced
creatment insecticides. In a review on uptake of imida-
cloprid by seods and plants, ~3% of the applivd dose to
seeds ot soils was taken up, whercas 20% was reported in
corn (Sur and Stork, 2003). A maximuem of 1.34% of the
mitial clothianidin seed wrearment was taken up bw corn
seedlings (Alford and Krupke, 2017). This wide range of
percentage uptzke may be related to application dosage
and other seed and soil factors.

Ensecticide seed treatments ane comnierciatly expresswed
as dosage per sced. Dosage rates were expressed throughout
this paper as milligrams per gram of seed and were converred
w milligratns per seed {Tabde 1), Theeefore, communly used
seed treatrment insecticide application mtes ane 1o the range
of ~1 ta 5 mg g™t seed. In the case of commercially treated
vorn sved, this tange would be in the wturaed region
(Fig. 1). The seed treatment application mre bas implica-
tons in asscssing sced lot quality and in agrochemical seed
wearment efficacy, High apphication rates of selecred seed
treatments may induce  phytotoxicity  during  geronnae
ton (Taylor et al.. 2001), and the initial increase phase &
of significance in sced testing when evaluating the risk of

phytotoxicity of agrochemcals applivd as seed treatients,
For example, the triazole fungicides are widely vsed as seed
treatments, but they can inhibit germination due o their
plant growth retarding effect {Buchenawer amd Réhner,
1981; Montfort ot al., 1996), I the ecommended dosage of s
compound as a sced treatment was in the range of this initial
uptake phase, overdosing or uneven apphicanion over the
seed sarface would increase the sisk of plysosoxicity, There
are many seed-borne pathogens that may reside within the
secds and coudd attack seeds during germination. Pungicides
or bactericides st be able w peromwate the seod coat and
diffuse to the embryo to be cfficacious to eradicate internal
woed-barne pathogens. In our sudy, the maximum uptake
conceneration 1y, ranged from 44.3 to 247 jg g seed with
the five kots stadied {Table 2). Therefore, an internad seed-
borne pathogen may not be eradicated if the concentration
of an active ingredient is resericted to reach the emwbryo,
Further, resistance may develup with suboptisnal concentrae
tions of active ingredient within the seed.

In summary, the maximum uptake limit {y) and ¢che
dosage concentration to achieve 5% of y, calonksted as
X 4q differed berween the five seed lots fnvestigated. In the
case of corn, sced coat permenbility reduced the uptake of
both corn lines (Fig. 2). Farther, the higher tracer uptake
of GH7B was attributed to greater affinity of the embryo
* cndosperm to abserb or adsorb the tmcer compared
with B73. In the case of the two yellow-seeded soybean
caltivars, both had permeable seed coats, and the seed cout
was not a harrier to uptake. In contrast, the low seed coat
permeability was the dominant contributor in the black-
seeded soybean that himired uptake (y) and reguired the
wreatest dosage concentration 1o achivve &, However,
embryo tissues of the three soybean cultivars had milar
affiniry for the wracer.
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Abstract

Systemic uptake of organic compounds from roots to Jeaves follows 3 Gaussian dbtribution in
relation b the hipophilicity, a3 measured by the Jog Kow. Quantification of componnd uptake
with different bpophilicties, and applied as a seed treatment that diffuses theough the sed
coat nto the embryo during imbabition, has not been reported. The aim of this investigation
was to quantity the uptake of non-onic compounds nto seeds of soybean and com. A sweries
of fuorescent piperonyt amides were synthesized and a nowd combmatonial phamacody.

nami¢ technique was developed that provided 3 range of compounds from log Kow 002 to
5.7. Secds were treated with 3 mibdwe of amides, imbibed and compounds chernically
extracted and quantified by high-pecformance liquid chromstography using 2 fuorewerce
detectorn, The maximum upiake efficiency of the applied amide midture from whole sybean
and corn seeds wus 67% at fog Kow 2.9, and 43% st Jog Kow 34, respectively, The ariveal par-
tition oeficeent for uptake fov both species wats <4.2 bog Kow, Seeds were dissected and separatesd
as soybean embryo snd testa, and com ittemal thsues {embryo + etkaperm) or seed covenng
layers {pericarp + testa), and >75% of the amides were found in the wybesn enbiyo or com
1 d tssues compared with the covering layens o Jog Kow <42 The dutribution of amides
showed that the com seed covering Laver had smvidar hydrophilicAipophilic propertios as interna
tigmues, while soybean tiaues had different hydrophilic/lipophilic properties. Collectivdy, the
Gaussian uplake patern for systemic uplake into plants was not found for either seed spedees.

