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ABSTRACT

Urochloa ruziziensisa cover plant used in no-till systems, can swggpseeeds in the field through
their chemical compounds, but the mode of actiothee compounds is still unknown. The present
study aimed to investigate the effects of a sapdon butanolic extract fromJ. ruziziensisstraw
(BfUr) and one of its components, protodioscin on aricetitbomoea grandifoliaand a monocot
Digitaria insularisweed. The anatomy and the morphology of the rostiesys and several parameters
related to energy metabolism and antioxidant defegstems were examined. Thegl@alues for the
root growth inhibition by Bfir were 108ug mL™ in D. insularisand 230ug mL™ in I. grandifolia
The corresponding values for protodioscin werau§4nL™ and 54ug mL™. I. grandifolia exhibited
higher ROS-induced peroxidative damage in its roeotapared wittD. insularis.In the roots of both
weeds, the Bir and protodioscin induced a reduction in the memisttic and elongation zones with a
precocious appearance of lateral roots, partiguiarl. grandifolia. The roots also exhibited features
of advanced cell differentiation in the vasculatinger. These alterations were similar to stress-
induced morphologic responses (SIMRSs), which aseatphdaptive strategies to survive in the presence
of toxicants. At concentrations above theig@alues, the Bfir or protodioscin strongly inhibited the
development of both weeds. Such findings demorstrdtaty. ruziziensianulches may contribute to

the use of natural and renewable weed control tools

Key words: respiration, plant development, saponin, antioxidfiense system, germination

ABBREVIATIONS:

ABA — Abscisic acid

AOX — Alternative oxidase

APX — Ascorbate peroxidase

AsA — Ascorbic acid

BfUr — Butanolic fraction otUrochloa ruziziensis
CAT — Catalase

COX — Ferrocytochrome:oxygenoxidoreductase
DCFDA - 2',7',-Dichlorofluorescin diacetate
DMSO - Dimethyl sulfoxide

GR - Glutathione reductase

HSD - Tukey’s Honestly Significant Difference test

IAA — Indole-3-acetic acid



MDA — Malondialdehyde

NBT — Nitroblue tetrazolium

POD — Peroxidase

PPO - Polyphenol oxidase

PVP — Polyvinylpyrrolidone

ROS — Reactive oxygen species

SIMRs — Stress-induced morphogenic responses
SOD - Superoxide dismutase

TBA — Thiobarbituric acid

TCA — Trichloroacetic acid



1. INTRODUCTION

Cover plants used in no-tillage cropping systemstrdmute, through chemical compound
production, to suppressing weed emergence, mimiguitie negative impacts of excessive synthetic
herbicide application. Evaluating nine cover treatis for weed suppression in no-tillage soybean
production systems, Sdo Miguel et al. (2018) wedifthat the cropping systems with ruziziensis
promotes a lower incidence of weeds in most sitngtiand species evaluated. Our previous work
conducted in greenhouse supported the evidencesttlaat fromU. ruziziensigeduces the emergence
of weeds through chemical effects (Oliveira Jriet2014). The inhibition oEuphorbia heterophylla
andBidens pilosaseedling growth was observed only when water patedlthrough the straws. We
also have found that an aqueous fraction obtairmd the straw ofJ. ruziziensignhibits the initial
growth oflpomoea grandifoliaMany organic acids, includingrans-aconitic acid were identified in
this fraction (Foletto et al., 2012).

It has been also demonstrated that some speciesoahloa spp.(Poaceae) contain high
levels of saponins, a class of compounds with dyfédrge structural diversity (Brum et al., 2009;
Lozano et al., 2017). The saponins may have sterdidterpenoid structure, with one to three sfnai
or branched sugar chains, which accounts for tteierse bioactivity (Podolak et al., 2010). The
steroidal saponins protodioscin and protoneodios@ne been found in several species of the
Urochloagenus (Brum et al., 2009; Nepomuceno et al., 28iva, 2012). In particular, protodioscin
has been suggested to be responsible for poiscas®s among cattle, goats, and sheep (Furlan et al.
2012). Its content is variable depending on thecigge no protodioscin was detectedUnochloa
dictyoneuraor Urochloa humidicola while toxic levels for animals (higher than 1%séd on dry
weight) were found inUrochloa decumbensnd Urochloa brizantha,as well as hybrids ofJ.
brizanthg U. decumbenandU. ruziziensigBrum et al., 2009; Lozano et al., 2017).

Most studies concerning the activity of exogenoaigosins on plants were related to crop
protection against herbivores, insects, and fuhigiséain et al., 2019; Mert-Turk, 2006). The direct
influence of saponins on plant development has Ipmenmly investigated, and studies have mainly
focused on their effects on germination and bicimeteasurements of growth. Hoagland et al. (1996)
examined the effects of several saponins and sapmg®n various weed and crop species and
demonstrated that escin is the most active compaeddcing the emergence of many weeds and crop
species when was applied to the soil. Furthernqn@todioscin isolated from. ruziziensignhibits
the growth ofGlycine maxseedlings in laboratory conditions (Nepomucenal.eR017).

Despite the reports on the phytotoxicity of somposins, their mechanisms of action have
not been yet extensively studied. Due to theirostiat or triterpenoid structures, an interferendthw
the action of steroidal phytohormones was invetgdydy Tsurumi et al. (2000). They demonstrated

that the saponin chromosaponin | exerts an effettas to brassinolide in stimulating the growth of



Arabidopsis thalianaroots, an action probably mediated by ethylene r{irsu et al., 2000). In an
earlier study, the effects of steroidal saponirtgumscin were compared with those of brassinogtero
24-epibrassinolide, indole-3-acetic acid (IAAj),abscisic acid (ABA) in the wedsl. pilosa(Mito et

al., 2019). It was demonstrated that protodios@asdnot mimic the mode of action of individual
phytohormones but it induces oxidative stress im@ry roots as suggested by the increased level of
lipoperoxidation products and the activation gkscavenging enzymes. Moreover, a drastic change
in root morphology oB. pilosatreated with protodioscin was also observed, aacefthat has not
been previously investigated in detail (Mito et 2019).

The morphogenic responses in seedlings have besamad in many stress conditions as a
part of a strategy aiming to limit the plant stresgposure and to contribute to their tolerance of
external toxicants (Potters et al., 2007). The igetanorpho-anatomy analysis through microscopic
techniques has been demonstrated to be a valugiplazh in the elucidation of the action
mechanisms of many natural and synthetic compo(Md#er and Schmidt, 2004; Sanchez-Moreiras
and Reigosa, 2018).

Although protodioscin may potentially contribute tioe weed suppression effects Of
ruziziensignulches in the field (Mito et al., 2019), weed gpscan exhibit different sensitivity to this
saponin, as occur for synthetic herbicides. A factfhluencing the sensitivity to synthetic herbiegdis
the distinct anatomy among the eudicot and monptant species (Kelley and Riechers, 2007;
Sterling, 1997), which could define the selectiwfytheir actions (Carvalho et al., 2009). Therefa
detailed investigation on the mode of action oftpdascin and extracts &f. ruziziensisrich in this
saponin, on different weeds could support the zafilon of U. ruziziensis in the
cropping/intercropping system as an alternativehoefor weed control in the field.

