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Abstract: Sicyos deppei is a harmful weed that grows in central Mexico, decreasing crop productivity by allelochemical release
via lixiviation of the aerial organs through raining. Sicyos deppei aqueous leachate is phytotoxic to tomato seed germination
causing various metabolic alterations, such as high levels of abscisic acid, which delay germination and inhibit radicle growth.
To determine whether abscisic acid catabolism was involved in the delay of germination caused by S. deppei, tomato seeds were
exposed to diniconazole, an ABA catabolism-inhibitor, and subsequently the activity of cell wall-degrading enzymes (endo-f3-
mannanase, o-galactosidase, exo-polygalacturonase, and [3-1,3-glucanase) was estimated in the presence of ABA, diniconazole
and S. deppei aqueous leachate. Results showed that during germination, there is a delay in ABA degradation and the activity of
the four cell wall-degrading enzymes evaluated was inhibited. Cell cycle was analyzed to characterize the inhibition of radicle
growth during post-germination in the roots of treated seedlings. The phytotoxic aqueous leachate of S. deppei interfered with it,
altering the expression of two cell cycle marker genes CDKB2;1 and CycB2;1, thereby reducing cell division. In summary, the
delay in tomato germination through S. deppei leachate reflects first that there is a delay in ABA catabolism, and second there is an
alteration of cellular processes that interfere with cell cycle and inhibit radicle growth during postgermination.
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Resumen: Sicyos deppei es una maleza agresiva que se distribuye en la zona central de México que disminuye la productividad de
cultivos por la liberacion de aleloquimicos a través de la lixiviacion de sus hojas por la lluvia. El lixiviado acuoso de S. deppei es
fitotoxico durante la germinacion del tomate, alterando varios procesos metabdlicos, incluyendo aumentos en los niveles de ABA,
retraso en el tiempo de germinacidn e inhibicién del crecimiento radicular. En este trabajo se evalud si el lixiviado de S. deppei
interfiere con el catabolismo del ABA, y retrasa la germinacion; para esto las semillas de tomate fueron expuestas a un inhibidor
del catabolismo del ABA, el diniconazol. Posteriormente, se evalud la actividad de las enzimas encargadas de la degradacion
de la pared celular (endo-B-mananasa, o-galactosidasa, exo-poligalacturonasa y f3-1,3-glucanasa) en semillas expuestas a ABA
exogeno, al diniconazol y al lixiviado de S. deppei. Los resultados mostraron un retraso en la degradacion del ABA durante la
germinacion y una inhibicion de la actividad de las enzimas analizadas. Después de la germinacion, se evalué la inhibicién de la
radicula a partir de semillas expuestas a S. deppei. Se observo que la expresion de los genes marcadores del ciclo celular CDKB2;1
y CycB2;1, fue modificada, disminuyendo la division celular. Se concluye que el retraso de la germinacién del tomate debida al
efecto fitotoxico de S. deppei se puede explicar por alteraciones de procesos celulares que interfieren con el catabolismo del ABA
y con el ciclo celular durante la post-germinacion.

Palabras clave: ciclinas, CDK, enzimas degradadoras de pared celular, Solanum lycopersion.

icyos deppei G.Don (Cucurbitaceae) is a harmful, en-  Sicyos deppei interference occurs through the release of al-
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ity in diverse crop plants, primarily in tomato (Cruz-Ortega
et al., 1998; Romero-Romero et al., 2002). We studied the
mechanism underlying the activity of the aqueous leachate
of S. deppei, using tomato (Solanum lycopersicum, before
Lycopersicon esculentum, Mill, Solanaceae) as a model
plant. We have shown through in vitro assays that water-
soluble compounds delay tomato seed germination and in-
hibit radicle growth. Sicyos deppei phytotoxicity has been
associated with diverse metabolic processes, such as the
inhibition of the H*-ATPase in the plasma membrane and
tonoplast (Romero-Romero et al., 2005), increases in ROS
levels, membrane lipid peroxidation, effects on the activ-
ity of antioxidant enzymes, and the inhibition of NADPH
oxidase activity (Lara-Nufiez et al., 2006). Furthermore,
the delayed of root protrusion in seeds exposed to S. dep-
pei aqueous leachate has been associated with the reduced
activity of cell wall-degrading enzymes, changes in carbo-
hydrate content, and increased levels of abscisic acid (ABA)
(Lara-Nufez et al., 2009).