Introduction

Seed treatments are routinely applied wordwitk to protect seeds and phints at the early stages
of dewlopment from attock by insect pests and pathogens (Brandl, 2001), Active ingredients
may haw contact activity or be systemic in nature. More recently developed seed treatment
agrochemicals, especially the neonicotinold insecticides and the phenylpyrazole (fiprole) fam-
ity of compounds, have systemic properties and are taken up by plants to manage aboveground
insect pests (Maienfisch ¢f al, 2001; Aajoud o al., 2006; Flbert of al, 2008). Although systemic
seed treatments are vsed commercially in agriculture, Kitle is known sbout the uptake of active
ingredients during imbibition from the applied seed treatment through the teed vont or seed
covering Tayers such as the pericarpftests in com to the embryo,

The uptake of organic compounds by roots and the scropetal or apoplsstic movement of
systemic compounds in xylem have been described (Trapp, 2004; Sawhivi, 2014). One of
the physicalichemical properties that determines systemic movement in plants is the lipophi
licity oc hydrophilic/hydrophobic balance of an organic compound, measured as log Kow, Log
Kow is the concentration ratio of a compound in octanol (o) and water (w) expressed on a
log scale. The log Kow ts also referred to in the Hierature as the log £ or partition coefficient.
There are two components in the pathway for uplake of 3 systemic compound from roots W
leaves. Frgt, the organic compound must have a lipophilic component 1o be taken up by roots
and move to the xykem. Second, the compound must then move up within the transpiration
steeamn (o the shoot and leaves. The relavonship of the Jog Kow snd the transpiration stream
concentration factor {TSCF) revealed a normal or Gaussian distribution with the maximum
uptake af log Kow 1.8 for bardey, Hordeum wulgare {Briggs et al, 1982) and log Kow 3.1 foe
soybean (Hsu et al, 1590) (Fig 1). This, the movement of water-soluble, polar compounds
with low fog Kow are restricted through the lipid constitents, resulting in sebective refection
of these compounds, whereas the passage of waker is presumably not hindered (Hriggs ef al,
1982). In contrast, highly lipophilic compounds have a great affinity for retention i plant
roots, and cannol move further into other tissues (Collins ef al, 2006).
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Ous understanding of systemic seed treatment uptake is largely
based on research on roots frit eeporied (Briggs of al, 1983 with
the eestrmplice that the redtionship between the log Kow on gy
temic uptake of compounds s the same as diffusion of com-
pounds through the wed coats © the embeyn. However,
ressirch in our laboratory revealed ikt the gereral upiake patlern
found in roots is more complicated in seods and differed between
sood specien. Sved com, permeability was cxamined for elevien seed
specics representing seven plant families (Taylor and Salinenka,
2012 Disg ef i, 2004). Bach seed species was grouped into
three categovies based on the compounds that could dffuse
theough e seed covering layers to the embryo: (1) permeable,
&g soybean (Sahnenks wnd Tayloe, 20000, pea {Pisunr sativam};
2) sclectively permeable, ¢.g. corn {Dias ef al, 2014}, onion
{Allium  ¢epa),  womaty  (Solirum  Decopersicumb.  pepper
(Copiciene annunmy; and (3 voepermmble, ag cutmber
{Cricumis sativus} and lettuce { Lacteise sativa) seeds. The distine-
tion batween permeable and sedective permeable was that bith
jonic and non-ionic compownds dilfused through de sced oot
of permesble seed species, while enly non-josic compounds dif-
fused dwough the seed com of sdective prrmemble specics
{Taylor and Salancnka, 2012), Furilhermore, an agueous pathway
wis proposed Bor movernent of sofutes across the pea (B sativur)
seed com {Niemann et al, 20133, However, it must be noted that
pea seeds have a penmeable seed coat thal would alkiw sither iondk
OF ne-innic compeuinds 10 move througl the Vests 1o the embeyn
{Salanenka and Taylor, 2009, Tayker and Salanenka, 2002; Dias
et al, 2014), Therefore uplake of compounds by pes seeds can
be cxtrapolued to seod secies with tie sdeciive or pon
permeable seed coat characteristic,