Thus, the present study aimed to compare the bioiclaé and morphological responses of a
dicotIpomoea grandifolisand a monocadDigitaria insularisweed to treatments with the protodioscin
and the saponin-rich butanolic extract from thawtof U. ruziziensis. The two weeds are among the
most troublesome weeds in the field due to the Ipiggvalence of their biotypes being resistant to
herbicides, particularly glyphosate (Carvalho et 2011; Pazuch et al., 2017). In these weeds, the
anatomy and the morphology of the root systems weraenined along with measurements of several

biochemical parameters related to energy metabaisnantioxidant defense systems.
2. MATERIALS AND METHODS

2.1. Reagents

Protodioscin (Fig. 1), was purchased from Aktin @f@ls Inc. (The Republic of China) with
98% purity. Thiobarbituric acid (TBA), 2',7',-dichbfluorescin diacetate (DCFDA), pyrogallol,

nitroblue tetrazolium (NBT), ascorbic acid (AsA)utathione (GSSG), enzymes and coenzymes were



purchased from the Sigma-Aldrich Company (St. LoulSA). All the other solvents and reagents

were of the best available grade.

OH

Figure 1 - Chemical structure of the saponin protodioscin.
2.2. Plant material

Urochloa ruziziensi$R. GERM. & C. M. EVRARD) CRINS was cultivated in an open field at the
Experimental Farm of the University of Maringa, é&gemi district, State of Parand, Brazil (23° 20’
58.86” S and 52° 04’ 27.56” W). The main physicaoiwl properties of the soil were pH of 6.9,
86% sand, 3% silt, 11% clay, and 6.08 g dsfiorganic carbon. Plant aerial parts, collectethe pre-
flowering stage (90 to 100 days after emergencejewdried in a drying oven with forced ventilation
at room temperature, and then ground into smaflggsievith a ball mill. Plant material was initially
extracted with cold hexane to remove superficiatega The residue was then extracted with 95% cold
methanol by thorough maceration. After the solvers removed under vacuum on a rotary
evaporator at 33-35 °C, the crude methanolic extnaxs obtained. This extract was dissolved in
about 1.0 L methanol/water (1/1, v/v) and subjededsequential liquid-liquid chromatographic
extractions using organic solvents with increagpotarity: hexane<dichloromethane<ethyl acetate<
butanol. At each extraction stage, the resultirgidiees were extracted 3 times using a separatory
funnel with 150 mL of each solvent. The residuesaimied after solvent evaporation in a rotary
evaporator adjusted to a temperature adequate goh solvent resulted in hexane (Hex. F.),
dichloromethane (D. F.), ethyl acetate (E. A. Brd butanolic (But. F.) fractions. In this studyet
saponin-rich butanolic fraction was used. Seed®igitaria insularis (L.) MEz ex BE<MAN and
Ipomoea grandifolia(DAMMER) O'DONELL were purchased from Cosmos Agricola Produtos e

Servicos Rurais LTDA-Brazil.
2.3. Seed germination and seedling initial growth

Seeds of. grandifolia andD. insularishad been previously selected for size and appearanc
The seeds df. grandifoliawere scarified with sulfuric acid for 45 min to bkeseed dormancy. After
washing with distilled water, seeds were placeglastic boxes (Gerb6x110 x 110 x 50 mm)
containing 40 mL of semi-solid agar 0.8% (w/v) wihotodioscin at 50, 100, and 2@ mL™"



concentrations and the But. F.df ruziziensigBfUr) at 100, 250, and 5Q@ mL™. Protodioscin and
the BfUr were dissolved in the agar medium before its dadmtion. Each treatment, including
controls, was replicated five times, and each capti consisted of 50 seeds. Boxes were randomly
placed in a germination chamber (photon flux dgnsit approximately 23@mol.m?s?. The .
grandifolia was maintained at a constant temperature of 3Gf@,a 12-h photoperiod (light/dark)
andD. insulariswas maintained in photoperiod to 8/16 h (light/dak30 °C and 20 °C, respectively.
At the end of treatment (120 hours), roots andahedrts of seedlings were excised for measurements
of their lengths and fresh weights. Then, plantamals were placed into the oven for 48 h at 60t6C,
determine their dry weight. The dose-response supfg@rimary root length were used to estimate the
concentrations of protodioscin and thaJBfwhich caused 50% inhibition of root growth {@alues)
in 1. grandifoliaandD. insularis.

The germinated seeds were counted daily until 120 treatment for calculations of mean
germination time ), speed of germinatiors), and speed of accumulated germinati&) (Chiapusio

et al., 1997; Labouriau and Osborn, 1984). The ngeamination time was calculated by equation 1:

E:Zr\ti /20 1)

wheret is the mean germination time, ands the number of germinated seeds between the

timest,_; andt;. The speed of germination was calculated by eguati
S=(N/T) + (N2 = N) x /2 + N3 =Np) x 1/3 + ... Nlh = Np-p) X 1h 2)

where S represents the speed of germination and N repsesea proportion of germinated seeds
obtained in the firstT;), second T,), third (T3), ... , (W — 1) hours. The speed of accumulated

germination was calculated by equation 3:
S= (NUTy) + (N T2) + (No/T3) + ... NW/Th) 3)

where S, represents the speed of accumulated germinatiohNamepresents the proportion of

germinated seeds at timg), time (Ty), time (T3), - - -T), hours.

2.4. Respiratory activity measurements in primaoct apexes

The respiratory activity of the root apexes of bsgecies, treated with or without Wf or
protodioscin for 120 h at their respectivesdC€oncentrations, was measured at 25 °C using & Clar
type electrode that was inserted into an acryliandber and connected to a polarograph (Ishii-
lwamoto et al., 2006). Approximately 20 mg of tlketrapexes were cut into segments with lengths of

2-4 mm, and they were immediately placed into tkyggen electrode vessel containing 2 mL of a



nutrient solution (pH 5.8) containing 2 mM Ca(j9 2 mM KNG;, 27 uM FeCk, 0.43 mM NHCI,
0.75 mM MgSQ and 20uM NaH,PQ,. The rate of oxygen consumption was expressedmomoles

of oxygen consumed per minute per amount of tigsukigrams), assuming the initial concentration
of dissolved oxygen of 24QuM at 25°C. To estimate the contribution of mitochondrial
ferrocytochromez:oxygenoxidoreductase (COX; EC 1.9.3.1) to the aleD, uptake, 200 uM KCN
was added to the reaction medium approximately futas after the addition of the apexes (KCN-

sensitive-respiration). The residual oxygen congionpvas defined as KCN-insensitive respiration.
2.5. Measurements of antioxidant enzyme activities

Approximately 25—-100 mg of roots, treated or nathwhe BfUr or protodioscin for 120 h at
the respective I concentrations, were transferred to a cold matat macerated with 1 mL of a
medium containing 0.1 M phosphate buffer (pH 6.8d ®.1% polyvinylpyrrolidone (PVP). The
extracts were then centrifuged at 4 °C, for 30 nainy,400 xg. The supernatant was used as the
source of the enzymes. All the operations werdaethout at 4 °C.

Catalase (CAT; EC 1.11.1.6) activity was measuneal imedium containing 50 mM phosphate
buffer (pH 6.8), 5.8 mM kD, and the enzyme extract (0.01-0.05 mg protein).Hi@ consumption
was measured by a spectrophotometer at 24Q:rd8.6 M* cmi®) (Aebi, 1984).

Peroxidase activity (POD; EC 1.11.1.7) was measune@d medium containing 50 mM
phosphate buffer (pH 6.8), 6 mM,®,, 0.15 mM pyrogallol, and the enzyme extract (00Q5 mg of
protein). The POD activity was calculated by detiaemg the amount of purpurogalin formed by a
spectrophotometer at 420 neH 2.64 mM' ci?) (Piitter, 1974).

Glutathione reductase (GR; EC 1.8.1.7) activity weeaisured in a medium containing 50 mM
phosphate buffer (pH 7.5), 1 mM GSSG, 0.1 mM NADRHd the enzyme extract (0.01-0.05 mg of
protein). The NADPH consumption was measured byeztsophotometer, at 340 nm% 6.22 mM'
cm™) (Foyer and Halliwell, 1976).

