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RESUMEN

Los nanotubos de carbono de pared mdultiple (MWCNTS) se consideraban nanoparticulas
sintéticas, no obstante, recientemente se demostré la formacion de estas nanoparticulas en la
naturaleza durante los incendios forestales. Los MWCNTs sintéticos se consideran
nanoparticulas promotoras del crecimiento vegetal; sin embargo, también se han registrado
efectos fitotoxicos. El desarrollo vegetal depende de factores como la via de sefializacion de
TOR (Target of rapamycin), proteina-cinasa clave durante la progresion del ciclo celular y el
desarrollo vegetal; sin embargo, se desconoce si los efectos de los MWCNTS en la promocién
del crecimiento vegetal impactan esta via. Por lo que en este trabajo se evalud el efecto de las
nanoparticulas de MWCNTS de origen natural y sintéticos en el desarrollo de plantas tales como
Eysenhardtia polystachya y Arabidopsis thaliana. Se realiz6 la caracterizacion de los MWCNTSs
tanto de origen natural como sintéticos, asi como carbono amorfo (obtenido del mismo sitio de
colecta que los MWCNTSs naturales) y se evaluaron sus efectos en E. polystachya y A. thaliana
mediante bioensayos dosis-respuesta. Los resultados mostraron que a dosis equivalentes los
MWCNTSs naturales promovieron el desarrollo de E. Polystachya y A. thaliana al inducir la
emergencia temprana de la semilla y el porcentaje de germinacion, el area foliar, la biomasa y
la arquitectura radical. Por el contrario, los MWCNTS sintéticos afectaron el desarrollo de estas
plantas. El efecto de los MWCNTs en la via TOR se analizd en la planta transgénica
AtTOR/torl::uidA y mediante la fosforilacion de la proteina S6K. Se observo que los MWCNTS
naturales incrementaron tanto la expresion de la B-glucuronidasa (GUS) en AtTOR/torl::uidA,
asi como la fosforilacién de la proteina S6K; efecto contrario fue obtenido con los MWCNTSs
sintéticos. Asimismo, se evalud la expresion GUS en la linea AtCycB1;1::uidA un marcador
clave de la divisién celular, observando que los MWCNTS naturales estimularon la expresion
del marcador asociado a CYCB, mientras que los MWCNTSs sintéticos la disminuyeron. Al
adicionar el inhibidor AZD8055 (inhibidor de TOR) se observd una correlacion entre la
induccidn de la division celular y la fosforilacion de la proteina-cinasa TOR. Adicionalmente se
determind el efecto de los MWCNTSs sobre la produccion de auxinas utilizando la planta
transgénica DR5::uidA. Los resultados mostraron que los MWCNTS de origen natural indujeron
la expresion del marcador de respuesta a auxinas DR5::uidA; por el contrario, el inhibidor

AZD8055 no afectd la expresion de GUS, sugiriendo que los MWCNTS naturales estimularon
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la sintesis de auxinas de manera independiente de la actividad de TOR. En contraste, el efecto
de los MWCNTSs sintéticos sobre la actividad auxinica fue dependiente de la proteina-cinasa
TOR. Por otro lado, ambas nanoparticulas de MWCNTS, naturales y sintéticas, modificaron el
balance de fitorreguladores en A. thaliana. Los MWCNTS naturales incrementaron el contenido
de los fitorreguladores IBA, AIA y GA, pero disminuyeron la acumulacion de Kt; mientras que
los MWCNTS sintéticos incrementaron la acumulacion de IBA, GAs, SA; pero disminuyendo
Kt. Los resultados obtenidos indicaron que el efecto estimulador de los MWCNTS naturales
sobre el crecimiento vegetal en A. thaliana involucra la induccion de la actividad de la proteina-
cinasa TOR, a través del incremento en acumulacion de los fitorreguladores principalmente de
la via auxinica; efecto contrario fue observado con los MWCNTSs de origen sintético.

Palabras clave: Nanotubos de carbono naturales; TOR; S6K; fitorreguladores; promocion de

crecimiento vegetal, toxicidad.



ABSTRACT

Multi-walled carbon nanotubes (MWCNT) are considered synthetic nanoparticles, however, the
formation of these nanoparticles in nature was recently demonstrated during wildfires. Synthetic
MWCNTSs are considered plant growth promoting nanoparticles; however, phytotoxic effects have also
been recorded. Plant growth depends on factors such as the signaling pathway of TOR (rapamycin
target), a key protein kinase during cell cycle progression and plant development; however, it is
unknown whether the effects of MWCNTS on plant growth promotion impact this pathway. Therefore,
in this work the effect of nanoparticles of MWCNTSs of natural and synthetic origin on the development
of plants such as Eysenhardtia polystachya and Arabidopsis thaliana was evaluated. Characterization
of both naturally originated and synthetic MWCNTSs, as well as amorphous carbon (obtained from the
same collection site as natural MWCNTSs) was performed and their effects on E. polystachya and A.
thaliana were evaluated using dose-response bioassays. The results obtained shown that at equivalent
doses the MWCNTSs promoted the development of E. Polystachya and A. thaliana by inducing early
seed emergence and germination percentage, leaf area, biomass and root architecture. In contrast,
synthetic MWCNTSs affect the development of these plants. The effect of MWCNTSs on the TOR
pathway was analyzed in the AtTOR/torl::uidA transgenic plant and by phosphorylation of the S6K
protein. Natural MWCNTs showed to increase both p-glucuronidase (GUS) expression in
AtTOR/torl::uidA, as well as phosphorylation of the S6K protein. The opposite effect was obtained
with the synthetic MWCNT. Likewise, GUS expression was evaluated in the line AtCycB1;1::uidA a
key marker of cell division, observing that natural MWCNTS increased the expression of the marker
associated with CYCB, while synthetic MWCNTSs decreased it. By adding the inhibitor AZD8055
(TOR inhibitor), a correlation was detected between the induction of cell division and the
phosphorylation of the TOR protein kinase. Furthermore, the effect of MWCNTS on the production of
auxins was determined using the DR5::uidA transgenic plant. Results indicated that naturally occurring
MWCNTSs induced expression of the DR5::uidA auxin response marker; conversely, the AZD8055
inhibitor did not affect GUS expression, suggesting that natural MWCNTSs stimulated auxin synthesis
independent of TOR activity. In contrast, the effect of synthetic MWCNTSs on auxinic activity was
dependent on the TOR protein kinase. On the other hand, both natural and synthetic MWCNTSs
nanoparticles modified the balance of phytoregulators in A. thaliana. Natural MWCNTS increased the
content of the IBA, AIA and GA phytoregulators, but decreased Kt accumulation; while synthetic
MWCNTSs increased the accumulation of IBA, GA, SA; but decreasing Kt. The results obtained
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indicate the stimulating effect of natural MWCNTSs on plant growth in A. thaliana involves the
introduction of TOR protein kinase activity, via the increase in the accumulation of phytoregulators,

mainly of the auxinic pathway; the opposite effect was observed with MWCNTSs of synthetic origin.

Keywords: Natural carbon nanotubes; TOR; S6K; phytoregulators; plant growth promotion,

toxicity.



1. INTRODUCCION Y ANTECEDENTES
1.1. Nanoparticulas
La nanotecnologia es una ciencia emergente con creciente interés multidisciplinario, ha
revolucionado el desarrollo industrial, tecnoldgico y cientifico [1]; y surge como tecnologia de
vanguardia en la fisica de materiales para la manufactura de polimeros, sensores o produccién de
dispositivos eléctricos y electronicos [2]. El uso de nanomateriales también converge ampliamente
en el estudio en areas ambientales, energias renovables, en la nanomedicina para el desarrollo de
nuevos farmacos [3,4], en la industria cosmética y alimentaria, y en el area vegetal para el desarrollo
de insumos agricolas mas eficientes [5-8]. Una nanoparticula tiene un tamafio en el rango entre 1-
100 nm y una morfologia superficial tipica [9]. De acuerdo a su naturaleza quimica, estas se
clasifican en dos grupos: 1) Nanoparticulas inorganicas como el ZnO, FeO, TiO,, CeO,, SiO,,
In203, Nd203, CoO, C0203,C0304, etc., 0 metales como el Au, Ag, Fe, Pd, Cuy Cd [6,8,10]; y 2)
nanoparticulas organicas o de carbono, como los fullerenos, nanodots, fluorescent carbon dots,
nanohorns, fullerol, 6xido de grafeno, carbon nanohorns, nanocarbon sol, water-soluble carbon
nano-onions y nanotubos de carbono (NTC), (la figura 1 muestra un esquema representativo de la

diversidad de nanoparticulas en la actualidad) [9,11].

Nanoparticulas
organicas

Nanohorns :
I

Nanoparticul
as metalicas - 3 Fulerenos

\, ‘Nanotubos de

arbono~ 4
< Nano-Onion

Figura 1. Esquema general de nanoparticulas segln su naturaleza quimica: metalicas y orgénicas.




1.2.  Los nanotubos de carbono (NTC)

Entre las nanoparticulas de carbono, los fullerenos y los NTC son los mas ampliamente estudiados
al presentar propiedades fisico-quimicas Unicas debido a su tamarfio, estructura quimica y
morfologia [12-14]. Los NTC, son nanoparticulas cilindricas constituidas por una o varias capas
de carbono con un atomo de espesor (grafeno) unidos por enlaces covalentes, densamente
empaquetados en una red cristalina [15]. De acuerdo al nimero de capas de grafeno que los
constituye, los NTC se han clasificado principalmente en SWCNTSs (por sus siglas en inglés, Single-
walled carbon nanotubes) si tienen una sola capa, y MWCNTSs (por sus siglas en inglés, multi-
walled carbon nanotubes) o nanotubos de carbono de pared multiple si contienen varias capas de
grafeno [16] (La figura 2 muestra la estructura tipica de los SWCNTs y MWCNTS).