The assficition of seed ot permisbilily as permeable,
sélective perrucable and non-pemeable vas exparimentally deter-
mined by we of Buorescent tracer compensrids that were applied
as grod Weatments, The (e t trucers liminsted the use of
agrochemicals and labelled compounds, and served 1o mimic
agrochemical seed ireament active {ngredients. The flusrescent
trmoers represented a range of log Kow from -20 o 3.2, and
were gither noa-lonic or lonke by sature (Sabanenda and Taylos,
20015 The Goorescent tracer-trealed seeds wem sown in mois-
tened sanad and allowed to imbibe, but were removed from the
sand priae Jo vigible germination, The sead covering Lagers were
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removed and observed under UVA (365 ) light, Permeablty
was sooned as postive, ar negative, so all resudts were qualitative
Gabineirka and Taylor, 20093, Ta addition, only one fluorecent
tracer was applied and cxamined a5 a single seed treatment, so
the log Kow and electical charge were fboed for each tracer.
More recently, 1wo Tluarecent tracers (non-fonix #nd ionic) were
cx-applied to examine selective permeability in 27 bnes of com
that represented deat, Thit, sweet comn and popeor: endagpen
types (Dias ef al, 2004). Uptake was abserved under long UV
light and the two teaers were differentiated by the fhronescence
wodisrir (blue o cowmaein compound and sed for thodamine B),

The question remains if the Gamssian relionship found
between the log Kew of compounds and systemiv uptake in plants
(Briggs ¢t al, 1983} is the same as diffusion of compounds
through seed coats to the embiyo. To examine the relationship
between the Jog Kow and wed uptake. o method was used 1o pro-
vide quantitative data on uptake over & wide range of og Kow
vatues, termed a combinatoelal pharmacodynamic tochnkjue.
Combinsoral optimiation wles o linding an optimal ohjea
Trom & finite set of dements. In our case, determining the com-
pound for optimal eplake fom eleven test compounds wag oo
ducted. Phamascodynamics is defined as the study of uptake,
movetnent, binding and interactions of pharmacologeeal astive
moleculis it their tasie gite(s) of action {Famdand and Toser,
2011). The compounds were non-jonic se both permeable (say-
bean} and slective permeable {com) seeds can be studied, The
combinaonal pharmacodynamic wedhnique bas been wied on
plant leaf uptake and trangport, and insect topscal and oral
absosprion sudics (5. Donovan and B, Black, wipublished obaer
vations). This technigue is in contrast to 1mdionally carrying out
mitltiple experiments using heterogeneous compounds o sl
tiple subjocts, measwring their absorption, and trying to define
the shape of the hydrophilicllipophilic property space. The com-
hinatorial phacmacodynamie technique gives a degrer of precrdon
not attainable by using 2 series. of heterogeneous compounds in
muliiple experiments. As thess amides are devoid of phytochern-
i) toxicity and pesticidal reaicity, they do not pertuch their
absorption by an unwanted bochemical response. Moreover,
U labetled compounds are not used and this thersfore avoids
wade disposal ismes,

Materials and methods

Chemxals and crop seeds

A combimatarial pharmacodyasmic wechnigue was used which
cansisted of 4 series of 10 x-alkyl piperony] amides that were cus-
woan synthesized to prodduce a seties of mealkyd piperanyl amides,
malkyl=CL 2, 3, 4, 5, & & 10, 12 and 14 {Fig 2). Brief cxperi-
mentat details for the symbesls of the piperonyl anldes are as fol-
lows: to 30 g of piperonylic acid we added Sml of thionyl

O
o] N,R
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Flgawe 1. Chomical sinudure of ppemnd amides of Sunmscond tacors (R a1 - GHoag,
fi3 ba- 1),
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chilisriade and relluxed for 30 min. Then 25 ml 1oluene, 18,1 aM
arnines and § ml pyridine was added and refiuxed for 1 The
sk was vooted 10 mom tempensiure, 50 nd by sactale was
added, washed with 5% HCIfagh 5% NaOH{aq). sstusated Nall
{o)}, amd deied over anhydeous soabium sulpliate, The solution
was filtzred, and concentrated vn a rotary evaporator. The recrys-
taBization wis varried oot by adding 50 ml meihyleycholexane,
refluxing, and wcooling after complete solution was achicved.
Some methylene chloride wan addet w0 C1, €2, €3 and G4 1o
achieve completr solution, The dear solution was alowed 1o
stovdy cool and then filtered by vacunm, All the mapents we
used were Aklrich reapemt grade.