Superoxide dismutase activity (SOD; EC 1.15.1.13 wenitored according to Giannopolitis
and Ries (1977). The reaction medium contained 3@ phosphate buffer (pH 6.8), 13 mM
methionine, 7QuM tetrazolium nitroblue oxidation (NBT), gM riboflavin, and the enzyme extract
(0.025-0.075 mg of protein). The reaction startéth wxposure to light (approximately 2génol.m
2.sY in which it was maintained for 60 minutes at & A unit of SOD (U) activity was defined as
the amount of enzyme needed to inhibit the NBT atiawh by 50%. The photoreduction rate was
measured by a spectrophotometer at 560 nm andssequtes U mbof SOD to protein.

The activity of ascorbate peroxidase (APX; EC 1111) was measured in a medium
containing 50 mM phosphate buffer (pH 6.8), 0.5 eddorbate, 15 mM 4, and the enzyme extract
(0.01-0.05 mg protein). The ascorbate oxidation maasured by spectrophotometer at 290 aim (
2.8 mM" cm!) (Nakano and Asada, 1981).



2.6. Determination of the Reactive Oxygen SpedR€3g) content

The determination of ROS was carried out accorttndpe procedure of Jambunathan (2010),
with some modifications. Approximately 25—-100 mgDofinsularisandl. grandifoliaroots treated or
not with the BUr or protodioscin (IG,) were pulverized with liquid nitrogen using a naoriand
pestle. Then, the material was transferred to atiplaube, mixed with 2 mL of 10 mM Tris-HCI
buffer (pH 7.2), and centrifuged at 12,000gx<for 20 minutes and 4 °C. The supernatants were
transferred to glass, diluted 1:20 with Tris-HCffeu To start the fluorescence reaction with RO,
pL of 2',7',-dichlorofluorescin diacetate (DCFDA) fiM prepared in dimethyl sulfoxide DMSO) was
pipetted into each tube that was rapidly homogehiwgth a vortex and kept in the dark for
approximately 10 min. The wavelengths) used were 504 nm and 526 nm for excitation and
emission, respectively. The ROS contents were sgprein fluorescence units per microgram of fresh

weight.
2.7. Determination of the malondialdehyde (MDA) axathjugated dienes content

Approximately 25-100 mg of roots, treated or nothwithe BfJr or protodioscin at the
respective 1G, concentrations, were withdrawn and macerated BhmL of 96% ethanol at 4 °C.
An aliquot of 0.2 mL of this homogenate was mixehw).8 mL of 2-thiobarbituric acid (TBA),
dissolved in 10% trichloroacetic acid (TCA) in Faetype tubes. After incubation at 95 °C for 30
min, the reaction was stopped by placing the tatsniice bath. The sample was centrifuged at 15,000
x g for 20 min. The absorbance of supernatant was uneasit 532 nm and 600 nm. The difference
between these two wavelengths was used to caldhiat®MDA content{ = 155 mM* cmi*) (Heath
and Packer, 1968). The results were expressgrhakg” (fresh weight).

To measure the conjugated dienes, al7@liquot of the homogenate was mixed in 1425
of 96% ethanol in an Eppendorf type tube, and ttemtrifuged at 20,000 g for 20 min (Boveris et
al., 1980). The absorbance of the supernatant @asded by a spectrophotometer at 234 nm and 500
nm. The difference between these two wavelengths wsed to calculate the conjugated dienes

concentration, using= 2.65 x 10 M™ cri'. The results were expressed.asol g* (fresh weight).

2.8. Determination of root permeability to ions

Roots treated or not with the Bf or protodioscin, at the respective concentrationfCey
were weighed and immersed in beakers containingl30f deionized water for. grandifolia and 20
mL for D. insularis,at room temperature. The roots were kept at rest fo (T4), and the electrical
conductivity was therefore measured with a conditgtmeter (Tecnal TEC-4MP). Roots were then

transferred to another beaker containing 30 mLOom2. of deionized water, according to the species,



boiled for 15 minutes and the electrical conduttivas again determined at room temperature (TF).
The conductivity rate was determined by (T4 / T4} x 100 and expressed as a percentage. The cell

conductivity used for this experiment was numbearid the standard cell was 1469 cni'.
2.9. Analysis of the anatomy and morphology of §egdoots

Seedlings oD. insularisandl. grandifolia were grown for 120 hours in 0.8% agar medium,
with or without the BE)r or protodioscin, at their respective sGconcentrations, were randomly
selected and then photographed using a Leica EEtBa@nicroscope with a built-in digital camera.

For the anatomical analysis, the primary root®ofnsularisandl. grandifolia were fixed in
Nawaschin CRAF fixative and stored in 70% ethafioeated and untreated root samples, already
fixed in CRAF, were randomly selected and embedded eica historesin, according to the
manufacturer's instructions. The historesin-inctudeaterials were sectioned in a rotation microtome
to produce cross-sections {ih thick), used in the assembly of permanent higiolglass slides. The
sections were made at the baséoinsularisroots and in the middle region bfgrandifolia roots.
Sections were stained with toluidine blue in aeetatiffer (pH 4.7) (O'Brien et al., 1964). The
photographic documentation of the slides was penéar with a Leica ICC 50 light microscope with a

digital camera coupled using the Leica ApplicatBuite software version 1.8.
2.10. Determination of proteins

The protein content of the primary root extractsdatermined according to Bradford (1976),
using bovine serum albumin as standard. The rahgerzentrations in the standard curve was 0.5 to
20 mg% with an7of 0.934. Each plant extract was diluted to reagbrotein concentration of less
than 15 mg%.

2.11. Statistical analysis

The data presented in the graphs were expressatieas + standard errors (S.E.) of
independent preparations; these were analyzed alysis of variance (ANOVA), with significant
differences between the means identified by Tukéyamestly Significant Difference (HSD) test
(p=<0.05) using RStudio software. Thesj@oncentrations were calculated by numerical irtiatpn

using the cubic spline function of GraphPad Prissofiware.

3. RESULTS

3.1. Effects of the Bir and protodioscin on the germination and initiadwgth of D. insularisand]l.

grandifolia



Both the BUr and protodioscin induced differential effects oa germination oD. insularis
andl. grandifoliaat the concentrations tested (Table 1). The gemmomandices ofl. grandifolia were
not significantly modified, but irD. insularis, the BUr caused a dose-dependent inhibition in the
percentage of germination (G%), the speed of gertion ), and the speed of accumulated
germination ), while protodioscin affected the indices at tlighlst concentration (250 mL™).
The comparison of the BF vs protodioscin inD. insularisat 250ug mL* displayed a reduction of
the maximal percentage of germination (%), the dpe& germination §, and the speed of
accumulated germinatiors{) by 29%, 40%, and 29% of the extract, respectivedynpared to 45%,
50% and 57% of protodioscin. Both treatments irmedathe mean time of germinatich) by nearly

20% at 25Qug mL* (Table 1).

Table 1-Germination percentage (G%), speed of germing8)n speed of accumulated germination
(SY), and mean germination time)(of D. insularis and . grandifolia grown for 24-120 hours,
treated with 0 (control), 100, 250, and 500 pg mif BfUr or 50, 100, and 250 pg riLof

protodioscin.