Nanotubos de carbono de
una pared o de pared
simple (SWCNTs) A)

5-20nm

Grafeno Nanotubos de carbono de

paredes multiples
(MWCNTs)

Figura 2. Estructura de los nanotubos de carbono: A) SWCNTSs (Single-walled carbon naotube) y B)
MWCNTSs (Multi-walled carbon nanotubes).

Los MWCNTSs se componen de varios nanotubos concentricos de pared simple o varias capas de
grafeno, unidas entre si por fuerzas van der Waals [2,13]. Desde el descubrimiento de estas
nanoparticulas por Lijima (1991) [17], los MWCNTs han sido de creciente interés
multidisciplinario. En general, los MWCNTSs poseen didmetros interno y externo con dimensiones

que oscilan entre 5-20nm [18]. Son nanomateriales con alta estabilidad estructural, 50 veces mayor
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que el acero [19]. Son materiales ligeros y presentan alta conductividad eléctrica (comparable al
cobre), por lo que se clasifican dentro del rango de los materiales metalicos o semiconductores [15].
Estas y otras propiedades les confieren multiples usos, especialmente en areas de investigacion de

nanomateriales, ingenieria eléctrica, mecanica, biomédica [20] y en el desarrollo biotecnolégico

para la mejora de los cultivos vegetales [21,22].

1.3. Métodos de sintesis de MWCNTSs
Los métodos mas comunes para la obtencion de MWCNTS es por ablacion con laser, descarga de
arco y la deposicién quimica de vapor (DQV) [23]. La sintesis de MWCNTSs por DQV requiere una
fuente volétil de carbono como el metano, hexano, acetileno, etileno; un catalizador como el Fe,
Ni, Co 0 Mo de forma individual o combinados; y temperaturas > 600°C [24]. Asimismo, para la
sintesis de estos nanomateriales se ha sustituido la fuente de carbono sintético por precursores de
origen biotico, como el aceite de trementina [25], eucalipto, alcanfor o sustratos resinosos ricos en
a-pineno [26], también sustitutos de ferroceno u otros materiales inorganicos de Fe, por
catalizadores naturales disponibles en organismos como el hongo Auricularia auricula-judae y la

semilla de sésamo negro, ambos caracterizados por su alto contenido de este metal [27].

1.3.2. Los MWCNTSs de origen natural
La obtencion de MWCNTSs desde su descubrimiento en 1991 y hasta el 2017, era por métodos
sintéticos. En 2017, Lara-Romero y colaboradores [28] mostraron evidencia fehaciente de la
presencia de MWCNTSs generados de forma espontanea en madera calcinada de especies de pino
resinoso después de los incendios forestales. En dicho estudio, la caracterizacion de estos
nanomateriales se realizd6 mediante un analisis termogravimétrico (TGA) cuantificAndose la
cantidad de MWCNTSs de la madera quemada. El analisis reveld que las muestras de madera de
Pinus oocarpa y Pinus pseudostrobus contenian entre 0.1% y 2.8% (p/p) de estas nanoparticulas
respectivamente. Asimismo, mediante espectroscopia Raman detectaron las bandas caracteristicas
de los MWCNTs. Ademas, por microscopia electronica de transmision de alta resolucion
(HRTEM), observaron que los MWCNTSs encontrados estaban constituidos de ~10 capas de
grafeno, con didmetros interno de ~2.52 nm y diametro externo de ~12-15 nm, y longitudes de
entre 2.5-20 um. Finalmente, por dispersion de rayos X (SDS), detectaron la presencia de Fe, y

sugirieron que podia ser utilizado como un potencial catalizador para la formacion de los nanotubos
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[28]. Dichos hallazgos, generaron interrogantes sobre el posible impacto eco-fisiolgico que los
MWCNTSs naturales pueden presentar en poblaciones autoctonas de ecosistemas forestales después

un incendio forestal.

1.4, MWCNTsYy las plantas

El concepto de Nanoagricultura surgié en la Gltima década, debido a los efectos potenciales
documentados de los MWCNTS sintéticos y otras nanoparticulas en la promocion del crecimiento
de diversas especies vegetales [29,30]. El estudio de estos nanomateriales se ha centrado en el
desarrollo de estrategias innovadoras que mejoren el crecimiento de las plantas de interés agricola
principalmente, para ello, se explora la generacion de sistemas de monitoreo de la calidad
nutricional del suelo-planta y elaboracion de nanofertilizantes para mejorar el desarrollo vegetal
[31-33]; reducir los efectos negativos causados por el estrés ambiental asi como los efectos
perniciosos ocasionados por plagas y enfermedades, esto ultimo mediante la elaboracion de
nanopesticidas [34,35] y en general, utilizar estas nanoparticulas como vehiculos para mejorar el
desarrollo de productos agricolas de liberacion lenta mas eficientes [36,37].

) Efecto de los MWCNTS en la promocidon del crecimiento vegetal
Si bien, los efectos de los MWCNTs de origen sintético en el desarrollo vegetal han sido
ampliamente documentado. La evidencia cientifica sobre el uso de MWCNTS de origen natural, y
sus efectos potenciales en sistemas bioldgicos ha sido escasamente documentada, debido a su
relativo reciente descubrimiento. Resultados obtenidos por Lara-Romero et al.(2017) [28]
demostraron que el uso de MWCNTS sintéticos con caracteristicas estructurales parecidas a las de
los MWCNTSs naturales, en plantas de origen forestal promovieron la emergencia temprana de las
semillas, incrementaron el porcentaje de germinacidn, el crecimiento vegetal en follaje y la raiz, asi
como la biomasa de dichas plantas. En plantas de interés agricola los efectos de los MWCNTS
sintéticos ha sido méas ampliamente explorado [32], se ha atribuido a estas nanoparticulas efectos
positivos en la emergencia temprana de semillas e incrementos en el porcentaje de germinacion,
por ejemplo en Zea mays [38], hibridos de Glycine max, y Hordeum vulgare [31]. Ademas,
mejoraron la elongacion y ramificacion de la raiz en Brassica oleracea, Daucus carota, Cucumis

sativus, Allium [21] y Cicer arietinum [39]. Los MWCNTSs sintéticos en tomate también



incrementaron la absorcion de agua al interior de la semilla y la planta, favoreciendo el porcentaje
de germinacion y emergencia temprana de la radicula, ademas de generar incrementos
significativos en la biomasa total [22]; en un bioensayo independiente, también en tomate, se
reporté que los MWCNTSs generaron un incremento en el nimero de hojas, y se duplico el namero
de flores, frutos y semillas en cada fruto [40].

Existe suficiente evidencia sobre los efectos benéficos que los MWCNTS sintéticos causan en las
plantas, sin embargo, a pesar de que se han propuesto varios mecanismos fisioldgicos y
moleculares, ain no es claro como dichos nanomateriales participan en el desarrollo vegetal. Hasta
ahora, la emergencia temprana de la radicula y los incrementos del porcentaje de germinacion de
las semillas, se han asociado a la formacion de nuevos poros que los MWCNTSs causan en la testa
de la semillas al penetrarlas, incrementando la captacion de agua [35,39]; esta mayor absorcion de
agua hacia las semillas y hacia las plantas en general, también se asocian a una mayor expresion de
genes reguladores de acuaporinas [32]. Durante otros estadios de desarrollo fisioldgico de las
plantas, se ha reportado que los MWCNTs promueven la elongacion celular en el xilema y el
floema, lo que facilita el transporte de agua y nutrientes [41,42]. Asimismo, se reportaron
incrementos significativos en el contenido de clorofila y mayor actividad fotosintética [42].
Ademas, se ha reportado una mayor expresiéon de CYCB, marcador clave en la progresion de la
mitosis [43].

Los efectos de los MWCNTSs en general se ven reflejados en la formacion de un sistema radical
mas extenso y didmetros mayores en el xilema, lo que mejora el desarrollo y biomasa de estas
plantas [41,42]. En la Gltima década, ademas, se report6 que los MWCNTSs afectan el metabolismo
secundario de las plantas, por ejemplo en tomate, se reporté un aumento en la expresion de genes
que participan en la regulacion de su metabolismo secundario [44]. Como otro ejemplo, en S.
Khuzestanica la adicion de MWCNTS sintéticos favorecieron la sintesis de compuestos fendlicos,
flavonoides, acido rosmarico y acido cafeico [45]. En Hibiscus sabdariffa L. también se reportd

que estas nanoparticulas modificaron el balance de metabolitos secundarios [44]. (La figura 3




muestra algunos de los efectos positivos atribuidos a la adicion de MWCNTSs de origen sintético en

el desarrollo vegetal)
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Figura 3. Efectos positivos atribuidos a los MWCNTSs de origen sintético en el desarrollo vegetal

. Efecto fitotoxico de los MWCNTSs
Si bien se han reportado ampliamente los efectos benéficos de los MWCNTS en las plantas, también
existe evidencia suficiente en la cual estas nanoparticulas tienen efectos toxicos en varias especies
vegetales [1,29]. Estos efectos contrastantes se han asociado con las propiedades intrinsecas de las
nanoparticulas, especialmente su forma, dimensiones, conductividad eléctrica, estabilidad y su
limitada solubilidad [46], asi como a la dosis aplicada de nanoparticulas y las caracteristicas de cada
modelo bioldgico utilizado [47]. Por ejemplo, en plantas como Cucurbita pepo (calabacin), la
adicion de MWCNTSs sintéticos afectaron la germinacion de las semillas y su biomasa en un sistema
hidroponico [48]; en un bioensayo independiente en esta misma planta, también se reportd una

reduccion en el porcentaje de germinacion, en la longitud de la raiz y en los brotes, la acumulacion
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de biomasa y el vigor de la planta [49]. En Lactuca sativa L., los MWCNTSs inhibieron la
germinacion y limitaron el crecimiento y la biomasa vegetal al inducir la muerte celular [50]. De
manera similar, el uso de SWCNTSs en plantas de tomate y espinacas, afectaron la elongacion radical
de ambas plantas [21]. Mientras que en especies de interés agrondmico como en Lactuca sativa
[50], Amaranthus tricolor L. y Cucumis sativus [51] también se han reportado efectos fitotoxicos
por estos nanomateriales sintéticos.