Germination is initiated through seed imbibition by wa-
ter uptake, which results in local cell wall loosening to initi-
ate cell growth (Crosgrove, 1996), followed by the repair of
membrane and cellular structures, and an increase in meta-
bolic activity (Bewley and Black, 1994). The initiation of
growth is tightly regulated through environmental and hor-
monal signals. The process is antagonistic, with ABA inhib-
iting germination and gibberellins stimulating it (Finch-Sav-
age and Leubner-Metzger, 2006). The mechanism by which
ABA inhibits germination is complex, and there is evidence
that this plant regulator acts as a down-regulator of cell wall
degradation metabolism (Toorop et al., 2000). During ger-
mination in tomato seeds and before root emergence, an im-
portant breakdown of mannan polymers in the embryo and
micropylar endosperm occurs through endo-f3-mannanase.
After germination, a set of three enzymes, endo-f3-man-
nanase, 3-mannosidase and o-galactosidase, cooperatively
function to complete the degradation of cell wall galactoman-
nans (Feurtado et al., 2001). ABA negatively regulate the ac-
tivity of endo-f-mannanase and a-galactosidase (Toorop et
al., 2000), but accessory enzymes, such as exo-polygalactu-
ronase, -mannosidase and [3-1,3-glucanase, also participate
in cell wall degradation and eventual endosperm weakening
(Nonogaki et al., 2000; Leubner-Metzger, 2003).

The cell cycle is a crucial process that allows cell pro-
liferation during germination and postgermination. Iterative
cell divisions lead to radicle elongation and cell differentia-
tion (Inzé and De Veylder, 2006). Cyclin-dependent kinases
(CDKs) govern the plant cell cycle, and different CDK-cy-
clin complexes phosphorylate a plethora of substrates at the
G1-to-S and G2-to-M transition points, triggering the onset
of DNA replication and mitosis, respectively (Inzé and De
Veylder, 2006, for a review see Tank and Thaker, 2011).

The cell cycle is controlled through both internal and
external stimuli, for which plant growth regulators are key
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substances. Among them, auxins and cytokinins have been
well documented in controlling the expression of several
cell cycle genes (del Pozo et al., 2004); of these, auxins
stimulate the cell cycle during germination at two levels:
gene transcription and kinase activation. Both, auxins and
cytokinins shorten the G1 phase during germination and
stimulate DNA synthesis. The biochemical perception of
phytoregulators triggers cell cycle stimulation, and this per-
ception might follow different pathways (Vazquez-Ramos
and Lara-Nuiiez, 2008).

Based on our findings that ABA levels are higher in ger-
minating tomato seeds exposed to Sicyos deppei aqueous
leachate (Lara-Nufez et al., 2009) and considering the im-
portance of ABA in germination and the cell cycle in post-
germination, the aim of this study was to determine whether
S. deppei aqueous leachate affects the catabolism of ABA
by comparing the responses to diniconazole (an inhibitor
of ABA catabolism, Zhu et al., 2009) with S. deppei aque-
ous leachate on tomato seed germination; assess the effects
of ABA on cell wall loosing by testing the activity of four
cell wall degrading enzymes: endo-f3-mannanase, o-galac-
tosidase, p-1,3-glucanase and exo-polygalacturonase, in the
presence of exogenous ABA and diniconazole, and compare
these effects to those of S. deppei aqueous leachate on the
activity of these enzymes; and characterize the differen-
tial gene expression of three regulating cell cycle proteins,
CDKB2;1, CycB2;1 and CycD3,1, during germination and
after the root protrusion (postgermination) of tomato seeds
under allelochemical stress through estimating cell cycle
progression using flow cytometry analysis.

Materials and methods

Plant material and bioassays. The aerial organs (leaves and
stems) of Sicyos deppei were collected in a crop field at Xo-
chimilco, Mexico City. Samples were collected by taking
several plants randomly at different places of the crop field.
Plants were at vegetative stage (before flowering), fresh and
healthy with no herbivore or disease symptoms. Collected
plants were placed into paper bags and transported to the
laboratory, where they were air-dried (27-30 °C) and used
to prepare an aqueous leachate. Tomato (Solanum lycoper-
sicum, L. cv. Rio Grande, Solanaceae) seeds were obtained
from Sun Seeds (Parma, Idaho, USA).

Allelopathic aqueous leachate was obtained by soaking
the aerial organs of Sicyos deppei (1 g/100 mL) in sterile
distilled water for 3 h. This leachate was filtered through
Whatman paper (No. 4), followed by filtration through two
sterile Millipore membranes (0.45 pm and 0.2 pm). The
osmotic potential of the aqueous leachate of S. deppei was
measured using a freezing-point osmometer (Osmette A,
Precision System Inc. Natick, MA, USA).

Bioassays were performed under sterile conditions in a
laminar flow hood. The tomato seeds were germinated in
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Petri dishes (60 mm) for the consequent application of the
treatments: aqueous Sicyos deppei leachate (1 % w/v) con-
taining 2 % of agar (1:1 v/v) to obtain a final concentration
of 0.5 % leachate and 1 % agar; 2, 5, and 10 uM ABA and 2,
5, 10 and 20 M diniconazole were added to the agar, sepa-
rately (data not shown). For the controls, seeds were germi-
nated on media containing only 1 % agar. A diniconazole
mixture of Z and E isomers was obtained from Riedel-de
Haén, and (+)-Abscisic acid was purchased from Sigma.