Weed species  Treatment (ug ML (G%) S) (S (£)(h)
0 68.4+4.91a 0.20+0.02a 1.39+0.10a 65.5%+2.12a
100 52.4+4.58ab 0.13+0.02b 1.074£0.12ab 64.5+1.53a
BiUr 250 48.8+0.80b 0.12+0.00bc 0.98+0.03b 66.1+1.27a
500 39.2+3.32b 0.08+0.01c 0.60+0.05c 79.0+1.28b
D. insularis
0 65.6+7.25a 0.18+0.02a 1.47+0.15a 60.8+0.52a
Protodioscin 50 55.2+4.59a 0.15+0.01a 1.16+0.09a  63.9+1.52ab
100 65.2+3.14a 0.17+0.01a 1.26+0.10a 68.3+1.87ab
250 36.0+2.45b 0.09+0.01b 0.63+0.04b 74.2+4.50b
0 80.40+1.47a 0.78+0.01a 3.64+0.03a 29.01+0.72a
100 75.2+1.86a 0.76x0.02a 3.50+0.07a 26.51£0.77a
BfUr 250 82.0+1.41a 0.86+0.02b 3.99+0.07b 26.91+0.86a
500 79.2+2.33a 0.80+0.03ab 3.70+0.12ab 27.6+0.10a
I. grandifolia
0 81.2+1.62a 0.73+0.01a 3.47+0.06a 31.1+0.83a
Protodioscin 50 75.2+3.01a 0.66+0.02a 3.18+0.11a 32.2+0.99a
100 82.0+£3.69a 0.73+0.03a 3.53%£0.15a 30.9+0.89a
250 75.2+4.03a 0.68+0.03a 3.231#0.15a 30.7+1.03a

¥Seeds germinated per hoMalues are means + SE (n=5). Different lettersdatéi means that differ

significantly, according to Tukey’s HSD testpat0.05



Despite the lack of effect on the germinationl.ofrandifolia, the initial development of its
seedlings was inhibited by both thelBfand protodioscin treatments, as was also occuinrg.
insularis. In both weeds, the growth of roots and the agréaits were altered (Fig. 2), with a more
pronounced reduction in the length of primary rotrisgeneral). grandifolia was less sensitive than
D. insularisand the Bfr was less active than protodioscin, as revealeth®yGs, values for the root
length reduction. Id. grandifolia, the 1G, values were 23@g mL* for BfUr and 54pg mL* for
protodioscin. The corresponding values were d@8nL" and 34ug mL™ in D. insularis. The growth
of aerial parts of. grandifolia was more extensively reduced by th&JBfreatment when compared
with D. insularis, and, therefore, the fresh weight of seedlings weasiced only inl. grandifolia.
Protodioscin was more active than théJBtreatments in causing a dose-dependent inhibitiche
length of aerial parts and the fresh weights ofibegs in bothl. grandifolia andD. insularis The
comparison of the Bfr vs protodioscin inl. grandifolia at 250ug mL* displayed a reduction of the
aerial part lengths, fresh weights, and dry weiglitseedlings by 23.5%, 33.9%, and 0% byBf
respectively, compared to 50.3%, 43.3%, and 19.8%rbtodioscin. IrD. insularis, protodioscin at
250ug mL*significantly altered the length of the aerial part46%) and the fresh weight of seedlings
(—31.8%) without significant change by theUBfwhen compared with their respective controls (Fig.
2e, g). The subsequent biochemical and morpho-amedb studies were performed with roots of
seedlings treated with the dGralues of BUr and protodioscin for the root length reductionhia two

assayed weeds.

3.2. Effects of the Bir and protodioscin on the respiratory activity obtrapexes ob. insularisand

I. grandifolia

To investigate whether the inhibition of the primapbot growth caused by the Bf and
protodioscin in both weed species was related tonterference with the energy metabolism, the
respiratory activity of the root apexes exposethéir respective 1§, concentration was assayed.

The respiratory activity of the control seedlingsaaled a significant difference between the
weedsD. insularisand|. grandifolia. The total Q consumption (total respiration) of the root apexes
of D. insulariswas remarkably higher compared to thosd. afrandifolia (Fig. 3). The fraction of
total respiration inhibited by the addition of KCIKCN-sensitive respiration) represents the
mitochondrial cytochrome oxidase (COX) respiratibat is coupled to ADP phosphorylation, while
the remainder of total respiration (KCN-insensitrespiration) is due to the oxygen consumption by
other mitochondrial oxidases, such as alternativdase (AOX; EC 1.10.3.11) and extra-
mitochondrial oxidases (Ishii-lwamoto et al., 2008his discrimination revealed that most of the
respiration ofD. insularis roots was due to KCN-insensitive respiration, \whiepresented 53% of

total respiration, while the corresponding values\28% inl. grandifoliaroots (Fig. 3).
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The rate of KCN-insensitive respiration was 6.2fbligher inD. insularis compared td.
grandifoliaand the corresponding value for KCN-sensitive irapn was 2.1-fold.

The responses @. insularisandl. grandifoliato the BJr or protodioscin treatments at their
respective IG, values were markedly different. The respiratoryivétces of D. insularis were not
significantly affected by Bir or protodioscin (Fig. 3c). In contrast,lirgrandifolia, the BUr induced
a 92% increase in total respiration, which was tluen increase in the KCN-sensitive (+101%)
respiration compared to the respective controleal(Fig. 3b, d, f). Protodioscin was inactive (Fig.
3f).
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Figure 3 —Effects of But. F. olU. ruziziensigBfUr) and protodioscin on the respiratory activity of
root apexes from the primary roots Df insularis and I. grandifolia treated for 120 hours. The
concentrations tested were the respectivgJvélues of each species. The oxygen consumptioheof t
root apexes was measured in the absence or presétive KCN inhibitor: total respiration (a, b),
KCN-sensitive respiration (c, d), and KCN-insengtrespiration (e, f). Each data point is the mean
SE (n=6,7). Different letters indicate means thigiedsignificantly, according to Tukey's HSD tesst
p<0.05



3.3. Effects of the Bir and protodioscin on the ROS, malondialdehyde (MD#y)d conjugated

dienes content and on the ions permeability irdlogs ofD. insularisandl. grandifolia

An increase in oxygen consumption due to the axitachondrial oxidases or alternative
oxidase (KCN-insensitive respiration) are generalbgociated with an increased ROS generation,
which in turn can generate a cellular oxidativeesdr(Vanlerberghe, 2013). These hypotheses were
investigated by evaluating the ROS content and sproducts resulting from the ROS attack on
membrane polyunsaturated fatty acids, including MQappus, 1985) and conjugated dienes
(Recknagel and Glende, 1984).

In untreated seedlings, the content of ROS, MDAJ aonjugated dienes was significantly
higher in roots oD. insularisthan inl. grandifolia (Fig. 4). In general, the BF or protodioscin
induced an increase in the ROS content in both vamties (Fig. 4a, b), although the relative
increment was more marked lingrandifolia than inD. insularis.In I. grandifolia, the ROS content
increased by 182% (Bf) and 139% (protodioscin) compared to the untreaeedlings. InD.
insularis only protodioscin treatment increased the ROSertr{+86%).

In D. insularis the MDA content remained unaltered in both tremtts, although an increase
of 46% in the content of the conjugated diene veasd in the BPr treatment. Inl. grandifolia, a
decrease in the MDA content was found in both tHdrBreatment (—41%) and protodioscin (—31%).
A contrasting effect was found in the content afjogated dienes; Bfr and protodioscin induced an
increase of 106% and 104%, respectively, when cosapaith their controls.

The possibility of functional damage in root celigas analyzed by ion permeability
measurements (Fig. 4g, h). ThdJBftreatment induced a similar increase in the iomeability inD.
insularis (+57%), and. grandifolia (+53%); protodioscin was active ingrandifolia (+52%) but not

in D. insularis.