There was 0.56 mM of each piperony] ambde in a sluton of
?‘O‘?G adetone +30% waler, The HPEC Jog How and mokecular

weight of the walkyl piperomyl amides series 15 shown in
Tabke 1. The method for detcrmining the log of the actanol
waler pantition coefficient for exh compound was by high-

erformance liquid ch yraphy (HPLCY that wsed & shart
Madccyi polvivinyl akohal) column {Dosovan amd Pescatore,
025

Acetonitrile {}cCN} (HPMLC praded purchasd from Fisher
Scientific (Asheville, NC, USAY wias used a5 the exitactinn solvent
for the n-dkyl piperonyl amides. Primary secondary aming {PSA)
was parchased from Aglent Technobogies {Bants Clara, Ca,
USAY, and graphitized carbon black (GCB) was punchaseld from
Agels  Technologies (Wilmingion, DE, USAL  Ashpdeous
MgSth was from Avantor performance materiale, T, {Cener
Valley, PA, USA). Fee seed cosibng, distomaceons earth {DE)
wais from Celite Corporation (Lompoc, CA, USAY and polyviny!
adcohol (PYA, Selvol 205) was from Sckisui Specialty Chemicad
Company (Dallas, TX, USA),

Seeds of corn "D-2901" were provided by the Mew York Seed
Certification program, Comell Univensity (Ithaca, NY, USA),
The seeds of sovbean 1AR 1902 SUN were obtained froen the
lowa State University Resanh Foundation (Ames, K, USAL
All seeds were vt previcudy treatedd with agrochemicals, and
were stored w0 5°C and 40% relative humddity wntl used for
uptake swdies.

{aating tora pnd soybean with pipeconyi sivde mistuies

A thin adsorbent sced couting was first applied 10 single weds to
facilitate the high loading rases of the fuorescent wacer series in a
single sond Westmenl. Twenty prams of DE wa Jigrersed in 90 ¢
of 4% PVA aquecus sofution ta peepare a 20% DE suspension
concentrate. Sovbean or corn seeds were dipped into 20% DFE sus-
pensicn conoentrate one by one to form a continuous coxling sur-
rounding cach soed with & thickness of <05 mase. The wet DE
iyer on the surface of serds was dried immedinely with a gentle
air girean to ey the sugpension. The piperanyl amide mixtre
was then applied with a micropipette 1o single DE coaled seeds
of svbean (30pl} and corn (409d), respling in 112 and
24 nmol por soybean and corn senl, respectively, The treated
sewds were Bown with a gentle ar stream immedistely antil
acetone andd water totally evaporated (<1 min).

Imbibition sad separation of seed frzues

Conted soeds were sown in samdd mviglened W 0% and ymagin-
fained af 20°C. The soybean and corn were remosed from the
vistened sand prioe 190 visible gesmination, 12 and 20 h afer
sowing, respectively. Exch imbibed seed was then washed with

€ ety 1k eary o2 I3 M D0 a1
orn it & ] s -l

wilket 1 rersove the caateng thal o od vy eesid ¥l
amides. The testa of 10 soybean secds were i!p.lme'il ﬁ'nm aht
embiryos, amd were pookied together a3 one surople (rep). Fhe
pesicarp + testa of 10 corn were separated from endosperm +
embryo, ind weee poolod together as one sample {rep), The peri
carp + Testa were tarmed the covering layers, while the emde-
sperm + ainbryo were Termad disternal fismees, There were (aer
replicates for each treatment,