Los mecanismos relacionados con la fitotoxicidad de los MWCNTSs sintéticos en las plantas no se
han dilucidado en detalle; sin embargo, se han reportado un aumento en el estrés oxidativo vegetal
generado por una sobreproduccion y acumulacién de especies reactivas de oxigeno (ROS), dafio a
la membrana celular [49,52] y la alteracion de la actividad de enzimas como la superdxido
dismutasa, catalasa y peroxidasa [49] cuando los MWCNTSs estan en contacto con los organelos en
la célula vegetal [53], colateralmente la proliferacion celular se ve afectada y causan la muerte
celular [54]. Sin embargo, es de gran importancia profundizar en los posibles efectos negativos de
los MWCNTSs en las plantas, ya que estas nanoparticulas se han localizado en frutos y tejidos
vegetales de gran importancia alimentaria y comercial [51]. La figura 4, muestra un esquema
general de los efectos contrastantes causados por los MWCNTS de origen sintético y natural en el

desarrollo vegetal.
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Figura 4. Efectos de los MWCNTS de origen sintético y natural en plantas
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Crecimiento vegetal
Las plantas son eucariontes fotoautotrofos sésiles, que durante su crecimiento y desarrollo en
condiciones naturales, son afectados positiva o negativamente por factores bi6ticos como las
interacciones microbianas, insectos y nematodos [55], y abiéticos, principalmente la temperatura,
intensidad de la luz o la disponibilidad de agua, minerales esenciales y la homeostasis de
fitorreguladores [56,57].

1.5. Laviade sefializacion TOR

En las plantas superiores, la via de sefializacion de la proteina blanco de la rapamicina TOR (por su
nombre en inglés, Target of rapamycin), juega un papel clave durante la progresion del ciclo celular
y durante todas las etapas fisiologicas del desarrollo vegetal, al integrar sefiales que regulan la
asimilacion de nutrientes, energia, respuesta al estrés biotico o abiotico y fitorreguladores [58].

La proteina TOR es una ser/thr cinasa (approx. 280 kDa) de la familia de la fosfatidil inositol-3-
cinasa (PI3K), es una proteina evolutivamente estructural y funcionalmente conservada en
eucariontes [59] y constituye el componente central del complejo TOR. Dos genes TOR se han
identificado en levaduras y otros organismos, sin embargo, a la fecha en plantas como A. thaliana
solamente un gen se ha reportado [59], dando origen al complejo multiprotéico TORC1 [60]. En
plantas, en las reacciones del complejo TORC1 “rio abajo”, se han identificado diferentes proteinas
blanco, entre ellas la cinasa de la proteina ribosémica S6 (S6K), el factor de transcripcion E2Fa y
TAP46, una subunidad reguladora de la proteina fosfatasa tipo 2A (PP2A), que participa en regular
el crecimiento de las plantas y la autofagia [61]. Este complejo multiprotéico esta constituido por
las proteinas TOR, Regulatory Associated Protein of TOR (RAPTOR) y Lethal with SEC13 protein
8 (LST8) [62], donde RAPTOR juega un papel clave en la regulacion de la S6K ya que se une
directamente con ella, por lo que actla como un andamio para facilitar la union de otras proteinas
a TOR. S6K puede recibir la sefial directa de TOR [63], mientras que la LST8 estabiliza el complejo
[61,64]. TORC1 en plantas esta regulado por la disponibilidad de nutrientes, la cantidad de luz, la
captacion de CO., la concentracion de fotosintatos como la glucosa y sacarosa, o la presencia de
NOs". De acuerdo con Shi et al., (2018), TORC1 en plantas regula la proliferacion y elongacion
celular, la embriogénesis, el desarrollo de cloroplastos, la senescencia, la floracién, la proliferacién
celular en meristemos y la formacion de pelos radicales (Figuras 5 y 6). Asimismo, participa en la

regulacion de la embriogénesis ribosomal, la reprogramacion transcripcional de genes que regulan
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el metabolismo central y secundario, en la respuesta vegetal al estrés [65] y en la defensa contra
patdgenos [60].
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Figura 5. Factores que regulan la via de sefializacion TOR y su efecto en procesos bioquimicos durante el
desarrollo vegetal.
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Figura 6. Rol de la via de sefializacion TOR en el desarrollo vegetal [66]
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. La Proteina S6k
El complejo TOR regula el crecimiento de las plantas a través de la fosforilacion de proteinas
ubicadas rio abajo, como la cinasa de la proteina ribosomal S6 (S6K), de la familia de ser/thr de 70
kDa [67]. Presenta las isoforma citosolica p70 S6K1 y nuclear p85 S6K1 [68] y su actividad es
modulada en respuesta a factores de crecimiento, homeostasis de citocininas o nutrientes [69]; esta
involucrada en regular el tamafio celular y homeostasis de la glucosa. Se ha reportado que la
sobreexpresion de S6K genera aumentos en el tamafio celular [70] y estimula la sintesis de proteinas
[71]. Esta cinasa a su vez fosforila elF3h para mantener la traduccion a través de uUORF en polisomas
[72], por lo que se deduce que esta via TOR representa un punto de convergencia de las vias de
nutrientes, energia y auxinas para regular el crecimiento [73]. Las auxinas son un regulador positivo
de la division celular que activa y promueve la carga de TOR en los polisomas, TOR activo fosforila

S6K1, e inicia una cascada de sefializacion que facilita la reiniciacion de la traduccion [72].

. La via de sefializacion de TOR y su relacion con los fitorreguladores.

El complejo TOR también es dependiente de la homeostasis de fitorreguladores como las auxinas
y las citocininas [60,67] principalmente, fitorreguladores clave en la progresion del ciclo celular, la
actividad meristematica, la organizacion de la arquitectura de la raiz y el dominio apical, asi como
la organogeénesis vegetal [74-76]. Se ha documentado que las auxinas estimulan la actividad de
TOR e inducen la reiniciacion de la traduccion de ARNm a través de S6K1, mientras que la
deficiencia en la sefializacién de TOR deteriorada el gravitropismo de raiz mediado por auxinas
[72]. Ademaés, Yunting et al., (2017) sugieren que las auxinas interactian con moléculas de
respuesta al estrés en las plantas a través de la regulacion de la actividad de TOR [61].
Recientemente, se ha reportado que TOR desempefia un papel antagonico con fitorreguladores
como el &cido jasmonico y el acido salicilico [65,77,78].

El siguiente esqguema muestra un modelo propuesto de la via de sefializacion de TOR vy la
contribucion de los MWCNTSs como mecanismo de regulacion del desarrollo en las plantas (figura
6).
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1.6. Fitorreguladores
Son metabolitos de origen sintético o enddgeno que controlan el desarrollo vegetal, dependiente de
procesos fisiolégicos, morfoldgicos y/o de desarrollo y defensa vegetal [79]. El balance de estos
fitorreguladores coordina el crecimiento y organogénesis vegetal, desde la embriogénesis hasta la
senescencia al controlar la actividad meristematica mediante la divisién celular, tanto en los apices
de los brotes como en las raices [80-82]. Los principales fitorreguladores hasta ahora reportados
son las auxinas, las citocininas, las giberelinas, el acido abciscico, los brasinoesteroides, el etileno,

el jasmonato y las estrigolactonas [80].

o Auxinas
La via de sefializacion de auxinas contribuye a la regulacion del crecimiento y desarrollo durante
todo su ciclo bioldgico de las plantas, participa en la formacion embrionaria del eje apical-basal, el
desarrollo vascular, la organogénesis postembrionaria, el desarrollo del fruto, la respuesta al estres,
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la senescencia y el dominio apical [83-85]. Las auxinas, son un grupo de moléculas
estructuralmente heterogéneas entre si [86], incluyen compuestos naturales como el &cido indol-3-
acetico (AlA), acido-indol-3-butirico (IBA, por sus siglas en ingles), 4-cloro-indol-acético (4-ClI-
IAA) [87], acido fenilacético o sintéticos como acido-1-naftalenacético y 4acido-2,4-
diclorofenoxiacetico [88]. EI AlA, fue la primera auxina reportada (1930s), esta a la fecha es
considerada la auxina enddgena mas activa en las plantas superiores [89] y juega un papel central
en la progresion del desarrollo vegetal y a respuestas ambientales, como el gravitropismo, el
fototropismo y el desarrollo de la plasticidad radical[90]. La sintesis de AIA, se origina
principalmente en hojas jovenes, sin embargo, se ha documentado que en plantulas de Arabidopsis
este fitorregulador se sintetiza practicamente en todos los tejidos. La sintesis de auxinas puede ser
por vias dependiente o independiente del triptéfano, uno de los precursores mas importantes [91].
La sintesis y actividad auxinica es dependiente de un gradiente de concentracién en los tejidos
vegetales, de su transporte y de su conjugacion con aminodcidos, péptidos o azlcares y su
catabolismo [92].