To perform the bioassays for the germination and radicle
growth experiments, 12 seeds were placed onto Petri dish
with five replicates per treatment. The germination rate and
radicle protrusion were registered from 42 to 72 h. To de-
termine the ABA content and analyze cell wall enzyme ac-
tivity, RNA was extracted from the imbibed seeds obtained
from 20 Petri dishes containing twenty-five seeds each. For
the bioassays, the seeds were collected after 24, 36, and 48
h. For the RNA extractions, the seeds were collected at 3, 6,
9, 12, 24, 36, and 48 h. The seeds were immediately frozen
in liquid nitrogen and stored at -70 °C until further use. All
bioassays were performed on plates incubated in a growth
chamber at 25 °C in dark. A seed was considered germi-
nated when the radicle was at least 1 mm length (Bewley
and Black, 1994); the control seeds germinated at 36 h, and
the treated seeds germinated after 40 h. The radicle length
was measured at different times using a vernier caliper.

Enzyme assays. All spectrophotometric analyses were con-
ducted using a Varian Spectrophotometer (Cary 50-Bio,
Varian Inc. Palo Alto, California, USA) or, where indicated,
a microplate reader was used (BioTek, ELx808, BioTek In-
struments, Inc., Winooski, VT, USA). The protein concen-
tration was determined according to the Bradford method
(1976). All protein extraction procedures for the activity as-
says were performed at 4 °C. The linearity of the reactions
was monitored over the duration of the assays.

a-Galactosidase assays (EC 3.2.1.22). The a-galactosidase
assay was adapted from Leung and Bewley (1981). Briefly,
100 mg of pulverized tissue was homogenized using 200 uL
0.1 M HEPES-KOH/ 0.5 M NaCl (pH 8.0) and centrifuged
at 21,000 x g for 10 min. The supernatant was collected and
adjusted to final volume of 0.5 mL. Prior to a-galactosidase
assay, a solution of polyethylenitimine (10 %) was added to
obtain a final concentration of 2 %. The activity was assayed
in a 96-well microtiter-assay plate. The assay mixture con-
sisted of 75 uL of Mclluvaine buffer pH 4.5 (0.1 M citric
acid, 0.2 M Na,HPO,; 1:1.08 ratio), 15 uL of substrate
(10 mM p-nitrophenyl-a-D-galactopyranoside) (Sigma)
dissolved in Mclluvaine buffer pH 5 (1:1.1 ratio) and 60 pL
of enzyme extract. After incubation at 37 °C for 15 min,
the reaction was terminated with the addition of 75 uL of
0.2 M Na,CO,. The yellow color was measured at 405 nm.
The control experiments involved the addition of enzyme
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extracts after the addition of stop solution. These controls
were used as the zero calibration reading. The molar extinc-
tion coefficient for p-nitrophenol was obtained as 18,400
M-1 cm! (Reid and Meier, 1973) to calculate the amount of
p-nitrophenol released in units of ymol min' g'. Results are
the average of three replicates + SE.

B-1,3-Glucanase activity (EC 3.2.1.39) (B-glucanase
[P(1—3)-glucanohydrolase]). Pulverized tissue was homog-
enized in 15 mM Na-acetate (pH 5.5, 1:3 w/v), centrifuged at
10,000 x g for 5 min; the supernatant was directly used to per-
form the enzyme determination. 3-1,3-glucanase activity was
assayed using Laminaria digitata laminarin as the substrate
according to Salyers et al. (1977) and Morohashi and Mat-
sushima (2000) with a slight modification: the assay mixture
contained 0.5 mg laminarin, 50 gmol Na-acetate buffer (pH
5.5), and 0.1 mL enzyme solution in a total volume of 0.4 mL.
The mixture was incubated at 37 °C for 30 min and boiled
for 5 min to finish the reaction. A boiled enzyme control was
run at the same time. No increase in glucose was observed in
the boiled enzyme control. The enzyme activity was evalu-
ated by measuring glucose formation through the GOD-POD
method according to the manufacturer’s instructions (Merck
Ltd., Mumbeai, India) in a microplate reader. Results represent
the average of three replicates + SE.