Freparing soybeon embryos ond cocn intemal u: %
for HPLC anotyses

The soylwan etbryo and carn intenal tissues samples were
extracted with the QUEChERS {Quick, Fasy, Cheap, Effective,
Ruggesk, and Safc} mahod with medifications o sybean and
carn seeds {Anastassiades et al., 2003). Brielly, ten soybean
erinbeyts of fon corn embrio + endospermn were phiced a0 a fro

zen moctar and frozen with liquid nitrogen, and ground into a
fine powder. The povader was iransferred inte 2 50 mil centrifuge
tube with a scoew cap, and &l of 3eCN was added and the mix

ture was shaken for 2 min using o Vorex mixer 2t woom tempera-
1re. Following this, a mixture of 2.5 g of Mg30, and 10g of
NaCl was added. The whe was inmediately shaken vigorausly
for & nvin to prevent the formation of MgS0, agglomerases, and
centrifuged at 3500 cpam. for 5min. Then 30 mi of the super

natant was subjectad o disperiive SPF (solid phase exlraction)
using a mixtare of § g GCB, 50 mg PSA and 100 mg MgS0,.
Fhe mictare was shaken vigoroasly for 3 nsin using 4 Vone
wrixer. Fimally, the exteact was filtered through 3 0:22 g syringe -

wer, In developing the HPLC msthod, the per cent reowveries were
determined for the deven amides from soybean embryo + lesta,
and com endespenn + embryo and pencarp +iesta. The mwamvery
<382 Jog Now for both seed tissnes was >82% for soybean and
855 Fae oo,

Proparng soybean lesty and com s s
HPLC oralyss

ng keyers by

The covering layers samples were pretreated with a modifind
QuECKERS mwthod (Ansstassisdes & al. 2005). Briedly, the
testa of ten soybean or covering layers of com were Bnmersed
w15 mhoof acetonitele overnight, The wpeact was bansliresd
o s tube cominiog 20mg PSA, Swmg GUB anil S0 mg
Mgh(ly, The mixture was shaken for 1 min. Fanally, the extract
weas filtenedd 1hrough 2 022 pm syringe filier. Preliminary studics
revedded that recovery wl <332 log Kow was »84% for saybean
and »92% lox corn,

HPLC gralyss of saudes content

The amides content was detérmined wang an Aglent 1100 HPLC
equipped with a 1200 floorescence detector (FED} using an
DD5 3 column (GL Sciences Inc., 5 pm, 46 mmx75 mm ool
umnf. The mobile phase uvsod was dwmun 3% MeON +70%
walker, 23 min 4066 MoelON # 60% water, 25 min 80% MeUN + 20%
water, 40 min 0% MeCN + 105 watee. The temperatire of the
calumn was MPC. The inpection volume was 20 pl. “The wave-
tengths of FLI were set at 292 nm {excilation) und 340 nm {emis-
sin}, The retention tirne in minutes for cach amide is shown in
Table 1.
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Table I, The HPLC log Kow, molecular welght and reteniton time on she HRLC column of elevan m-aliyd piperony) amides

waikld (4] (> £3 {4 et (=3 ] [+t (<73 £12 Cla
Log Kour o 1 143 113 288 3w 382 418 471 536 566
Maoleoular waight 79,2 1932 w2 3 m3 293 %33 b2 05,4 3335 15
HHetion 383 554 10.38 543 .59 204 815 2.95 am 3108 3558
teng {mén}

Bate talctiation
Per cent uptake in relation to the maximal log Kew {relative
Concendration of each amide in tissue x 100%
Conceniration o the armide at the maxinal -
log Kow i the sama tissue

Per cent uptake based on amount applied (wptake efficiency? =

Amount of ¢ach amide absorbed by u secd

100,
Applied amount of exch amide

Per cent distribution vathin seed =

Amount of each amide in the covering or Internal tisues
Sum amount of each amide in the covering 4 internal tissues.

=% [00%.

Results

Etfects of fog Kow on maxmal uptake of piperonyt onides by

saybean and tom seed bissues

The relative amount of piperonyl amades in soybean seed Ussues
Is shown in relation to the maximal (100%) log Kew valuwe {Fg. 3).
The saybean embryo had a diffeeent uptake patiersy compared
with the testa {Fig. 3} The maximum embryo conterd of amides
was 4t log Kow 288, while the testa had 39 £ 3.3% ab the same Jog
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Kew. Meanwhile, the maxirmum amount in the tess wa af oy
Kow 4,18, while only 47 % 1.0% was in the embsyo, The soybeasn
testa reveakd 2 decreased permeability 1o hydrophilic amides
frons 0.02 to 2.88, then increased permeability to moderately lipo-
philic amides from 2.88 1o 4.18 log Kow, then a sharp decrease in
permeability =418 log Kow.