El IBA, es otra de las auxinas enddgenas en plantas, es considerado una forma mas estable de
almacenamiento y un precursor del AlA, en plantulas de Arabidopsis se ha reportado que este
fitorregulador constituye hasta 25-30% del total de las auxinas presentes [93]. En maiz, la sintesis
de IBA fue detectado en raices, en el coledptilo y hojas [94]. El IBA, participa en procesos de
iniciacion de la raiz, la curvatura del tallo, la epinastia de la hoja, en el alargamiento de los pelos
radiculares, en la expansion de las células de cotiledon, en la regulacion del tamafio del meristemo

apical radical, en el desarrollo de raices laterales y la formacion de raices adventicias [92,95,96].

. Citocininas
Las citocininas, “se definen como sustancias que inducen la citocinesis en presencia de auxina”[97].
Son fitorreguladores derivados de la adenina, sustituidos en su posicién N6 con una cadena lateral
isoprenoide o aromatica [98]. Estructuralmente en plantas superiores, las principales citocininas
isoprenoides enddgenas son la N6-(A2-isopentenil)- adenina, zinetina, zeatina (méas abundante
citocinina en plantas) y la dihidrozeatina, esta ultima puede orientarse en una configuracion trans o
Cis que representa trans-zeatina o cis-zeatina, respectivamente [99]. Las citocininas, en interaccion
con otros fitorreguladores intervienen durante todo el desarrollo vegetal, por ejemplo, controlan la

division y el ciclo celular, la organogénesis, latencia y la germinacién de las semillas, la
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el
senescencia, la liberacion de brotes del dominio apical, la estimulacion de la expansion de las hojas,
la promocion de la germinacion de semillas y en la formacion de cloroplastos [100-102]. Se
considera gque regulan positivamente el meristemo apical en tallos a través de la estimulacion de la
division celular y negativamente el meristemo apical de la raiz a través de la promocion de la
diferenciacion celular [101]. Los niveles de citocininas activas se modulan mediante la conjugacion
con azlcares como la glucosa, o mediante la degradacion irreversible por las citocininas
oxidasas/deshidrogenasa. Estas se sintetizan en diversos tipos de células tanto en raices como en
los brotes en el tallo [100,103]. Su transporte es desde la raiz a los brotes a través del xilema, y de
los brotes a la raiz a través del floema [97,104]. De acuerdo a la literatura, las auxinas y citocininas
juegan un papel antagdnico entre si durante el desarrollo vegetal, y el balance de estas fitohormonas
es critico para asegurar el crecimiento y desarrollo vegetal en general, al regular el tamafio y
actividad meristematica, la elongacion y diferenciacion celular, la arquitectura de la raiz y la

dominancia apical, asi como la organogénesis vegetal [74-76].

o Giberelinas (GAS)

Son &cidos carboxilicos diterpenoides tetraciclicos que en interaccion con fitorreguladores como
las auxinas [105], el &cido abscisico (ABA) [106], el etileno[107], los epibrazinoides [108] o el
jasmonato [109,110] regulan procesos fisioldgicos importantes del desarrollo vegetal, como la
dormancia y germinacion de las semillas, el alargamiento de brotes y la transicion floral [111], la
expansion de las hojas, en la maduracién y crecimiento de los frutos [107]. Asimismo, estas regulan
la fertilidad vegetal, al permitir el alargamiento y desarrollo del estambre, la liberacion,
germinacion y el crecimiento del tubo de polen [112].

A la fecha, se han reportado mas de 130 tipos de giberelinas en plantas, hongos y bacterias [113],
sin embargo, pocas son biol6gicamente activas en plantas superiores [111], por ejemplo GA1, GA3,
GA4 y GAT7, de estas, GA1l y GA4 tienen una abundancia relativamente alta, mientras que GA3 y
GAY son menos abundantes en diversas especies vegetales [114]. Entre las giberelinas, la GA3 o
acido giberélico, es la mas conocida, es una fitohormona enddgena en plantas superiores, aunque
para su uso comercial, esta giberelina se obtiene del hongo Fusarium fujikuroi. Los niveles méas
altos de giberelinas se han detectado en 6rganos en crecimiento, por ejemplo, en hojas y entrenudos
en expansion, yemas apicales y zarcillos [115]. En semillas en desarrollo se han detectado niveles

muy altos y heterogéneos de giberelinas, la mayoria de estructuras de esta fitohormona se
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identificaron a partir de semillas inmaduras, mientras que en semillas cerca de la madurez se
detectaron altos niveles de GAs con actividad inactivadora, asegurando una regulacion correcta del

proceso de germinacion [112].

. Acido jasmonico (JA)

Citando las palabras de John Browse: “Para muchas personas, el aroma de las flores de jazmin es
un seductor perfume exotico, para las plantas, es un saxoféon estridente que hace sonar una
advertencia de un enemigo en puerta, o la mas melodiosa orquesta durante la madurez sexual de las
plantas”. El metil jasmonato, es el componente principal del aroma de jazmin, este fitorregulador
ayuda a regular diversos procesos fisiologicos de las plantas, en respuesta al estrés y su desarrollo
[116]. Pertenece quimicamente a las oxilipinas, su sintesis se deriva de la peroxidacion del acido
linolénico y otros acidos grasos poliinsaturados de la membrana celular [116,117]. EI metil
jasmonato asi como el &cido jasmonico, participa en procesos clave del desarrollo vegetal: la
senescencia, la maduracion de frutos, el desarrollo de polen viable y el crecimiento radical [118].
Ademas, juega un papel clave durante la respuesta al estrés bidtico (causado por insectos y
microorganismos patdgenos), y abidtico como dafios mecénicos, deficit hidrico y la radiacion UV
[116]. El nivel de &cido jasmonico en las plantas es dependientes del tipo de tejido vegetal, su etapa
fisioldgica de desarrollo y estimulos ambientales. Los niveles mas altos de este fitorregulador se
han detectado en el hipocétilo, en la zona de division celular y plantulas mas jovenes; también en
flores y tejidos de pericarpio de estructuras reproductivas en desarrollo [118], este fitorregulador es
clave en la sefializacién para atraccion de polinizadores, la sintesis de proteinas de defensa y otras
sustancias quimicas que protegen a los tejidos reproductivos contra el ataque de insectos y
patégenos [116]. El acido jasmdnico se acumula en zonas con heridas causadas por patégenos o
dafio mecénico [116], también en células con cloroplastos, donde se puede almacenar a medida que
se sintetiza, este es catabolizado para formar al metil jasmonato, sus conjugados y catabolitos con
actividad biolégica [119].

. Acido abscisico (ABA)
Histéricamente, este fitorregulador ha sido considerado un inhibidor del crecimiento vegetal [120],
es un sesquiterpeno (CisH2004)[121] con un C-1' quiral activo [121], en interaccion con otros
fitorreguladores el ABA desempefia un rol clave durante la formacion de la semilla (almacén de
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almidon de reserva, prevencion de germinacion en etapas tempranas, tolerancia a la desecacion) e
induccién de la dormancia [122]; en tallo retarda su desarrollo pero promueve positivamente el
desarrollo de hojas y raices [123,124], causa la represion de la actividad del meristemo del brote
[125], ademas regula el tamario y cierre de los estomas [124]. Asimismo, participa en la iniciacion
de raices laterales [126], y en la maduracion embrionaria, la induccion floral y es uno de los
fitorreguladores méas importantes en respuesta al estrés hidrico, la salinidad, el frio, la redicion UV
o por fitopatdgenos [123]. En Arabidopsis, la acumulacion de ABA se ha detectado principalmente

en la endodermis y centro quiescente de la raiz [120,127].