The endo-p-mannanase (EC 3.2.1.78) activity was as-
sayed using the modified gel diffusion method (Still et al.,
1997). Agarose (0.8 % [w/v]) plates containing 0.05 % (w/v)
locust bean galactomannan (Sigma, St. Louis) were solidi-
fied. The wells were formed on the plates through scoring
with a 3-mm cork borer and removing the plug by suction.
Proteins were extracted by homogenizing 100 mg pulver-
ized tissue in 0.1 M HEPES-KOH buffer (pH 8.0). The ex-
tract was centrifuged at 21,000 x g for 10 min at 4 °C. and
the supernatant was adjusted to 1.5 mL and then samples
from the protein extracts of 10 L. were applied to the wells.
The plates were incubated at 25 °C for 24 h. After incuba-
tion, the agarose gel plates were stained with 0.5 % (w/v)
Congo red dye. The hydrolyzed areas were visible as clear
circles on a dark background. The diameter of the hydro-
lyzed area is logarithmically related to the enzyme activity
and was quantified by comparison with endo--mannanase
standards (Megazyme, Bray, Eire) as described in Still ef al.
(1997). The results are the average of three replicates + SE.

Exo-polygalacturonase (EC 3.2.1.15). Pulverized seed
tissues were homogenized in an extraction buffer (1:10 [w/
v], 1 M NaCl, 2.5 mM PMSF, 10 uM leupeptin, 50 mM
NaOAc) (pH 5.0). The homogenate was placed in centrifuge
tubes and incubated for 30 min on ice. The suspension was
centrifuged for 20 min at 10,000 x g, and supernatant was
dialyzed overnight in 12-14 kD exclusion tubing against 50
mM NaOAc buffer (pH 5.0) according to Sitrit et al. (1999).
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The exo-polygalacturonase activity was tested by measuring
the release of reducing groups from pectic acid; for this pur-
pose the 250 uL reaction contained 25 uL of enzyme extract
and 225 uL of 2 mgmL™! citric pectin in 0.1 M NaOAc buffer,
pH 5.0. The mixture was incubated for 30 min at 45 °C and
the reaction was terminated with the addition of 750 uL of
DNS reagent (3,5-dinitro-salicylic acid). The reactions were
boiled for 10 min and chilled on ice. The absorbance was de-
termined at 575 nm, and the concentrations were estimated
using a standard glucose curve (Tagawa and Kaji, 1988). The
results are the average of three replicates + SE.

ABA content. The abscisic acid content from the control and
treated seeds was determined through the ABA immunoas-
say detection method (Tahara ez al., 1991) using a Kit from
Sigma (Sigma®, St Louis, MO), following the manufactur-
er’s instructions. Detections were measured on a microplate
reader, and the results are given as percentage of ABA con-
tent related to control seeds at each analyzed time.

Flow cytometry. The percentage of cell-cycle phase distri-
bution in the control and treated seedlings were analyzed
through fluorescent-activated cell sorting. Three replicates
containing 150 radicle tips at 48 and 72 h were used for
the flow cytometry analysis of nDNA contents according
to the methods of Sacandé et al. (1997). The nuclei isola-
tion was performed according to the methods of Ozbingsl
et al. (1999). Briefly, 1 mm of radicle tips were obtained
and chopped in 500 uL of nuclei isolation buffer (0.2 M
mannitol; 10 mM MES, pH 5.8; 10 mM NaCl; 10 mM KCI;
10 mM spermine tetrahydrochloride; 2.5 mM EDTA; 2.5
mM DTT; 0.05 % Triton X-100 (v/v); 0.05 % (w/v) NaN,.
Subsequently, the homogenate was filtered through a nylon
membrane (10 gm Spectra Mesh®). The filtered was centri-
fuged at 1,800 g for 15 min, and the pellet was resuspended
in 80 % methanol in PBS. The cells were stained with 10 pg/
mL of propidium iodide solution for 30 min at room temper-
ature and approximately 10,000 nuclei were analyzed using
a FACS Calibur Analyzer (BD Bioscience). The data were
analyzed using the CellQuest software (BD Bioscience).

Total RNA extraction and semiquantitative RT-PCR. Total
RNA was isolated from all treatments using Trizol reagent

from 100 mg of pulverized tissue. The cDNA was obtained
using a Retro-transcription (RT) reaction (Invitrogen) ac-
cording to the supplier specifications. The synthesis of
cDNA and PCR was performed from 1 ug of total RNA,
utilizing the Two-Step kit (Invitrogen). The PCR reactions
were performed using specific primers (Table 1). The PCR
reaction contained 1 uL of the template, 0.2 mM dNTPs,
0.5 mM primers (forward and reverse), 1.5 units of RT and
1.5 units of Taq polymerase (Invitrogen) and 1X PCR buf-
fer (Invitrogen) in a final volume of 12.5 pL. The RT reac-
tion and PCR were performed in a programmable Primus
Thermal Cycler (Hybaid) with an annealing temperature of
56 °C. For the semiquantitative PCR, the cycle number in
the linear range was empirically determined. RT conditions
included 50 °C for 30 min and 94 °C for 2 min, and the
PCR conditions were initiated with a first step at 72 °C for
15 min and 94 °C for 15 sec, followed by 35 cycles at 55 °C
for 30 sec, and 70 °C for 45 sec, with a final extension at
72 °C for 10 min. The PCR products created a single band
at the predicted sizes: Actin 402 bp, LeCDKB?2; 1,521 bp,
LeCycB2;1,541 bp, LeCycD3;1,525 bp.