3.4. Effects of the Bir and protodioscin on the activity of the antioxitlanzymes in the roots @f.

insularisandl. grandifolia

The changes in ROS, MDA, and conjugated dienesdcbelrelated to the capacity of the
antioxidant defense system in the two assayed wédd@scomparison of the enzymatic activities in
the control seedlings, based on the protein contetiie root extract, indicated that the activiteds
SOD, POD, CAT, and APX activities are higherDn insularis than inl. grandifolia, while GR
activity is similar in both species (Fig. 5). ThdUB and protodioscin (I§g) treatments exerted
different effects on the two speciesDninsularis,none of the assayed enzymes were maodified by the
BfUr and protodioscin treatments compared to the réigpemontrols (Fig. 5a, g, i). An exception was
a reduction of 34% in the activity of POD by thdJBftreatment. In. grandifolia, when comparing

the effects of both treatments on each enzymelasimfifects were found.



The SOD activity was increased by 111% and 117%tH®y BfUr and protodioscin,
respectively, the CAT activity was reduced by 4986 &82%, respectively, and the APX and GR
activities were not modified when compared withirtirespective controls. The POD activity was

stimulated only by the protodioscin treatment (+33%
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3.5. Effects of the Bfr and protodioscin on the morphology and anatomyofnsularis and .

grandifoliaroots

As can be seen in Figs. 6 and 7, Ehensularisandl. grandifolia seedlings treated with the
BfUr and protodioscin exhibited a noticeable shortenimghe length of their primary roots when
compared to the respective controls, thus reflgdtie values obtained in the biometric measurements
(Fig. 2a, b). The roots also showed a change isitjeaf the root hairs which were abundant in both
the D. insularis (Fig. 6a, c) and. grandifolia (Fig. 7a) control roots, and became minimal in the
treatments (Figs. 6d, f, 7d, g). This feature wigblfghted in the Figs. 1Sa, b, ¢ and Figs. 2Sa&, ih,
Supplementary Material. In addition, the brownirigh® roots caused by the treatments in both weed
species is also noteworthy (Figs. 6e, g, 7e, h).

Despite these similarities, a distinct morpholobichange in the root architecture was
observed in the weeds. In the control rootk gfandifoliathe lateral roots appeared between the base
and the middle region of the primary roots (Fig, @ac) and in seedlings treated with thé&JBfind
protodioscin, many lateral roots appeared in th@esextent of the primary root, including near the
apex were observed (Fig. 7e, f, h, i). These raet® shorter and displayed more browning than those
the control displayed. On the other handDininsularis the number of adventitious roots was not
increased by the treatments, but on the contramggaction was apparent (Fig. 6a, d, f).

Fig. 8 shows the images of cross-sectionb .afhsularisroots. The control roots consisted of
a uniseriate epidermis, with thin-walled and unidal hairs (Fig. 8a, c), parenchymatous cortexiwit
three cell layers, in which the exodermis is iridittand the endodermis has U-thickened cells (Fig.
8a), a vascular cylinder composed of a uniseriatenthyma pericycle, interrupted by protoxylem
cells, and five xylem strands alternated with phicgrands. Therefore, the roots are pentarchalavith
central metaxylem element (Fig. 8b).

The treatment with the Bfr and protodioscin did not induce substantial changebe cell
organization in the primary roots (Fig. 8d, g), lohanged the morphology of cells. In the roots of
seedlings exposed to Bf, the epidermis was discontinuous, with more roundels, while the
exodermis presented cells with U-shaped parieiakehing (Fig. 8f). The endodermal cells were
compressed and had a reduced lumen (Fig. 8e).lihary xylem appears in the central cylinder with
tracheal elements and fibers, both with lignified d@hicker cell walls (Fig. 8e). In the presenée o
protodioscin, the subepidermal layer (exodermisjlated cells with thickening in U shape, similar t
the endodermis cells (Fig. 8g, i). The primary xylalso has tracheal elements, but no fibers, and
parenchymatic cells less stained (Fig. 8h).

As a dicot species, the anatomy of thegrandifolia primary roots presented a distinct
organization with respect @. insularis The control roots consisted of the uniseriateenis, with
cells of isodiametric contour (Fig. 9a, c). In twtex (Fig. 9a), the endodermis with Caspariaip str

and pluriseriate parenchyma were distinguishedyevtaege cells of secretory aspect, which undergo



Figure 6 —Root morphology oD. insularistreated for 120 hours. The concentrations dfrBand
protodioscin were the kg values 108 and 34 pg mil respectively. Control (a-c); Bf (d-e),
protodioscin (f-g). Scale: (a, b, d, )—3 mm andgcg)—2 mm.



Figure 7 —Root morphology of. grandifolia treated for 120 hours. The concentrations dfrBdnd
protodioscin were the kg values 230 and 54 pg mL respectively. Control (a—c); Bf (d—f),
protodioscin (g—i). Scale: (a, b, d, e, g, h)—3 amd (c, f, i)—2 mm.



dissolution of the cell wall, formed remarkable ita¢ in the cortex (Fig. 9a, b, c). In the vascula
cylinder, the pericycle was parenchymatic and uigte with light and radially elongated cells (Fig
9b). The cylinder was still tetrarchal, with founlpem strands alternated with those of xylem (Fig.
9b).The treatments with the Bf exhibited similar changes to those observed inpteodioscin
treatment compared to the controls. The epiderixigbégs an apparent thickening of the cell wall
(Fig. 9f, i). In the cortex, the endodermis did rbtfer from that of the control roots, but the
parenchyma also had cavities, which were highendmber in the Bfr treatment and lower in
number in the protodioscin treatment when compé&rdtieir respective control seedlings (Fig. 9a, d,
g). The Bir induced the formation of the vascular cambium wpitbcambial origin in the vascular
cylinder, which was not evident in the control ®d@Fig. 9b, e€). The root was also tetrarchal, with
enlargement of vascular tissues, and as can bevelse wide crimped tube occurs in each phloem
strand (Fig. 9e).

Figure 8 — Anatomical details of the roots db. insularis treated for 120 hours. The C
concentrations of But. F. dfl. ruziziensis(BfUr) and protodioscin were 108 and 34 pg L
respectively. Control (a—c); Bf (d—f), protodioscin (g—i). Overview of the roothaving the
organization of the root tissues (a, d, g), viewhaf central cylinders (b, e, h) and view of thetexo
and epidermis (c, f, i), (ep: epidermis; *: roofrhan: endodermis; ex: exodermis; fl: primary pig

mx: metaxylem; px: protoxylem). Scales: (a, b,,@d, g, h, )—0.1mm.



Finally, in the protodioscin-treated roots, somatamical differences were observed (Fig. 9a,
0). The epidermis was discontinuous, formed by e¢atiglly elongated cells (Fig. 9i). In the cortex,
the endodermis was present, as well as parenchissale (Fig. 9h). The cortical cavities were
enlarged through the fusion of the gaps, comprgstsia cortex (Fig. 9g). The root cylinder had a
uniseriate parenchyma pericycle and was tetrafgfigd 9h), but a significant increase of the vaacul
tissues was also evident, where it was possibbdserve the development of the vascular cambium of

procambial origin (Fig. 9h), as also found in tHé&JBtreatment (Fig. 9e).