The relative amownt of piperonyl amides in com seed intemal
{endosperin + embrye] flssues and covering (pericarp + festy)
layess is shown in relation the maximal fog Kow value (Fig. 4}
The curve of internad tissues had a similar trend to seed covering
layers, and both tissues had the same maximum at log Kew 3,39,
However, the curves of internal tissues and covering layers were
wymmetric, A1 log Kew 002, the rdative amount of piperony]
amide was 56 1A% in the covering fayers, and 364 1.9% in
the imernal bssues. At >3.82 log Row, the permeability was
greater b the covering layers than the internal tissues, and at
log Kow 4.78 the melative amoun was 36 3 1.4% in the wiwering
layers compased with only 43 0.3% in the interal tisoes,

Per cent upteke officiency of gipemonyl amides compared
ampunt oppied in soybeun and corn weds

A known dosage was applied to single sceds so the uptake «ffi-
dency or per cent recovery was calculated for cachi piperony]
anide for both soybean and com. The uptake efficiency of piper-
onyl amides by whole soybean seeds wus 50 £3.1% at log Kow
0.02 {Fig. 5). The maximum uptake was 67 + 46% o log Kow
288 and then decreased to 35 + 2.8% at log Kow 4.18. The uptake
efficiency of piperonyl amides is shown for corn seads (Fig. 5)
The uptake effciency incressed from 17 £ 0.9 to 43.0+ 0.8% as
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log Kow intreased Trom 0.02 o 339, respectively. Uptake il
ciency dectsased frony 35 £ 6% at log Kow 382 o 0.640.2%
atlog Kow 566, Overall, soybesn had greater per cent uptale efit
ciency than com.

Distribution of piperoayt amides betiveon seed s o

sopboan ond corm seeds

The distribution of absorbed piperony] amides was determined
between the embryo and testa of soybean (Fig. &). The highest
percentage of amides (>90%) was measured in the embryn from
Jog Kow 002 io 3.82 compared with the 1esta. Then a shift in
the distribution occurred at Jog Kow 418, and <35% of the
amides were detected in the embryo ol log Kow 4.78 e 5.56,

A similar distribution trend was measured for corn sends
{Fig. 7} as found in soybeans. The highest percentage of amides
{>78%) was found i the intemal tissues from log Kow 0.02 to
418 companed with 1he covering layers. Then the distribution
changed with <¥% in the inlernal ussues at log Kow 478 and
higher, cmpared with the covering layers
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Lescaisston

This lnvestigation focused on the lipephilinry of orgame com-
pounds in relation to uptake into the embryo and testa of soy-
bean, and internal tissues and covering layers of com seods.
Lipophilicity, measured by the log Kow or log P is the affinity
of composinds for the lipid phase of plant tisues (plasmo mom-
brane, wages, cutin, suberin, ete.) (Braomann, 1986} To examine
& range of Jog Kow compounds in a single treatmient, a homalo-
gous series of piperonyl amides were syniheazed that increased
the hydrophebicity of the molecule from fog Kow 002 (G- 1)
10 566 {C= 14) (Tuble 1) The fog Kow values wene megsured
by a HPLC techaique, which is a mare precise messuse of hydm-
phabicity slnce 4 i3 foom a chramatographle index, as oppised to
a measure of lipophilicity when measired from & biphasic index
{Donovan and Pescatore, 2002). There are & number of reports
{rom investigators who support that HPLC-besed log Kow detived
values can and should correlate better to biekgical QSAR (uan-
titive giructare-activity velatioaship) than the shake flask fog
Kow derived valwes (Brauaunn, 1986; Hiieh and Doesey, 1995).

The mechanistic description of the uptake of an organic com-
pound was first described Jor aal pharmaceaticals. Lipinski’s mule
ol five or simply the cule of Bve {RO5) is a rule of thumb ro evalu-
ate deag-dikencss or deermine if a chemical compound with 3
cemtain pharmacalogical or biclogical activity has properties that
woutld make it o likely orally active drug in humans (Lipinski
et af, 2001 ):

» An octanal-water partition coefficlent log Kow not greater
thar 5;

+ A mokoulsr muss liss than 500 daltons;

= No more than five hydrogen bond donoes (the il number of
nitrogen-hydeogen and axygen-hydrogen bondz):