All resulting products were cloned with the pPGEM-T Easy
Vector System 1 (Promega) and sequenced to confirm that
the products corresponded to the sequence of each clone.
The PCR products were analyzed on a 1.5 % (w/w) agarose
gel containing 0.5-ug mL"' of ethidium bromide. The gels
were scanned and photographed for further analysis using
an Imaging System (Gel Logic 100, KODAK). The PCR
amplifications were performed in triplicate.

Statistical analysis. The data from all experiments, germi-
nation, ABA content, enzyme assays, and RT-PCR were
analyzed using a one-way ANOVA, and a comparison using
Tukey’s test was performed to assess the significant differ-
ences at P < 0.05 or less. The statistical analysis was con-
ducted using STATISTICA software package v 6.0 (Statsoft,
Inc. OK, USA).

Results
The effects of ABA and Sicyos deppei aqueous leachate on

tomato seed germination and radicle growth. Role of ABA
catabolism using diniconazole as inhibitor. A higher abscisic

Table 1. Sets of PCR primers used to amplify gene-specific regions and corresponding size of the amplified product.

cDNA Primer sequence (5"—3") Location Size (bp) Accession #

LeCDKB2;1 Sense GGA GGC TGC TGAAAATGC TG 46-65 521 AJ297917
Antisense GTA TAA GCT CTG CCA AGT CC 548-567

LeCycB2;1 Sense GAG GAG GTT TGT GCT CCACTG GTG G 1192-1216 541 AJ243455
Antisense AAG TTA GTA ATA ACT GTA CAT GCC C 1709-1733

LeCycD3;1 Sense TTATCT TTC ATT GAT CAT ATT ATG AGG 772-798 525 AJ243415
Antisense CTA GGT AAT CTA GAG AAC AAG ATA TCG 1271-1297
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Figure 1. Effect on germination and radical growth in increasing concentrations of ABA and 0.5 % Sicyos deppei aqueous leachate. (A)

Effects of ABA at O (control, l),2 (" ), 5 (M) and 10 xM ABA (

ve)
-
[e)]
)
o

= A A
o N B
] ) 1

Radicle length (mm)

42 48 58 66 72
Imbibition time (h)

), and 0.5 % S. deppei leachate ([]) on tomato seed germination.

(B) Radicle growth (mm). Mean + s.d., n=3. Different letters indicate significance at P < 0.05 among treatments from each analyzed time.

acid (ABA) content was previously observed in tomato seeds
incubated with the aqueous leachate of S. deppei (0.5 %)
compared with that of control seeds during germination, re-
sulting in decreased germination rate, delayed root protrusion
and growth inhibition (Lara-Nufiez er al., 2009). We com-
pared the effect of S. deppei aqueous leachate with the effects
of different exogenous concentrations of ABA (0, 2, 5 and 10
uM) on germination and radicle growth (Figure 1A, B). At 42
h, increasing levels of exogenous ABA inhibited tomato seed
germination, and 5 and 10 M ABA caused effects similar to
those obtained with S. deppei leachate (Figure 1A). However,
10 uM of ABA caused the highest inhibition at all times. At
58 and 66 h there was no difference in the germination be-
tween 10 uM ABA and S. deppei aqueous leachate; at 72 h,
the seeds exposed to S. deppei obtained the same germination
as control, but not seeds treated with 10 uM ABA.

Similar to germination, the radicle length was also in-
hibited after these treatments, and there was no significant
difference between Sicyos deppei aqueous leachate and the
ABA concentrations (Figure 1B). Longer incubation times
resulted in a stronger inhibition of radicle growth, with 5
and 10 uM ABA and Sicyos (36 % at 72 h) compared with
control seeds.

To determine whether Sicyos deppei interferes with ABA
catabolism, tomato seeds were incubated with 10 xM dini-
conozole, 10 uM ABA and 0.5 % S. deppei aqueous leach-
ate, and subsequently the internal ABA content was mea-
sured at 24, 36 and 48 h. Diniconazole is a fungicide and a
potent competitive inhibitor of the recombinant Arabidop-
sis ABA 8’-hydroxylase, CYP707A3. This fungicide has
been used in studies to repress ABA catabolism (Kitahata
et al., 2005; Zhu and Zhang, 2009; Zhua et al., 2011). We
selected 10 uM diniconazole because the inhibition of root
elongation was affected similarly to 0.5 % S. deppei aque-
ous leachate at 72 h (data not shown).