. Acido salicilico (SA)
El &cido 2-hydroxybenzoico o &cido salicilico, es un compuesto fenélico (un anillo aromético unido
a un grupo funcional hidroxilo) presente naturalmente en las plantas, y ha sido de gran importancia
farmacoldgica durante miles de afios para la salud humana [128]. El uso del SA se remonta a mucho
antes de que los salicilatos fueran quimicamente identificados [129,130]. La primera evidencia
documentada hasta ahora sobre el uso del SA con fines analgésicos fue de un analisis de restos de
corteza de alamo obtenidos de la placa dental de fésiles de Neandertales de la cueva El Sidrén, lo
que sugirié que estos individuos masticaban esta planta para aliviar el dolor causado por los
abscesos dentales [131]. En cultivos vegetales, el SA es un fitorregulador enddgeno que juega un
papel clave en respuesta a la resistencia contra patdgenos biotréficos y hemibiotréficos [132] , y
contra necrotroficos en interaccion con el JA y etileno [117,133]. Asimismo, este mitiga el estrés
abidtico como el causado por presencia de metales como el cadmio [134], participa en la
termorregulacion [129] y contrarresta el efecto negativo de altas concentraciones de NaCl [135].
Ademas, participa en procesos fisiolégicos importantes, por ejemplo, la germinacion de semillas
[135,136], la regulacion de la expresion génica durante la senescencia [137,138], la induccién de la
floracion [139], el crecimiento celular, la apertura de los estomas, la respiracion [140], y en

leguminosas interviene en el proceso de nodulacién [128].
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2. JUSTIFICACION
A la fecha, los MWCNTSs han sido considerados nanoparticulas sintéticas que afectan positiva o
negativamente el desarrollo vegetal. Un estudio reciente demostrd que estas nanoparticulas también
se producen en la naturaleza durante los incendios forestales. Dichos hallazgos, generaron
interrogantes sobre el impacto eco-fisiolégico que los MWCNTSs naturales desempefian en estos
ambientes y en sus poblaciones autdctonas; sin embargo, se desconoce el impacto de estos
nanomateriales en los sistemas bioldgicos subyacente a los efectos de los MWCNTS naturales y
sintéticos en las plantas. Se han propuestos diversos mecanismos fisiologicos y moleculares para
explicar los efectos de estos nanomateriales sobre el crecimiento vegetal, sin embargo, no se ha
explorado los efectos de estas nanoparticulas en la via de sefializacion a nivel molecular, ni se han
contrastado los efectos de estos sobre vias celulares de sefializacion involucradas en crecimiento
vegetal como lo es la via TOR. A pesar de que TOR es una via que desempefia un papel critico
durante la progresion del ciclo celular y durante el desarrollo vegetal al integrar sefiales que regulan
la asimilacion de nutrientes, energia, respuesta al estrés y homeostasis de fitorreguladores. Por lo
que en este trabajo nos planteamos comparar los efectos de los MWCNTS naturales y sintéticos en
la promocidn del crecimiento vegetal y su relacion con la via de sefializacion TOR y la acumulacion

de fitorreguladores utilizando como modelo de estudio las plantas de E. polystachya y A. thaliana.
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3. HIPOTESIS

Los MWCNTSs naturales y sintéticos promueven el crecimiento y desarrollo vegetal a través de la

via de sefalizacion dependiente de la proteina-cinasa TOR.

4. OBJETIVOS

4.1. OBJETIVO GENERAL
Evaluar el efecto de los MWCNTSs naturales y sintéticos en el desarrollo y crecimiento de
Eysenhardtia polystachya y Arabidopsis thaliana, asi como analizar la participacion de la via de
sefializacion de la proteina-cinasa TOR.

42. OBJETIVOS PARTICULARES

. Caracterizar la estructura de los MWCNTSs sintéticos y los naturales obtenidos de P.
oocarpa de muestras carbonizadas durante los incendios forestales.

. Evaluar los efectos de los MWCNTSs sintéticos y naturales sobre variables
morfofisioldgicas de E. polystachya y A. thaliana.

. Evaluar los efectos de MWCNTS sintéticos y naturales sobre la induccién de la via

de sefializacion del complejo TOR en A. thaliana y su efecto en el balance de fitorreguladores.
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S. ESTRATEGIA EXPERIMENTAL

Fase |: Preparacion y caracterizacion de materiales

1. Obtencion de MWCNTSs naturales y carbono amorfo

2. Caracterizacion de MWCNTSs de origen natural y sintético

3. Cuantificacion de MWCNTSs naturales

Actividades

1. Colecta de muestras de P. oocarpa y P. montezumae carbonizadas durante un

incendio forestal.

2. Analisis comparativo de las muestras de MWCNTS naturales, sintéticos y carbono
amorfo mediante espectroscopia Raman, microscopia FTIR, EDS.

3. Cuantificar MWCNTs naturales y descartar presencia de material cristalino
mediante TGA.

Fase 11 Efecto del carbono amorfo, MWCNTS naturales y sintéticos en E. polystachya

1. Establecimiento de bioensayo dosis respuesta de E. Polystachya con carbono
amorfo, MWCNTS naturales o MWCNTS sintéticos en casa sombra.

2. Evaluacion de germinacion, supervivencia, evaluacion de variables morfométricas

(follaje- arquitectura radical) y biomasa.

Fase Il11: Establecimiento de bioensayo dosis respuesta de A. thaliana con carbono
amorfo, MWCNTSs naturales o MWCNTSs sintéticos in vitro
1. Anadlisis de los efectos de los MWCNTS en la germinacién, variables morfométricas

(follaje- arquitectura radical) y biomasa en bioensayos dosis-respuesta.

2. Anélisis del efecto de MWCNTSs naturales 0 MWCNTS sintéticos en la via de
sefializacion TOR.

3. Anélisis del efecto de MWCNTSs naturales o MWCNTSs sintéticos en la abundancia
de fitorreguladores.

4. Anadlisis del efecto de MWCNTSs naturales 0 MWCNTS sintéticos en la interaccion

de la via de sefializacién TOR- fitorreguladores.
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6. DIAGRAMA GENERAL
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1. RESULTADOS
Los resultados obtenidos durante el desarrollo de este trabajo se presentan en los siguientes
capitulos:

Capitulo 1. Multi-walled carbon nanotubes produced after forest fires improve germination
and development of Eysenhardtia polystachya. PeerJ https://doi.org/10.7717/peer].8634.
En este capitulo, aportamos el primer reporte sobre los efectos de los MWCNTS de origen natural

sobre el desarrollo vegetal, los comparamos con los efectos de MWCNTS sintéticos y también con
los generados por carbono amorfo obtenido del mismo sitio de colecta que los MWCNTS de origen
natural. Se utiliz6 como modelo de estudio E. polystachya, debido a que es una leguminosa

arbustiva de interés forestal en México, sometida con frecuencia a disturbios por incendios.

Capitulo 2. Natural multi-walled carbon nanotubes produced after forest fires improved seed
germination and plant growth in Arabidopsis thaliana through activating the TOR signaling
pathway.

En nuestro grupo de investigacion recientemente se demostré que los MWCNTS de origen natural

pueden ser nanoparticulas promotoras del crecimiento vegetal en plantas como E. polystachya,
aunque se desconocen los mecanismos fisiol6gicos y moleculares que participan en la promocion
del crecimiento vegetal, o si estos mecanismos son similares a los reportados con el uso de
MWCNTSs de sintesis quimica. En este capitulo aportamos la primera evidencia de que los efectos
positivos de los MWCNTSs naturales en el desarrollo de A. thaliana involucran como mecanismo
de promocion vegetal la estimulacion de la via de sefializacion de la proteina-cinasa TOR y balance

de fitorreguladores.

Capitulo 3. Synthetic multi-walled carbon nanotubes in Arabidopsis thaliana affected the
plant growth through the repression of the TOR signaling pathway.
Los MWCNTSs se han considerado nanoparticulas con aplicaciones potenciales en la agricultura al

promover el crecimiento vegetal. Sin embargo, también se han documentado sus efectos fitotdxicos,
y se busca elucidar los mecanismos fisiolégicos o moleculares involucrados. En este capitulo
aportamos evidencia de que los efectos negativos de los MWCNTS sintéeticos en el desarrollo de A.
thaliana involucran a la via de sefializacion de TOR vy el balance de fitorreguladores en esta planta

usada como modelo de estudio.
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CAPITULO 1.

Multi-walled carbon nanotubes produced after forest fires improve germination and
development of Eysenhardtia polystachya
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ABSTRACT

Background. Multi-walled carbon nanotubes (MWCNTSs) are nanoparticles with
countless applications. MWCNTSs are typically of synthetic origin. However, recently,
the formation of MWCNTs in nature after forest fires has been documented.
Previous reports have demonstrated the positive effects of synthetic MWCNTSs on
the germination and development of species of agronomic interest; nevertheless,
there is practically no information on how synthetic or natural MWCNTSs affect
forest plant development. In this report, based on insights from dose-response assays,
we elucidate the comparative effects of synthetic MWCNTs, amorphous carbon,
and natural MWCNTSs obtained after a forest fire on Eysenhardtia polystachya plant.
Methods. E. polystachya seeds were sown in peat moss-agrolite substrate and conserved
in a shade house. Germination was recorded daily up to 17 days after sowing, and plant
development (manifested in shoot and root length, stem diameter, foliar area, and root
architecture parameters) was recorded 60 days after sowing.

Results. The treatments with natural MWCNTs accelerated the emergence and
improved the germination of this plant, thus while untreated seeds achieve 100% of
germination within 16th day, seeds supplemented with natural MWCNTSs at doses of

20 pg/mL achieve the above percentage within the 4th day. Natural MWCNTSs also
promoted fresh and dry biomass in all applied treatments, especially at doses of 40
pg/mL where natural MWCNTSs significantly promoted leaf number, root growth, and
the dry and fresh weights of shoots and roots of seedlings. Seeds supplemented with
doses between 20 and 40 pug/mL of amorphous carbon achieving 100% of germination
within the 6th day; however, seeds supplemented either with doses of 60 ug/mL of the
above carbon or with synthetic MWCNTSs at all the tested concentrations could achieve
at most 80 % and 70% of germination respectively within the 17 days. Finally, neither
treatments added with amorphous carbon nor those added with synthetic MWCNTs,
showed significant increases in the fresh and dry biomass of the tested plant. Likewise,
the survival of seedlings was reduced between 10 and 20 % with 40 and 60 pug/mL of
amorphous carbon, and with synthetic MWCNTSs in all the doses applied was reduced
at 30% of survival plants.