Figure 9 —Anatomical details of. grandifoliaroots treated for 120 hours. The concentratiorBubf
F. of U. ruziziensis(BfUr) and protodioscin were the d@salues 230 and 54 pg il respectively.
Control (a—c); Bbr (d—f), protodioscin (g—i). Overview of the root,osting the organization of the
root tissues (a, d, g), view of the central cylirsdfh, e, h) and view of the cortex and epidermjd,(
i), (ep; epidermis; en: endodermis; ex: exoderifiigphloem; mx: metaxylem; px: protoxylem; CV:
cavity; CP: vascular cambium with procambial or)gfacale: (a, b, c, d, e, f, g, h, i)—0.1 mm.
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Figure 10 — Representation of the roots bf grandifolia submitted to the anatomical analyzes,
highlighting the differences in the degree of depetent of the vascular cylinder in control and
treated roots. The blue lines represent the pasitin roots, where the sections took place (middle
region of each root) to perform the anatomical gs&d. The gradient between black and white colors
in the roots represents the degree of differeptiaéind development of the root tissues, where black

represents a high differentiation, and white regmésa low differentiation.

4. DISCUSSION

This study highlighted the different responsesheféudicol. grandifolia and the monocdd.
insularis weeds to the Bir and the steroidal saponin protodioscin treatment 6f the remarkable
species-specific differences was underlined by getion indices. The germination bfgrandifolia
was weakly altered compared B insularis which was strongly inhibited especially by theUBf
Many factors may have contributed to this diffeesnimcluding the structure and properties of the
external seed coat, which can influence the uptake of the active substances during the seed
imbibition process (Mitchell et al., 2017). Seed$o insularisare considerably smaller than those of
I. grandifolia, a feature that could favor the diffusion of compds into the developing embryo.

In addition, the Bfir at a concentration of 250 pg fhincreased the speed of germination in

I. grandifolia, contrasting with inhibitory effect induced iD. insularis This suggests that other



intrinsic factors may have contributed to the di#feces between the two species (Mitchell et al.,
2017).

Despite the germination processesl.ofrandifolia being less affected by both treatments
when compared witlD. insularis,the development of their seedlings was inhibiikd those ofD.
insularis, suggesting an effective interaction of the actompounds with the seedling tissues. In both
weed species, the growth of roots was more stromlipited than the aerial parts, possibly due to
direct contact of roots with the Bf or protodioscin. In the comparison between the nayteof BfUr
or protodioscin in each species, protodioscin vimageineral more active as can be evidenced by the
ICso values found for the root growth inhibition. Whasethe 1G, of BfUr was 108ug mL?t in D.
insularisand 230ug mL* in 1. grandifolia, the corresponding values for protodioscin werg@4nL™
and 54ug mL™. In the BUr, protodioscin is one of the major substances, buth®only one (Silva,
2012). However, the qualitative similarity of theictions suggested that protodioscin might account
for most of the Bir action.

The optical microscopy images revealed that theigtah in the primary root length caused
by the BfUr or protodioscin, at their Kg values, in bothD. insularis and I. grandifolia was
accompanied by drastic morphological alterationghanroot architecture. In both weed species, the
primary roots did not expand longitudinally as ated in the control roots, and ingrandifolia, the
lateral roots emerged precociously with both therBind protodioscin treatments.

Interference with the energy metabolism could beeaplanation for the seedling growth
reduction, particularly in the root apexes where tissues require a high metabolic activity foi cel
division and elongation (Garay-Arroyo et al., 2Q1IP) this respect, by measurements of respiratory
activities in root apexes, a significant differencethe respiratory activity obD. insularis and I.
grandifolia roots was observed. In the absence of treatnt@ntptal respiration df grandifoliaroots
was significantly lower than that @. insularis This difference between the two species may be
related to the anatomy of roots and/or the presemamvities in the cortex, possibly aerenchyma
structures. The cross-section of the primary raeigaled a higher number of cell layerslin
grandifolia when compared with those of tlie insularis a characteristic that would limit the, O
supply to the internal cells. In general, the aelngmas are formed to favor the diffusion of tO the
cells under hypoxic conditions (Evans, 2004). Imtfat has been demonstrated that a steep
concentration gradient across roots exists fronetlidermal surface to the cortex. In maize rodts, t
O, concentration is less than half in the centehefdtele near the root apex (Ober and Sharp, 1996).
Although it is necessary to confirm that the cadgtare aerenchymal structures through specifigyassa
(Justin and Armstrong, 1991), the ability of somedes of the genupomoeato develop lysogenic
aerenchymas has been established (Ningsih and hzaid2016).

Because the aerenchymal structures are derivedtfrerdeath of certain cortical cells which
are, therefore, metabolically inactive cells, ®s reasonable to expect that they contributeovter

rates of oxygen consumption that were expresseithanbasis of the wet weight of roots. These



structures were also evidenced in the primary robts grandifolia treated with either the Bir or
protodioscin.

In addition to the differences in the respiratoggiaties of D. insularis andl. grandifolia
roots in untreated conditions, the responses oh eeeed species to the Bf and protodioscin
treatments also differed. The COX pathway whichresents the mitochondrial oxygen consumption
required to meet the energy needs of the cell tiroADP oxidative phosphorylation was not
significantly altered by both treatments [h insularis. The impairment of energy metabolism it
seems, thus, unlikely, a finding that is in agreetwith the anatomic images of root cells frém
insularis showing that under the Bf or protodioscin treatments, despite a root lemgttuction, the
size, format, and organization of the cells wengy @imilar to those of the control.

In 1. grandifolia, the BlUr exerted a different effect on the respiration lihke the COX
pathway with respect tD. insularis stimulation was observed, most likely reflectiug increase in
metabolic activity. Several lateral roots have digped in the whole extent of the primary root, whic
iS an energy-consuming process. As illustrated Hgy dross-section images bfgrandifolia roots
treated with the Bfr and protodioscin (Fig. 9), in eudicots, lateralteoemerge after a repeated
periclinal cell division from founder cells and tdevelopment of the root meristem, while the xylem
and phloem connect to the vasculature in the sfdlee parent root (Péret et al., 2009). Differieain
that found in the Bfr treatment, protodioscin did not induce similamstiation in COX-linked
respiration, despite also stimulating the develapioé lateral roots.

Besides the KCN-sensitive respiration, the KCN-nsstve respiration in the root apex bf
insularis was also substantially higher than lingrandifolia in the untreated seedlingSeveral
enzymes contribute to oxygen consumption in KCNesstive respiration: the oxygen consumed by
the mitochondrial AOX, the extra-mitochondrial oagis, and the fraction of oxygen converted to
oxygen reactive species (ROS). Mitochondria ararthsn ROS sources during germination and initial
seedling growth (Blokhina and Fagerstedt, 2010g®and Ishii-lwamoto, 2011; Sharma et al., 2012),
but under stress conditions, other enzymes alswibote to ROS generation, particularly the NADPH
oxidases (EC 1.6.3.1) located in the cell plasmambmanes (Tripathy and Oelmduller, 2012).
Consistent with high rates of KCN-insensitive reabn of D. insularisunder untreated conditions,
the ROS and MDA content in roots bt insulariswas nearly one order of magnitude higher than
those ofl. grandifolia. MDA is one of the lipid peroxidation products thasult from the ROS attack
on the membrane lipids (Kappus, 1985). The congdyatiene content, which is formed by the
reaction of superoxide radicals{Qand peroxyls’OH) on methylene groups of polyunsaturated fatty
acids (Smirnoff, 1995), was also higherDn insularis under untreated conditions, but at a lower
extent compared with MDA.

Although the BUr or protodioscin did not significantly change theCK-insensitive
respiration in both weed species, we cannot disttegossibility that some of the KCN-insensitive

processes were altered. For example, the productioROS by mitochondria or the activity of



NADPH oxidase (Popov et al., 1997; Skutnik and Rgch2009). This assumption was supported by
the measurements of the ROS and MDA contents.