Botanical Sciences 93 (4): 771-781, 2015

Figure 2 shows that in control seeds, ABA is degraded as
germination proceeds, reaching 87 % ABA removal at 48 h
compared with control seeds at 0 h, while in seeds exposed
to Sicyos deppei only 28 % ABA removal was obtained
within the same time. ABA degradation was also slower
after diniconazole and S. deppei treatments, but not at the
expected levels, as we anticipated less degradation if dini-
conazole acts as an ABA catabolism inhibitor. Notably at 48
h, the seeds exposed to exogenous ABA had less ABA con-
tent than those treated with S. deppei aqueous leachate, and
the ABA levels were similar to the level observed in seeds
following diniconazole treatment.

500 c

400+

100

36

Imbibition time (h)

Figure 2. Effect of exogenous ABA, diniconazole and aqueous
leachate of Sicyos deppei on the ABA content in germinating to-
mato seeds. Treatments: Diniconazole (10 uM, = ), exogenous
ABA (10 uM, W) and S. deppei leachate (0.5 %, []). ABA con-
tent is expressed as a percentage of ABA on control seed at each
analyzed time. Mean + s .d., n=3. Different letters indicate sig-
nificance at P < 0.05 among treatments from each analyzed time.
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Figure 3. Effect of ABA, diniconazole and Sicyos deppei aqueous leachate on cell wall-degrading enzymes during tomato seed germina-

tion. (A) Endo-3-Mannanase, (B) a-Galactosidase, (C) f-1,3-Glucosidase, (D)-Exo-Polygalacturonase. Enzymatic activities at 0, 24, 36

and 48 h are expressed as a percentage of those in control seeds at the analyzed imbibition times. 10 M Diniconazole (H), 10 M ABA

(@) and S. deppei aqueous leachate (0.5 %) (A). Mean + s.d., n=3. Different letters indicate significance at P < 0.05 among treatments at
each analyzed time.

Effect of Diniconazole and ABA on the enzyme activity in-
volved in cell wall degradation or endosperm weakening. In
a previous work, we reported a low activity of the cell wall-
degrading enzymes, endo-3-D-mannanase, c-galactosidase,
[-1,3-glucanase, and exo-polygalacturonase, in seeds ex-
posed to S. deppei leachate (Lara-Nufiez et al., 2009). The
activity of most of these enzymes was regulated through
ABA during germination (Toorop et al., 2000; Leubner-
Metzger et al., 1995). Here, we analyzed the activity of
these enzymes in seeds exposed to exogenous ABA (10 M)
and diniconazole (10 yM), to examine the hypothesis that S.
deppei induces higher levels of ABA to regulate the activity
of these enzymes in a similar manner.

Figure 3 shows the activity of these enzymes as percent-
age of the control to obtain a better comparison among the
treatments. The activity of o-Galactosidase was severely
reduced in seeds treated with ABA and Sicyos deppei aque-
ous leachate; however in seedlings treated with S. deppei
aqueous leachate an increase up to almost control levels of
activity was observed at 48 h after treatment. Interesting-
ly, a reduction in the activity of o-Galactosidase was only
observed at 48 h after diniconazole treatment (Figure 3B).

776

The [-1,3-Glucanase activity was also severely decreased
in seeds treated with ABA, and S. deppei treatment signifi-
cantly reduced activity up to 36 h, and subsequently this
activity was recovered at 48 h, but remained lowered than
the control. The activity in seeds treated with diniconazole
was reduced at 24 h and subsequently recovered to levels
similar to the activity with S. deppei at 48 h (Figure 3C).
Exo-polygalacturonase activity decreased severely in seeds
treated with ABA and diniconazole. Sicyos deppei treatment
also reduced it, but to a lesser extent; subsequently, enzy-
matic activity was recovered at 36 and 48 h (Figure 3D).

Interference of Sicyos deppei aqueous phytotoxic leachate
on tomato cell cycle. We have shown that S. deppei aqueous
leachate causes a delay in the germination rate and inhibits
radicle elongation in tomato seeds. To explain root growth
inhibition, we proposed that phytotoxic compounds present
in the aqueous leachate of S. deppei could negatively af-
fect cell division at proliferating roots tips. We analyzed the
expression of three key cell cycle proteins, which play an
important role in cell cycle regulation and progression. We
chose two mitosis-specific genes CYCB2;1 and CDKB2;1,
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Figure 4. Effect of Sicyos deppei aqueous leachate on the mRNA
expression of cell cycle markers in germinating tomato seeds. (A)
mRNA expression of Actin (as control), CycB2;1, CycD3;1 and
CDKB2;1 in control tomato seeds () or S. deppei aqueous leach-
ate ([J) on germination at 3, 6, 9, 12, 24, 36 and 48 h after imbibi-
tion. (B) The relative expression was calculated as the density of
each band divided by the density of the actin control at each time.
Mean =+ s.d., n=3. * indicates significance at P < 0.05 among treat-
ments at each analyzed time.
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and CYCD3;1, a D-type cyclin that is potentially involved
in cell cycle regulation in response to mitogenic signals at
the G1-S interphase (Baldet ef al., 2006).