Conclusions. These findings indicate that MWCNTSs produced by wildfire act as plant
growth promoters, contributing to the germination and development of adapted to
fire-prone conditions species such as E. polystachya.
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INTRODUCTION

Multi-walled carbon nanotubes (MWCNTS) are nanoparticles with unique physico-
chemical properties that have recently been the focus of scientific, commercial, and
biotechnological interest (De Volder et al., 2013; Zhu et al., 2013). In the last two
decades, the applications of MWCNTS in different plant species of agronomic interest
have been explored. The results documented so far show that MWCNTSs promote plant
growth. The capacity of MWCNTS to promote early emergence of seeds and increase
the percentage of germination has been demonstrated in corn (Tiwari et al., 2014),
soybean, barley, and corn hybrids (Lahiani etal., 2013). It has also been reported that
synthetic MWCNTSs promote elongation and root branching in Brassica oleracea,
Daucus carota, Cucumis sativus, Allium sp. (Canas et al., 2008), and Cicer arietinum
(Tripathi, Sonkar & Sarkar, 2011). However, the phytotoxic effects of MWCNTS
have also been reported in several plant species (\ithanage etal., 2017). For example,
in lettuce (Lactuca sativa L.) (lkhtiari etal., 2013), MWCNTS inhibited germination,
and limited growth and biomass by inducing cell death. Similarly, in tomato and
spinach, single-walled carbon nanotubes (SWCNTS) were shown to inhibit radical
elongation (Cafias et al., 2008), while in Cucurbita pepo L., exposure to MWCNTS
significantly decreased the germination percentage, root and shoot length, and biomass
accumulation (Hatami, 2017). Contrasting effects of these nanoparticles have been
associated with intrinsic characteristics, such as their shape, dimensions, electrical
conductivity, stability, and limited solubility (Scown, VVan Aerle & Tyler, 2010), as
well as the concentration of nanoparticles and the plant species used as the test model
(Jackson et al., 2013). To date, MWCNTSs have been considered to be synthetic
nanoparticles (Liu et al., 2014), obtained principally by arc-discharge, laser ablation,
and chemical vapor deposition methods (Zaytseva & Neumann, 2016). However,
Lara-Romero et al. (2017) demonstrated the presence of MWCNTSs with ~10 layers of
graphene in the calcined wood of resinous pine species after forest fire events.
Furthermore, the authors performed a thermogravimetric analysis (TGA) to
determinate the amount of MWCNTSs in the burned wood. The analysis revealed that
the wood samples of Pinus oocarpa contained ~2.8% (w/w) of these nanomaterials.
These findings raise questions about the eco-physiological impacts of natural
MWCNTs on the plant populations of these ecosystems. There is practically no
information about the effects of MWOCNTs on indigenous plant populations;
nevertheless, these nanoparticles may play a significant role in the growth and
development of such plant species.

Eysenhardtia polystachya is a leguminous shrub, characteristic of pine forests in
Mexico subjected to fire disturbance. Owing to it is rapid growth and abundant seed
production, it is an interesting candidate to test the effects of MWCNTS. The objective
of this study was to evaluate and compare the effects of amorphous carbon and
MWCNTs of natural and synthetic origin on the germination and morphological
seedling variables of E. polystachya.
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MATERIALS & METHODS

MWCNTs and amorphous carbon specifications

Synthetic MWCNTSs used in this study had an outer diameter of 6-13 nm, the
internal diameter of 2.0-4.0 nm, length of 2.5-20 um, an average wall thickness of 7—
13 graphene layers, and purity >98% (Aldrich). Natural MWCNTSs were obtained
from carbonized P. oocarpa wood samples collected six weeks after a forest fire in
Huashan mountain in Nahuatzen Michoacan, Mexico, as described by Lara-Romero
etal. (2017). The samples were first sieved using a 0.2-micron mesh to homogenize

the particle size, and then calcined at 620 °C for three hours to mineralize up to 98%
of organic matter from amorphous sources (amorphous carbon). Non-crystalline
carbon samples from Pinus montezumae (rich in amorphous carbon) were also
collected from the same site and at the same time, as mentioned previously.

Nanomaterial solutions were prepared by adding natural MWCNTS, synthetic
MWCNTSs, and amorphous carbon individually to sterile distilled water. For each
nanomaterial, solutions with three different concentrations: 20, 40, and 60 pg/mL
were prepared. These solutions were sonicated to facilitate the carbon material
dispersion, 60 min before the seed treatments. The above concentrations were chosen
in the range of 10-60 pg/mL, based on previous studies Lara-Romero et al. (2017),
that used synthetic MWCNTSs (with structural features similar to those found in the
natural samples) to evaluate growth and development E. polystachya.

Seed germination and plant growth

Seeds of E. polystachya were collected from Cerro del Punhuato, Michoacan,
Mexico. Seeds were disinfected with 10% (v/v) H,O, for 20 min in Brandson 5510
sonicator. Subsequently, each seed was planted in a polypropylene container with
peat moss (PREMIER)-agrolite substrate (1:2) that had been previously sterilized
(Gomez-Romero et al., 2013). A total of 1.0 mL of the suspension containing the
carbon materials at the prepared concentrations were then added to the seeds. The
experiments were performed using a completely randomized experimental design.
Treatments consisted in: (1) natural MWCNTS, (I1) synthetic MWCNTS, and (111)
amorphous carbon, each with three different levels (concentration: 20, 40, 60 pg/mL),
replicated eight times in polypropylene containers each with one seed. Treatments were
compared with the control (concentration: 0 pg/mL of carbon source supplemented)
with the same number of seeded polypropylene container replicates.

The seeded containers were then placed in a shade house, and watered three times a
week, maintaining field capacity during the experiment.

Treatments were evaluated at 18 different time intervals; germination was recorded daily
up to 17 days after sowing, and plant development was recorded at the end of the trial,
i.e., 60 days after sowing. To record its development, plants were removed from the
containers, and the roots were washed with running water to remove the adhering
substrate residues. The percentage of survival was registered, after which the plants
were cut from the base of the stem, and shoot and root length, stem diameter, and foliar
area were measured.

Variables of root architecture, such as primary root length, lateral roots, tertiary roots,
and root volume, were also recorded using the WinRHIZO software coupled to an
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EPSON Expression 11000XL scanner (Régent Instruments Inc., Québec, CA).
Finally, the shoot and the root were weighed separately, then placed in paper bags and
allowed to dry at room temperature before being weighed again to obtain the dry

weight.

Statistical analysis
Germination cumulated data, available for 17 days, were analyzed using a generalized
linear model (GLM) with a binomial distribution and Cox analysis, to determine the
behavior of the germination curves between treatments over time.

Growth data were analyzed using one-way ANOVA, and the means were compared
using Tukey’s tests with P < 0.05, in GraphPad software. The analyses were
performed using eight repetitions to balance out the effect of non-germinated seeds.

RESULTS

Seed germination and survival of E. polystachya

Natural MWCNTS accelerated the germination of this legume; at the end of the
germination test, Cox’s proportional hazards test indicated that the germination rates
during the test period were significantly different (X 2 = 17.04, P = 0.01). E.
polystachya seeds exposed to different carbon sources showed different germination
rates. Three days after sowing, 60-90% germination was recorded in seeds treated
with natural MWCNTSs compared with 40% those kept as control. While six days
after sowing, seeds treated with natural MWCNTSs had reached 100% germination in
all the doses applied, compared with 90% of germination in control, an 80%-100%
germination in seeds treated with amorphous carbon and 70-80 with synthetic
MWCNTSs (Table 1). Furthermore, the control seeds took 16 days to reach 100%
germination, and it was evident that synthetic MWCNTs slowed down seed
germination, which reached a maximum of 90% in the same period.

E. polystachya plant observed sixty days after sowing (Table 1), showed 100%
survival in the control group and groups treated with natural MWCNTSs (all doses) or
20 pg/mL of amorphous carbon. In contrast, seeds treated with 40 and 60 pg/mL of
amorphous carbon showed 90% and 80% survival, respectively, indicating that an
increase in amorphous carbon concentration resulted in a decreased survival percentage.
The addition of synthetic MWCNTSs also negatively affected E. polystachya survival.
We obtained 70% survival with all the doses applied of synthetic MWCNTS.
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Table 1 Effect of synthetic MWCNTS, carbon amorphous and natural MWCNTs on Germination and survival of Eysenhardtia polystachya.
Seeds of E. polystachya were supplemented with 1.0 mL suspension containing either 0 (control), 20, 40, or 60 [Lg/mL of the different carbon mate-
rials. Germination was recorded daily up to 17 days after sowing, and survival was recorded at the end of the trial, 60 days after sowing. The results
represent the mean of three independent assays with # = 8. The germination was analyzed through a generalized linear model (GLM) for the data,
with a binomial distribution and a Cox analysis.

Treatment Carbon source Days after planting Survival

(Lg/seed) (%)

3 4 5 6 14 15 16 17
% of germination

Control 0 40 70 80 90 90 90 100 100 100

20 60 80 90 100 100 100 100 100 100
Ratul 40 90 100 100 100 100 100 100 100 100
MWCNTs

60 90 90 100 100 100 100 100 100 100

20 40 60 80 100 100 100 100 100 100
Amorphous

40 50 70 80 100 100 100 100 100 90
carbon

60 50 70 70 80 80 80 80 80 80

. 20 20 70 70 70 70 70 70 70 70

St 40 50 50 80 80 80 90 90 90 70
MWCNTs

60 60 60 80 80 80 80 80 80 70

Aerial growth of E. polystachya

The effects of natural MWCNTSs, amorphous carbon, and synthetic MWCNTSs at
concentrations of 0, 20, 40, and 60 pg/mL on the seeds of E. polystachya grown in
shade house conditions sixty days after sowing are shown in the Figs. 1 and 2. We
observed that treatment with 40 pg/mL of natural MWCNTS significantly promoted
leaf formation, when compared with treatment with synthetic MWCNTSs and control
(Fig. 2A), but no significant difference was observed in other treatments (Tukey test
with P <0.05).