The ROS content was increased by the protodios¢hredG, values, in botiD. insularisand
I. grandifolia and by the Bfr in I. grandifolia. The relative increment, when compared with their
respective untreated seedlings, was substantiglhehinl. grandifoliathan inD. insularis.No clear
correlation could be identified between the inceeas ROS content and the content of MDA and
conjugated dienes iD. insularisbecause protodioscin did not change MDA conterd,asignificant
increase was found in the conjugated dienes treattddthe BUr but not in those treated with
protodioscin. Conversely, ih grandifolia, the increase in the ROS content due to both thé Bhd
protodioscin treatments was correlated with aneiase in the content of the conjugated diene, while
the MDA content decreased. Although these findisgggested that. grandifolia was more
susceptible to ROS-induced oxidative damage thaimsularis,the increase in ROS content induced
by BfUr or protodioscin treatments in the roots of botredgemay have an additional significance
than a condition of cellular oxidative stress.

It has been demonstrated that ROS can act asalkcseécondary messenger in the responses
of plants to hormones such as IAA, ABA, 24-epibrasiede, and cytokinins, regulating plant
development and also the adaptation to biotic astigbstress (Hu et al., 2017; Sharma et al., 2012;
Vishwakarma et al., 2017). Further, its role in tifferentiation and proliferation of roots has bee
also demonstrated (Tsukagoshi et al., 2010). Toereto exert the signaling responses and avoid the
detrimental oxidative damage, the levels of ROSeplant tissues need to be strictly regulated by
system that comprises several antioxidant enzynmes saluble compounds such as glutathione,
ascorbate, and-tocopherol (Mittler et al., 2011).

Among the soluble antioxidant enzymes, SOD is trs# énzyme to eliminate ROS excess,
dismuting the superoxide radical {Pinto O, and hydrogen peroxide {8,) (Mittler et al., 2011;
Scandalios, 1993). The,8, is subsequently neutralized by the action of o#merymes, including
CAT, GR, APX, and POD (Navrot et al., 2007; Sharedaal., 2012). Among these enzymes, the
activities of SOD, POD, CAT, and APX were consididyahigher in the roots ob. insularis than
those ofl. grandifolia, which probably accounts for the neutralization bé thigh rate of ROS
generation irD. insularis,under control conditions (Navrot et al., 2007; @@ et al., 2012). When
D. insulariswere treated with the Bfr or protodioscin the activities of SOD, APX, CAT,daGR
enzymes were not modified, indicating that the adiant enzyme system was not activated and
therefore, a physiological role for the ROS elevatbbserved in the protodioscin treatment is a
possibility to be considered.

In I. grandifolia, the effects of the Bir and protodioscin on the antioxidant enzymes were
different from those observed . insularis Both treatments stimulated the activities of S@Bd
protodioscin also activated POD activity. Thesepoeses could be interpreted as reactions to

minimize the excessive ROS production, which weeenahstrated to be relatively higher in



grandifolia than in D. insularis when compared with their respective controls. hbwdd be
emphasized, however, that there was a significaghtiation in the CAT activity, indicating that the
elevation of HO, may have a role as a signaling mediatok. igrandifolia roots in response to Bf

or protodioscin treatments.

The assumption that the increase in ROS conteldctetl, at least in part, its action as a
signaling mediator, rather than its harmful actionscell structures was supported by the anatomical
and morphological changes observed in the roots. afrandifolia and D. insularis Despite a
significant reduction in the primary root lengttusad by the Bfr or protodioscin treatments, at their
ICso values, there were no typical signs of severe ag@mto root tissues, such as structural
disorganization of the cell layers and the preseafidg/pertrophic or ruptured cells (Diaz-Tielasakt
2012; Ishii-lwamoto et al., 2012). The significaaiteration exhibited in the two weeds was the
thickening of the cell walls, especially in the mgreripheral layers of roots under both treatments.

The most probable explanation for the remarkabt@tehing of roots in both species is that
the BfUr and protodioscin caused a disturbance in the hstasis of hormones that act in an
integrated way in the initial development of seaghi (Depuydt and Hardtke, 2011; Ubeda-Tomas et
al., 2012). A clear reduction in the meristem ahe €longation zone of roots along with an early
differentiation of tissues was observed as inditdte the development of the lateral roots near the
root apexes, the latter phenomenon evidehtgnandifolia. The anatomical micrographs performed in
the middle region of thé. grandifolia roots corroborated this hypothesis, revealing astsurbial
difference between the vascular cylinders of thetrob roots and the treatments. Moreover, a region
of advanced cellular differentiation of tissues w&scernible with an increase in the vascular g8ssu
which reached a stage where it is already possibdiestinguish the presence of the vascular cambium
(Fig. 9b, e, h). Such characteristics would notcegainly evidenced in the control seedlings at the
middle region of the primary roots, but rather teit upper regions as illustrated by the drawing in
Fig. 10.

The treatments also seemed to interfere with tiveldpment of the lateral roots since these
also exhibited a shortening when compared with l¢heral roots of the control (Fig. 7). These
morphological changes in the root architecture. gfrandifolia are typical responses in seedlings of
dicot species submitted to diverse stressors aalving the auxin actions (Laskowski et al., 2006;
Potters et al., 2007). Many natural substancesntiaic the actions of auxin cause an increase f th
primary root length at low concentrations and/dmiliition at higher ones. The stimulation in the
development of stems, lateral/adventitious rootsl aoot hairs, along with changes in root
gravitropism, are also typically auxin responseasdowski et al., 2006; Pacurar et al., 2014). In
general, natural compounds mimic or alter the actiblAA by interfering in specific stages of the
synthesis, conjugation, transport, signaling, andietabolization of the IAA (Cheng et al., 2007).
This interference may cause changes in IAA conaéotr in different zones of the primary root along

the longitudinal axis: the meristematic, transitietongation and/or differentiation zones (Swartip e



al., 2005; Verbelen et al., 2006). An abnormal graidof IAA concentration in these different areas
may positively or negatively affect cell prolifei@t and morphogenesis of separate cell clusters
(Araniti et al., 2017; Cheng et al., 2007) leadifay, example, to a precocious stimulation of latera
root development or suppression of the primary edohgation, phenomena that have already been
observed irl. grandifoliatreated with BEr or protodioscin.

These morphological alterations have many simi&itwith phenomena already well
described in the literature known as stress-induceniphologic responses (SIMRs). This plant
response is triggered by several abiotic-stresh aadheavy metals, nutrient deficiency, UV radiatio
and hypoxia (Balestri et al., 2014; Potters et20(Q7). According to Potters et al. (2007), the BB
are expressed through inhibition of cell elongatidwcalized stimulation of cell division, and
alterations in cell differentiation status. Becaube morphogenic responses induced by distinct
stresses share common biochemical changes, ingllRIDS production and interferences with auxin
actions, it has been suggested that ROS are intéatae between the stress and the development of
the SIMR phenotypes (Potters et al., 2007). A bekween ROS generation and auxin action in plant
response to stress is well documented, althoughelaet mechanisms are not fully understood
(Bielach et al., 2017; KrishnaMurthy and Rathinagetihi, 2013). It has been suggested that auxins
regulate HO, production by increasing the expression of enzythas produce superoxides such as
NAPDH oxidase and superoxide oxidase (EC 1.10.3al@) also by reducing the expression of
antioxidant enzymes such as catalase and ascookatase (EC 1.10.3.3) (Iglesias et al., 2010;
KrishnaMurthy and Rathinasabapathi, 2013). Moreos@ess can also affect the stability of auxin
because the increase in®4 along with activation of peroxidases promotesdkielative degradation
of IAA (Gazarian et al., 1998).