Figure 4 shows the mRNA expression profile of the three
cell cycle proteins during the first hours of germination and
post-germination. The expression of CYCB2;Il showed a
significant decrease at 3, 12, and 24 h in treated seeds com-
pared with the control. Notably, at 48 h, the expression of
CYCB2;1 exhibited a 4-fold down regulation compared with
control seedlings. In Arabidopsis, CycB type proteins pro-
mote root growth and induce mitotic division (Van Leene et
al., 2011).

The expression of CYCD3;1 was high at 3 h, and subse-
quently down regulated after both control and Sicyos deppei
treatment, with lower mRNA levels observed in the control
and significantly higher levels observed in Sicyos-treated
seeds at 6 and 12 h; even lower levels were observed after
9 h. In Arabidopsis, CycD3;1 is hormone responsive, par-
ticularly to cytokinins, promoting the transition from the
G, to S phase (Nieuwland et al., 2007). The expression of
CDKB2;1 in the treated seeds was lower at most of the times
analyzed.

In a second approach to analyze if there was a perturba-
tion in the cell cycle and to confirm the previous result, the
progression of cell cycle was analyzed through DNA repli-
cation (Figure 5A-D). The general consensus is that prior
to radicle protrusion, radicle cells might contain only 2C
DNA, or only a portion of the cells might contain 4C DNA
(Bewley and Black, 1994). Furthermore, mitosis only oc-
curs after radicle protrusion, i.e., at the onset of seedling
growth (Coolbear and Grierson, 1979; Haigh, 1988). Cell
progression was analyzed using flow cytometry at root tips
because mitosis takes place in this tissue at 48 h, as radicle
protrusion is typically initiated at this time (Figure 1B). In
control seeds at 48 and 72 h, a predominance of 2C DNA
content, i.e., nuclei at the G1 phase, was observed. How-
ever, treated seeds at 48 and 72 h showed minor 2C DNA
and higher 4C DNA content.

Discussion

Sicyos deppei aqueous leachate and exogenous ABA were
able to delay tomato germination radicle length in a similar
proportion. When the internal ABA level on seeds was ana-
lyzed the results suggested that S. deppei aqueous leachate
might maintain higher levels of ABA, acting as ABA catab-
olism inhibitor, which yields stronger effects than observed
using the concentration of diniconazole used here (10 xM).
There is also the possibility that the aqueous leachate of S.
deppei might enhance ABA biosynthesis.

In a previous work we reported a low cell wall-degrad-
ing activities of some enzymes and that most of them could
be regulated by ABA we analyzed in the present work the
activity of four cell wall degrading enzymes under Sicyos
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Figure 5. DNA content through Flow cytometry: (A) A flow cytometry histogram of control seeds and (B) seeds treated with Sicyos dep-

pei aqueous leachate at 72 h. The percentage of nuclei in G1, S or G2 phase in control ( B ) or treated tomato seeds (

) at (C) 48 and

(D) 72 h. Each experiment was performed with independent triplicates. Mean + s.d., n=3. * Indicates significance at P < 0.05 among each
analyzed phase.

deppei, ABA and diniconazle treatment: endo-f-D-man-
nanase, a-galactosidase, 3-1,3-glucanase, and exo-polyga-
lacturonase. Results showed that S. deppei, exogenous ABA,
and diniconazole exert an inhibitory effect on the activity of
the enzymes involved in cell wall degradation or endosperm
weakening, although at different response levels. Although all
of these treatments caused inhibition, the effect of the aque-
ous leachate of S. deppei was less than that obtained with the
other treatments, and with time, the activity of these enzymes
increased. Under all treatments higher ABA levels at 48 h
were observed compared with control seeds, thus indicating
that ABA interferes with the activity of these enzymes. High
levels of ABA and the decrease in activity of 3-1,3-Glucanase
and a-Galactosidase at early germination stages, as observed
in this study and reported previously (Leubner-Metzger et
al., 1995; Toorop et al., 2000), resulted in the suppression
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of endosperm rupture, thus delaying radicle protrusion. This
reduction in cell wall enzymatic activity, primarily during
early germination times, could be responsible for the delay in
the radicle protrusion during germination. Thus, these results
show that S. deppei might interfere with ABA catabolism, as
enzyme levels are still high at this time (48 h), however en-
zyme activity could also be regulated through other factors
in addition to ABA, explaining the recovery of activity of 3-
1,3-glucanase, a-galactosidase and exo-polygalacturonase at
longer times of treatment.