Furthermore, treatments containing natural MWCNTSs significantly increased the
foliar area atall concentrations tested, while amorphous carbon and synthetic MWCNTS
did not have any significant effect (Fig. 2B). In addition, no significant differences
were observed in the height of E. polystachya plants treated with natural MWCNTSs or
amorphous carbon and those kept as controls (Fig. 2C) according with Tukey test (P
<0.05). However, treatments with synthetic MWCNTSs negatively affected plant height
at concentrations of 60 pg/m. The aerial dry weight of plants treated with 40 ug/mL of
natural MWCNTSs was significantly higher, while plants under other treatments did not
show any difference with respect to the control (Fig. 2D).

Root architecture of E. polystachya

The effects of natural and synthetic MWCNTs and amorphous carbon on root
architecture of E. polystachya were evaluated 60 days after sowing (Fig. 3). It was
observed that the primary root length showed significant increases in treatments with
natural MWCNTSs, compared to the control plants (Fig. 4A); however, the number of
secondary roots did not show significant differences between the treatments containing
the tested materials and the control (Fig. 4C). It was evident that treatments with 40 and
60 pg/mL of natural MWCNTSs modified the root architecture by promoting the
formation of tertiary roots
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Control Amorphous Natural Synthetic  ~ .| Amorphous Natural Synthetic
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Figure 1 Images showing the effect of synthetic MWCNTS, carbon amorphous and natural
MWCNTSs on growth of Eysenhardtia polystachya. Seeds of E. polystachyawere planted in containers
with peat moss-agrolite substrate and supplemented with 1.0 mL suspension containing either 0O
(control), 20, 40, or r 60 pug/mL of the different carbon materials. A—L and M—X correspond to plants
after 20 and 60 days of growth, respectively. DOI: 10.7717/peer}.8634/fig-1

™

(Fig. 4B), significantly increases in the root volume were observed in plants treated with
40 and 60 pg/mL of natural MWCNTSs compared to the control group and treatments
containing synthetic MWCNTSs or amorphous carbon (Fig. 4D) according to with
Tukey test (P <0.05). Furthermore, the fresh and dry root weights of E. polystachya seeds
treated with natural MWOCNTSs at concentrations higher than 40 pg/mL  were
significantly increased (Figs. 4E and 4F) compared to the weights recorded in other
treatments. Conversely, the addition of amorphous carbon and synthetic MWCNTS
significantly decreased the dry root weight at concentrations above 20 and 40 pg/mL
according to with Tukey test (P <0.05).

DISCUSSION

The use of synthetic MWCNTSs as plant growth promoters has been reported in several
crop plantsin the two last decades (Khodakovskaya et al., 2012; Khodakovskaya et al.,
2013; Lahiani et al., 2015). The scientific findings report both positive (Joshi et al.,
2018a; Joshi et al., 2018b) and negative (lkhtiari et al., 2013; McGehee et al., 2017)
effects of synthetic MWCNTS on plants species. However, to date, the effects of naturally
occurring MWCNTSs are poorly known. Thus, in the present study, we evaluated the
effects of natural and synthetic MWCNTSs as well as amorphous carbon on the
germination and development of E. polystachya plants grown in shade house conditions
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Figure 2 Effect of synthetic MWCNTS, amorphous carbon and natural MWCNTS on
aerial biometric parameters of Eysenhardtia polystachya plants. Seeds of E. polystachya
were supplemented with 1.0 mL suspension containing either 0 (control), 20, 40, or 60 pug/mL
of the different carbon materials. After 60 days of planting the plants were harvested and
biometric variables were recorded. (A) Leaves number, (B) foliar area, (C) height, (D) aerial
dry weight. Bars represent mean + SE of three independent assays. n =8. One-way analysis of
variance (ANOV A) was carried out with Tukey’s post hoc test; statistical significance (P <

0.05) between treatments with respect to control is indicated with dﬁerent lowercase letters.
DOI: 10.7717/peer|.8634/fig-2

The responses of this legume to the MWCNTS treatments were contrasting, depending on
the origin of the nanomaterial, i.e., MWCNTSs of natural origin collected from forest
fires events promoted early emergence and increased the germination percentage of the
seeds, while synthetic MWCNTSs negatively affected seed germination (Table 1). It has
been previously reported that the effects of MWCNTSs in plants and other organisms
depend on their physicochemical properties, such as surface area, length, and diameter, the
presence of functional groups, load, shape, and solubility.

In this study, the MWCNTSs formed naturally after forest fires lead to better tested plant
growth and development than MWCNTSs obtained from chemical synthesis. It has been
shown that MWCNTSs with different characteristics affect seed germination. Early
germination induced by synthetic MWCNTS has been reported in tomato seeds, soybean,
barley, corn (Lahiani et al., 2013), oat (Joshi et al., 2018b), wheat (\Wang et al., 2012;
Joshi et al., 2018a), and Lupinus elegans (Lara-Romero et al., 2017). Increased seed
germination has been associated with increased water uptake during seed imbibition,
facilitated by the formation of new pores during penetration of seed coat and cell walls
by the MWCNTSs.
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Figure 3 Effect of natural MWCNTS, amorphous carbon and synthetic MWCNTS on root

development of Eysenhardtia polystachya. The images show root architecture changes in response to

different carbon materials in E. polystachya roots harvested 60 days after planting. (A—D) Natural

MWCNTSs. (E—H) Amorphous carbon. (I-L) Synthetic MWCNTSs. DOI: 10.7717/peer}.8634/fig-3
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however, the action mechanism of these structures on seed germination is not completely
clear. In that context, it has been documented that several chemical and physical factors
can influence the biochemical and physiological events that control the germination in
seeds (Nelson et al., 2012; Asgharet al., 2017).

The effect of MWCNTS has also been documented in other physiological stages of plant
development. It has been suggested that a plant response to these nanomaterials depends on
their intrinsic chemical characteristics, concentration (Lahiani et al., 2013; Lara-Romero
etal., 2017), dispersion method (Joshi et al., 2018a; Joshi et al., 2018b), and also on the
plant species (Zhai et al., 2015; Zaytseva, 2016) and the experimental conditions in which
it develops (Tiwari etal., 2014).
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Figure 4  Effect of synthetic MWCNTS, amorphous carbon and natural MWCNTS on root
architecture of Eysenhardtia polystachya plants. Seeds of E. polystachya were supplemented with
1.0 mL suspension containing either 0 (control), 20, 40, or 60 pg/mL of the different carbon
materials. After 60 days of planting the plants were harvested and root architecture variables were
recorded. (A) Primary root length, (B) lateral roots number, (C) tertiary roots number, (D) root
volume, (E) root fresh weight, and (F) root dry weight. Bars represent mean + SE of three independent
assays. n = 8. One-way analysis of variance (ANOVA) was carried out with Tukey’s post hoc test;
statistical significance (P < 0.05) between treatments with respect to control is indicated with different

lowercase letters-DOI: 10.7717/peer|.8634/fig-4

]

Thus, the effects of MWCNTS can be positive, as observed in the E. polystachya plants
cultivated with 40 pg/mL of natural MWCNTS, where the plants showed greater
vegetative area, more abundant foliage, and more aerial area. Our results evidenced that
natural MWCNTSs modified the root architecture of this legume, as a higher number of
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tertiary roots and higher root volume were observed, which is beneficial for its
establishment, allowing for greater gaseous exchange and absorption of water and
minerals (Lynch, 1995). In addition, plants treated with natural MWCNTSs showed a
significant increase in dry weights of both shoot and root. Similar effects have been
documented for synthetic MWCNTSs in oat (Joshi et al., 2018b), wheat (Joshi et
al.,2018a), corn (Tiwari et al., 2014; Zhai et al., 2015), and Lupinus elegans (Lara-
Romero et al., 2017). However, the mechanisms by which MWCNTSs promote plant
growth and development are not clear. Some reports suggest that MWCNTS activate
mechanisms of cell division (Khodakovskaya et al., 2012) and promote elongation of
xylem and phloem cells, which consequently influence the uptake of water and nutrients
(Joshi et al., 2018a; Joshi et al., 2018b).

It must be noted that toxic effects of synthetic MWCNTSs on species of agronomic
interest have also been previously reported, such as in Lactuca sativa (lkhtiari et al.,
2013), Amaranthus tricolor L., and Cucumis sativus (Begum, Ikhtiari & Fugetsu,
2014). In this study, we found that synthetic MWCNTS, at the concentrations tested,
negatively affected the physiological development of E. polystachya, by altering
germination, morphometric variables aerial plant parts, and root architecture. The
mechanisms associated with MWOCNT toxicity have not been elucidated in detail;
however, they are associated with cell death in roots and leaves, caused by an increase in the
generation of reactive oxygen species (Ikhtiari etal., 2013) and rupture of cell membranes
(Begum, Ikhtiari & Fugetsu, 2014).