In agreement with this, besides the characterlStMR phenotypes of root systems lof
grandifoliain response to the Bf and protodioscin treatments, the primary rootseuresl increased
levels of ROS, reduced CAT activity, and increade@D activity. These morphological and
biochemical alterations were observed at thg #©ses for primary root growth, which corresporas t
sub-lethal doses. In fact, SIMRs typically occudenchronic exposure to sub-lethal doses of the
stressor agents to decrease the stress exposarebyhincreasing plant chances to survive. For
example, in metal toxicity, the SIMRs are suggestededirect root development away from a local
source of xenobiotics (Potters et al., 2007).

Similar to that found in. grandifolia, some features of an advanced cellular differéatian
the vascular cylinder was also evidence®innsularis especially under the But treatment, such as
the presence of tracheal elements and fibers wittk tand lignified cell walls (Dickison, 2000).
However, the responses . insularis roots differed in some aspects from those obsemeld
grandifolia, possibly due to differences in the morpho-anataifeatures of root systems between the
mono and dicot species (Osmont et al., 2007). Inauoots, lateral roots usually do not develop from

the primary root. Rather, at the initial stage eedling development, the adventitious roots are



represented by nodal or seminal roots as repostedebdt and Mas (2014) iDigitaria sanguinalis.
Different from those found ih grandifolia, the responses @. insularisto the BfJr and protodioscin
treatments were not characteristics of SIMRs. Bmthtments reduced the elongation of the primary
roots but did not increase the number of advenstimots inD. insularis (Fig. 6). Although auxins
also regulate the development of adventitious rooteonocots (Pacurar et al., 2014)Oninsularis,

its action was apparently impaired in treated segsll In agreement with this assumption, there avas
decrease in root hairs, whose formation has besmwgtrated to be intensified by auxin and ethylene
(Hu et al., 2017; Zhang et al., 2016). It seemsgilde to suggest that, due to the higher susdbiytib

of D. insularisroots to active components of thelBfand protodioscin (lower I§g), the reduction in
the number of root hairs represents a defensiymres to minimize the absorption of toxicants.

The alterations observed in both the epidermisexadiermis of the primary roots of bdh
insularis andl. grandifolia treated with the Bfr or protodioscin could represent another mechanism
for reducing the access of toxic compounds to titermal structures of roots. The cross-section
images revealed irregular cell shapes together thitkening of the cell walls (Figs. 8f, i, 9f, i),
possibly due to an increased deposition of polyrikessuberin and lignin in the cell walls (Baxetr
al., 2009). This phenomenon has demonstrated ¢o thké apoplastic flow of organic xenobiotic and
also of inorganic compounds and ions (Wild et2005). The lignification in exoderm, sclerenchyma,
and root endodermis is linked to an increase in RD8 POD activity (Bouranis et al., 2003),
alterations that were observed in the primary romfitd. grandifolia treated with the Bir or
protodioscin.

The irregularities observed in the epidermis anablexmis cells may also be the consequences
of the accumulation of protodioscin and other cloainconstituents of the Bf in the cell wall, a
phenomenon that has been observed in the proteagamst other xenobiotics such as cadmium
(Khan et al., 1984) and lead (Phang et al., 2@Btodioscin consists of a combination of hydraphil
sugars with a furostanol-type steroidal group, Whionfers the amphiphilic character typical of most
saponins. This property also favors the interactibprotodioscin with the bilayer lipid structurach
its binding with the membrane macromolecules, d@apgcsterols and phospholipids (Lorent et al.,
2014; Steel and Drysdale, 1988). The most knowrsegumences of this interaction are the rupture of
erythrocyte membranes (hemolysis) (Voutquenne.e2@02) and the fungicidal effects resulting from
the interaction with ergosterol in levedures (Arnedfal., 1999; Polacheck et al., 1991).

The interaction of protodioscin and other compdsenf the BBr with membrane
phytosterols likely affected the integrity of théagmatic membranes of the external cells. These
findings suggest that the changes in ionic perntigalsaused by the BRir and protodioscin in the
roots ofl. grandifolia andD. insularis could be the result of increased permeabilityhef plasma
membranes to ions and/or reduced apoplastic infions due to thickening of cell walls.

Further evidence of the directteraction of the Bir components with the membranes was

provided by the primary root browning observed othbweed species. The enzymatic browning of



different plant tissues is another consequencedff#hduced attack on cellular membranes (Cheng et
al., 2015). The disruption of membrane integritjivedes the polyphenol oxidase (PPO; EC 1.10.3.1,
1.10.3.2 and/or 1.14.18.1) that utilizes polyphesavhpounds located inside vacuoles as substrates fo
the production of brown substances (Chikezie e28113).

It was remarkable that the Bf and protodioscin at their respectivesd@alues induced, in
general, similar alterations in all the assaye@p@ters in each species, irrespective of somendiisti
effects evidenced in the root morphology and thechemical responses iD. insularis and I.
grandifolia. This observation confirms our previous assumptizat protodioscin and its isomers
accounted for most of the activity of thelBf with other components being less active.

In summary, most of the biochemical, morpho-anatamiand cytological alterations found in
D. insularisandl. grandifoliain response to the Bf or protodioscin treatment at theirsfGralues
seem to reflect plant adaptive strategies to saririvthe presence of toxicants. It seems plausible
suggest that the direct interaction of protodioswith external cells initiates a stress response
mediated by ROS production, thereby triggeringdhbsequent defensive responses that include the
activation of antioxidant defense systems and amatd and morphological changes in the root
architecture mediated by the hormones, especiaitina. Conversely, the eudicot weled@randifolia
was shown to be more tolerant to théJBfand protodioscin as indicated by the highey, Malues
compared tdD. insularis Despite this]. grandifolia exhibited ROS-induced peroxidative damage in
its roots and inhibition of the germination proessdnD. insularis,besides lack of effect on the seed
germination, no root oxidative damage was obserpedsibly to its higher capacity of antioxidant
defense system to cope with stress compared tothagrandifolia.

At concentrations higher than theirsiGvalues, the Br and protodioscin treatments induced
a progressive decrease in the growth in both weedlimgs, as shown in Fig. 2, suggesting that the
adaptive strategies and the protective defense anexh could be no longer effective to avoid
oxidative damage due to excessive ROS generation.

Overall, it can be concluded that, despite spespesific differences in sensitivity and mode
of action on weeds, thd. ruziziensismulches can reduce weed emergence in the fieldighro
chemical effects when applied at adequate doseh, twe saponin protodioscin being one of its
phytotoxic components. The relevance of findingshis work may lead to more efficient no-tillage
crop rotations includind). ruziziensis Ultimately, such findings may contribute to theewf natural

and renewable weed control tools.
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SUPPLEMENTARY MATERIAL

Figure 1S —Root morphology oD. insularistreated for 120 hours, detaching the presencer@pr absence
(treatments) of root hairs. The concentrations ftfrBand protodioscin were the d§values 108 and 34 pg mL

respectively. Control (a); Bfr (b), protodioscin (c). Scale: (a, b, c)—1 mm.

Figure 2S —Root morphology of. grandifoliatreated for 120 hours, detaching the presencer@pior absence
(treatments) of root hairs. The concentrations fafrBand protodioscin were the 4§values 230 and 54 ug mL

respectively. Control (a); Bfr (b), protodioscin (c). Scale: (a, b, ¢)—1 mm



Highlights

Urochloa ruziziensis extract and protodioscin induce morphogenic responses in weeds

Urochloa ruziziensis inhibits Digitaria insularis and |pomoea grandifolia growth

Urochloa ruziziensis compounds induce ROS-induced peroxidative damage in weeds
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