» Mo more than 10 hydrogen bond scceptors (a8 nitrogen ar axy-
gen atomsk

The ROS5 was coined as all numbers are mottiples of five, although
there are only four rubes. In the ficld of agrochemical discovery,
Lipinski's ROS approach was quickly adopisd to profile agro-
chemicals {Tice, 2001; Hoo of al, 2011}, Tice (2001} sudicd her-
biodes, and soil applied herbicides share the same common

1t e w, Ceriatt Unerorady Librag onc?9 Mo, 2072 0 13 20470 satmecE 1 i Cansteidys Cote (@ima ol ase, anala®e 3t



awironment of teated seads sown in the field The number of
wtable bonds (<12) wes added as 2 rule resubting in the
‘Agriculiural Rule of Fiw' vam of o, 2014). Rotmable bond
is defined as any single non-ring bond, bound to a non-terminal
heavy (ie. non-hydropen} atom (Veber of al, 2002). AlF piperonyl
amides with log Kow <5 are in agreement with all RD35, and have
fess than 12 rotatable bowds, thus are in agreement with this
sdditional nde or criterion. Therefore, the ROS5 pertains o
physical-chemical properties of motecules that are pharmuaceuti-
cals, agrochemicals or other organk compounds, The range of
log Ko 002 to 5.66 was chosen for this ivvestigation as it encom-
passes the log Kow range suggested by the ROS, Piperonyt amides
are not agrochemicals, bat are epresentative molocubes with a
commen flurochrome for all compounds that peaindt detection
with 8 HPLC with a fluorescent detector. Callectively, this com-
binatorial pharmacodynamic technique provided & valushle tool
to conduct research in seed bology.

Uptake in relation to the masimal log Kow compound (desig-
nated as 100%) differed between the embryo and testz of soybean
(Fig. 3}, and there were contrasting trends between seed tissus
over the range of fog Kow from 0.02 1o 4,18, Uptake increased
in the embryo and decreased in the testa from log Kow 0.0 to
2.88, while the tend reversed between tissues froms log Kow
258 1o 4,18, At low Kow >4.18, there was deereased uplake by
both tissues. This indicated that the testa and embryo of soybean
seeds had different hydrophilic/lipophilic properties. Collectively,
the embryos of soybean had a high permeability to by drophilic
amides (log Kow 0.02~339), but Emited permeability to lipo-
philic amides {log Kow >382), In contrast, the soybean wsta
allowed unrestricted transport of polar compounds o the embryo,
but acted as a barsier and/or had gecater retention af lipephilic
compounds tn the rnge of log Kow 3.82 1o 4,78,

There nuay be two modes of transpart i the soybean testa The
first decrease from log Kow Q.02 to 288 wmay be atiributed the
amide water solubility (Fig, 3% As log Kow decrtased, the aquacus
selubility increased, so hydrophilic amides would move more
readily with water uptake during imbibition. In suppont, an aque-
ous pathway was found in pea seeds (Nictann of of, 2013), and
pea, like soybean, has the permeable seed coat characteristic
(Taylor and Salanenka, 2012). The optimum uptake between log
Kow 4.18 and 4.78 may be due 1o the hydrophobic characteristic
of the testa favouring uplake in this reglon, The overall net effect
would be the sum of the two modes of uptake.

Coen showed similar trends betwern the seed covering and
mtemal tissues and the madimal uptake for both seed parts wis
ul log RKow 3.39 (Fig. 4). This result indicoated that the covering
layers of corn seads were simflar in permenbility w internal tis-
sues, but curves of both Gssues were not symmetrical. Covering
layers bad greater permeability te highly lipephilic amides
(»4.78 log Kow) compared with intemnal 1ssues. Tomato seeds,
tike com, have seective sced coat permeability (Taylor amd
Sshnenka, 2082) and wene examined in a similar cxperiment
using the combinatoridd pharmacodynamic technique (Yang
ef al, 2007). The uptake pattern was more normally distributed
in tomato than com, and even varletal differences were measured
fore tomate. Differences in uptake patterns are artibuted to the
seed coat composition. The fnner Layer of de 1omato seed coat
was composed of suberin (Beresniewicx of of, 1993), and
resembled e lipophilic nature of nots, thus reduding uptake
of organic compounds with fog Kow <2,

The overall upteke trend was simitar for soybean and com en
thewhole seed basis and uplake gradually increased from log Kow

Daibin Yang et af.