Since Sicyos deppei aqueous leachate delayed germina-
tion rate and inhibited radicle elongation in tomato seeds we
explored the possibility that the cell cycle might be affected.
Thus, the expression of three genes related to cell cycle
(CYCB2;1 and CDKB2;1, and CYCD3;1) was analyzed
in seeds under S. deppei treatment throughout germination.

Botanical Sciences 93 (4): 771-781, 2015
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It was found a down regulation of CYCB2;1 expression,
which is essential for mitosis (Van Leene et al., 2011). A de-
crease in its expression might indicate that fewer cells com-
plete the first round of cell division. Particularly, the events
occurring at 48 h are of great interest because in tomato
seeds, the G2-M transition occurs more often (de Castro et
al., 2000) and the radicle emerges. In Arabidopsis an ana-
log of CDKB2;1, CDKBI1;1 shows an outbreak expression
coincident with radicle protrusion (Barrdco et al., 2005). At
this time, there was a reduction in gene expression of both
mitotic markers CYCB2;1 and CDKB2;1. These two genes
have been identified only in proliferating tissues and are
involved in the G2-M transition; in this context, their ex-
pression is strongly regulated during cell cycle progression
(Dudits et al., 2007; Nieuwland et al, 2007).

Cell proliferation is controlled through signals, such as
sugar and plant regulators. For instance A7CycD3 genes are
induced by cytokinin (Riou-Khamlichi e al., 1999). At-
CycD3;1 is also induced by auxins (del Pozo et al, 2004)
and sucrose (Riou-Khamlichi ez al., 2000), while two CycD3
from Snapdragon are down-regulated by ABA (Gaudin et
al., 2000). In this study, the down-regulated expression of
genes involved in cell cycle was observed at 48 h in tomato
seeds under Sicyos deppei aqueous leachate treatment and
might be associated with an imbalance in ABA catabolism,
as higher amounts of this hormone were observed at 48 h.
Other plant regulators could also be impaired in treated
seeds, which could also exert an effect on cell cycle pro-
teins and mRNA expression. Our results are consistent with
those of Zhang et al. (2010) showing that an aqueous extract
in the roots and a hydrophobic root exudate of cucumber
down-regulated the expression of cell cycle-related genes,
such as CycD3;1 and CDKA from cucumber radicles ex-
posed to these two phytotoxic extracts.

The DNA replication analysis trough flow cytometry
indicated that seeds under treatment had a higher number
of cells with 4C DNA content than control, implying that
more cells were delayed thus remaining more time at the G2
phase, and therefore exhibited a lower mitosis rate. Zhang
et al. (2010) showed that the aqueous root extract and the
hydrophobic root exudate of cucumber affected the nuclei
DNA content of treated cucumber roots. The results on DNA
content, together with the reduction observed in the expres-
sion of cell cycle markers (Figure 4), suggests that Sicyos
deppei aqueous leachate affects cell cycle progression, and
causes radicle growth inhibition. Previously, we reported
that seeds exposed to S. deppei leachate experienced in-
creased levels of oxidative stress (Lara-Nuiez et al., 2009),
which could be related to cell cycle inhibition. Reichheld e
al. (1999) showed that tobacco cells, under mild oxidative
stress, experience the inhibition of cell division in both cell
suspensions and plants. A delay in ABA catabolism could
also contribute to the global effect of cell delay at the G2-M
transition.

Botanical Sciences 93 (4): 771-781, 2015

Overall, the results obtained in this study suggest that the
mixture of aqueous compounds in Sicyos deppei leachate
could interfere with ABA catabolism, as cell wall-degrad-
ing enzyme activities are affected in a similar manner under
allelochemical stress and diniconazole (an ABA catabolism
inhibitor) treatment at 48 h. The observed delay in germi-
nation could reflect the increased amount of ABA, and the
inhibition of the activity of these cell wall enzymes. Nota-
bly, although absolute concentrations of ABA are indicative
of the processes occurring in a tissue, potential changes in
the sensitivity to ABA over time should also be considered.
Other plant regulators, such as auxins and cytokinins, might
also be imbalanced in treated seed and partial effects could
contribute to the global delay in germination and radicle
growth imparity. On the other hand, the inhibition of radicle
growth can be associated with the down-regulation of the
expression of key proteins that regulate the cell cycle, such
as cyclin B and CDKs, and thereby reducing its rate. This
evidence was confirmed using flow cytometry, which led us
to conclude that the nuclei in treated seeds had greater 4C
DNA content and therefore more cells were at the G2-M
transition, implying an evident delay in the cell cycle.

According to the results reached in this work and to those
obtained from other studies about the aqueous leachate of
Sicyos deppei (Romero-Romero et al., 2005; Lara-Nufiez et
al., 2006, 2009), we provide a more complete understanding
of how the compounds present in this extract cause phyto-
toxicity in tomato germinating seeds, as evidenced through a
delay in germination process and radicle growth inhibition.
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