002 0 about 30, followed by a steep decline ot >332 log Kow
(Fig. 51 Therefore, s nowmal ditibution was not measured for
seed uptake of both crops in relation to log Kow. Moreover, soy-
bean seed had greater permeabifity ko the piperonyl amides than
com seed mver the range of log Kow 0.02 to 4.18. Whole plant
uptake revealed 3 Gaussian disteibetion for uptake in both barley
(Briggs et al,, 1942} and soybean (Hsu or oI, 1999), In subsequent
studies, other Gaussian equatinns were established 1o describe
the root-te-shoot translocation of plants (Colling et al. 2008).
In contrast, the bog Row dependent uptike curves of soybean
and com seeds were ssymmetrical 2o do not satisfy & Guussian
maskl Furthermaore, (he maximal TSCF was at 13 bog Kow
while the maximal per cent uptake of suybean and corn seeds
was log Kow 2,88 and 3.39, respectively. Collectively, the wptake
characteristics of seeds were not related sysiemic upiake patierns
in whole planis. This was attributed to chemical compostion
of seed oowering layers and internal tissues that affected perme-
ability and affinity of the piperonyl amide componnds.

The distribution of piperenyl amides baween testa or seed
covering layers and embeyo or internal tssues tesaled similar
paiterns {Figs 6 and 7). In soybean, <15% of the piperonyl amides
was mveasured in the testa from log Kow 002 10 4.18 {Fig. 6), com-
pared with <25% in covering kyers of corn (Fig. 7). A sharp shifl
inn distribution accurred at >4.78 log Kow with >80% in the seed
covering kayer(s). Therefore, hipdrophobic amides were sefadied in
the seed coat covering layer{s) or due 1o their limited water solu-
bility did not diffuse through the seed coul. In support of distri-
bution of tracers in different sced parts, the affinity and
mobility of fungicides were sclated to the pantition or binding
in the tissues of plants (Uchida, 1980}, and the lipid content is
ane of the cantrolling factors [Schwab et af, 1998),

The greater distribution of the piperomyl amides with log Kow
<418 in soybean embeyo compared with the testa (Fig. 6), and
corn internal tissues corapased with. the covering bayers (Hg 7)
was purtially atributed W <10% of the totd seed weight being
composed of seed covering Layers. Due 1o the smakl contribution
of the soybean esta to the total seed weight (Fige 3 and 6), there
was fitde effect on the whele seed trend (Fig. 5). In corn, the aver-
ape concentration of cach amide was 37 nmol g ¥ in the seed cov-
ering layers and 13 amol g ' in the interna Gssues. Thendfore,
there was a concentration gradient from the seed vovering layers
to the internal tissues. Conversely, in soybean, the average con-
centration of amides <4.18 log Kow was 86 nmol g in the
testa and 23 nmol g7 in the embryo 50 the soybean seed cout
is permeable and does net act as 4 barier o the movenent of
the ammides with lower Jog Kow values. Waler uptake is oot uni-
form over the entire seed susface, and woter was found 1 be
taken up rapidly throigh the raphe region to the hilum of soybean
seed {Koixemi e al, 2008; Koizumi and Kano, 2014). In com
seeds, rapid waker yplake was measured theough ihe black layer
{McDonakd ef al, 1994). The upike of organic compounds
may follow specific pathways through the sced coat. Diffusion
of a non-ionic Muorssoent tracer from the environment ta the
cucumber embeyo was through the micropylar canal (Salanenka
e af, 200%). Aqueous pathways dominated the permestion of
solutes across pea sced comts by diffision and bulk flow of
water (Miemann er af, 2013), Assuming that soybean seed opat
permesbility was similat o pea seeds, then hydrophilic com-
pounds could madily pass from the enviconment though the
water-filled narrow aquecus pathiways 1o the embryo,

Our duia provide s new understanding of seed coal permeability
and uptake over a range of log Kow vabues. This investigation vas
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conducted with one low dosage, so cannot be extrapolated to the
vride range of dosages used in commercial agrochemical sead tesat-
mienis. Therefore, mare work is needed o understand the effect of
dosage rate on the upizke of & single non-ionic trager in seeds,
Collectively, this paper provides insight on the expected uptake
of agrochemicals with known log Kow applied as seed reamments,
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