CONCLUSIONS

In this work, for the first time, we report the effects of natural MWCNTSs collected from
burned trees after a forest fire. We observed that these MWCNTSs improved and accelerated
germination in E. polystachya seeds and promoted growth, in both aerial and underground
parts. We also observed that amorphous carbon did not significantly affect the development
of this plant. In contrast, MWCNTSs from synthetic origins were observed to negatively
affect plant development. These results suggest that natural nanoparticles produced after
forest fires may positively affect the growth and development of plants in these ecosystems.
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Abstract

Background: The positives effects of natural multi-walled carbon nanotubes (MWCNTS)
produced after forest fires on plant growth promotion have been documented; however, the
physiological mechanisms behind of these nanomaterials are unknown. The activity of the
target of rapamycin (TOR) signaling pathway and phytoregulator balance play a key role in
plant growth. Hence, we evaluated the effect of natural MWCNTSs on germination and the
development of Arabidopsis thaliana plant model and its involvement in the TOR signaling
pathway activation. To evaluate the TOR pathway, the AtTOR/tor1::uidA activity and the S6K
phosphorylation were determined.

Results: The results showed that the natural MWCNTS in the 15-25 pg/mL concentration
range promoted seed germination, aerial growth, and biomass, and produced changes in root
architecture in Arabidopsis compared to amorphous carbon. The activity of the
AtTOR/torl::uidA marker was induced by MWCNTSs in a doses -dependent manner, and the
effects were coincidental with the increased S6K phosphorylation. The MWCNTSs also
induced the expression in plant roots of the CycB1;1::uidA cell division marker in the 10-25
pug/mL concentration range; by contrast, the addition of the AZD8055 TOR-inhibitor
repressed the CycB1;1::uidA activity. These results confirmed that natural MWCNTSs promote
Arabidopsis plant growth by inducing cell division through the TOR signaling pathway.
Additionally, the natural MWCNTSs significantly increased the activity of the auxinic marker
DR5::uidA in the 10-25 pg/mL concentration range; however, the addition of AZD8055 did
not inhibits the DR5::uidA activity. Natural MWCNTSs did not modify the abundance of
abscisic acid (ABA); however, the amount of indoleacetic acid (IAA), indole-3-butyric acid
(IBA), gibberellic acid (GA), jasmonic acid (JA), and salicylic acid (SA), were increased in a
concentration-dependent manner, but contrarily, the kinetin (KT) content was decreased.
These findings indicated that the auxin content was increased by natural MWCNTSs in A.
thaliana, which confirms its involvement in the TOR pathway activation, suggesting that the
expression of auxin responsive genes activation by the MWCNTSs is TOR-independent.
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Conclusions: Consequently, the natural MWCNTSs promoted the gerfﬁﬁ\ation and plant
growth of A. thaliana through a mechanism that involves the TOR signaling pathway,
positively impacting the synthesis of the IAA, IBA, GA, JA, and SA phytoregulators.

Keywords: Forest fire; Natural multi-walled carbon nanotubes; TOR signaling; S6K protein;
phytoregulators; plant growth-promotion.

Background

Nanotechnology is an emerging science with promising multidisciplinary interests, and it
has revolutionized industrial, technological, and scientific development (1). The use of
nanomaterials also converges widely in the study of environmental conditions, renewable
energies, nanomedicines used for the development of new drugs, the food industry, and
certain farm crops in the development of agriculture (2,3). In the last decade, the concept
of nano-agriculture appeared (4,5); thus, the study of nanomaterials has focused on
innovating strategies to develop more efficient agricultural inputs like the generation of
soil-plant nutritional quality monitoring systems, environmental stress, and pest control.
Nanomaterials are used as a carrier in the development of slow-release agricultural inputs
(6).

Multi-walled carbon nanotubes (MWCNTS) are nanoparticles made up of layers of
graphene superimposed and folded into a cylindrical shape (7), which exhibit their own
characteristic physicochemical properties (8,9) that promote plant growth (10,11).
MWCNTSs have been considered nanoparticles of synthetic origin; however, recently,
MWCNTSs have also been found to originate in nature (12). The natural origin of MWCNTSs
raised questions about the impact they may have on plants, and there is currently little of
no documented information on the subject. Attention has also been focused on explaining
the effects of synthetic MWCNTSs on the promotion of plant growth. In several plant
species, it has been reported that synthetic MWCNTSs promote the early emergence of seeds
and improves their germination (13); likewise, it has been reported that these nanoparticles
increase the chlorophyll content and make photosynthetic activity more efficient (14).
Findings so far have shown that these nanoparticles induce the expression of regulatory
genes of aquaporin, generating greater water uptake by the plant (10); a higher expression
of key CYCB1 was also reported in the progression of mitosis (15). In addition, MWCNTSs
reportedly modified the secondary metabolism in tomato (16) and Satureja khuzestanica
plants (17). Although the study of the effects of MWCNTSs physiological mechanisms on
plant development is not clear, it is widely documented that plant development is regulated
by the availability of nutrients, energy status, environmental signals, and the interaction of
plant regulators (18).

In plants, the target of rapamycin (TOR) protein kinase signaling pathway plays a key
role in the integration of nutrient availability, energy status, and stress-related cues with
growth and metabolic outputs (19). The TOR pathway is also crucial in the regulation of
plant growth and development (20). The TORC1 complex is formed by the TOR protein,




(LST8) (21). The TOR protein is a highly conserved serine/threonine kinase (280 kDa)
from the family of phosphatidylinositol-3 kinases, and it is an evolutionary structural and
functionally conserved protein in eukaryotes, and constitutes the component TOR complex
core. In plants, the TORC1 complex participates in diverse processes, such as the
progression of the cell cycle, embryogenesis, transcriptional reprogramming of genes that
regulate central and secondary metabolism, growth of stems, leaves and root hairs, plant
stress-responses, plant senescence and defense against pathogens (22). The TOR complex
also integrates the activity of phytoregulators, such as auxins and cytokinins, which acts
through cell cycle regulation, meristematic activity, organization of root architecture, and
apical dominance, as well as plant organogenesis. Recently, it has been reported that the
TOR pathway antagonizes the action of plant defense of phytoregulators, such as jasmonic
and salicylic acids. The auxin-TOR interaction regulates plant growth through the
phosphorylation of proteins, such as the S6 ribosomal protein kinase (S6K) of the 70 kDa
serine/threonine kinase family (23), which is activated in response to growth factors,
cytokinins balance, and nutrients. The TOR also participates in the synthesis of other
proteins and improves cell survival (24).

Currently, there is a lack of information regarding the molecular and physiological
mechanisms of the plant in response to nanoparticles, such as MWCNTSs. In addition, the
findings related to the synthesis of natural MWCNTSs (12) and the limited knowledge of
these nanoparticles and their effect on biological systems raises many pertinent questions.
Thus, in this work, we evaluated the effect of natural MWCNTS produced after forest fires
on the development of the A. thaliana plant model and their involvement in the TOR
signaling pathway regulation and phytoregulators balance.

Results

Natural MWCNTs and amorphous carbon characterization
MWCNTSs characterization was performed by Raman spectroscopy, where two

characteristic bands of the MWCNTSs were observed in the P. oocarpa sample (Figure 1A).
The G band was observed at 1575 cm™, corresponding to the tangential vibrations of the
carbon atoms, which arises from the E2g mode of the graphite plane, showing the presence
of sp? electron hybridization of the carbon (25). Meanwhile, the D band at 1344 cm™
generated by structural disorders in the graphitized materials, corresponding to the sp®
bonds of the distortions of the network in the curved graphene sheets and ends of the carbon
nanotubes (26), rendering 0.88 of ID/IG ratio in the natural MWCNTs. Any bands
mentioned were not detected in the P. montezumae sample (amorphous carbon),
confirming the absence of crystalline materials, such as MWCNTs (Figure 1A).
Additionally, the MWCNTSs content in the carbonized samples were quantified with TGA,
where weight loss at a temperature of ~150°C was associated with the loss of water in the
sample, while amorphous carbon compounds, such as cellulose and lignin, were
mineralized at 300-550°C (25). The weight loss detected at 550-735°C corresponded to the
combustion of MWCNTSs (12). Therefore, in carbonized samples of P. oocarpa, ~10%
(w/w) of MWCNTSs was determined, while that TGA of amorphous carbon confirmed the
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absences of crystalline material (MWCNTS) when the total loss of the sg‘?ﬁ’ple was observed
at ~520°C (Figure 1B).

Effect of natural MWCNTSs on A. thaliana seed germination

Natural MWCNTSs accelerated the germination of A. thaliana after Col-0 sowing on MS
medium supplemented with this nanomaterial. The seeds exposed to different doses of
natural MWCNTs showed different germination rates, specifically, at 12-48 h, the
germination was promoted at the 1-25 ug/mL doses compared with the control seed (Figure
2). At 48-72 h, the seed germination percentage was increased in seeds treated with
MWCNTS, especially at concentrations of 20 and 25 pg/mL, compared with the seed
control, while the maximum seed germination was 80% at 72 h. Interestingly, MWCNTSs
diminished seed germination at 50-100 ug/mL (Figure 2).

Effect of natural MWCNTSs on A. thaliana plant growth
Natural MWCNTSs in A. thaliana improved the leaf area and the root architecture at doses

ranging between 5 to 25 pug/mL; by contrast, higher doses, such 50-100 pug/mL, of this
nanomaterial negatively affected the leaf area and root architecture, but significant
differences were not observed when the amorphous carbon sample was used (Figure 3).
MWCNTSs significantly improved the total height of these plants when cultivated with 15,
20, and 25 pg/mL of natural MWCNTSs (Figure 3B), while the leaf area was higher in the
treatments with 20 and 25 pug/mL (Figure 3C). The MWCNTS showed a clear effect on root
architecture, where concentrations ranged from 15 to 25 pg/mL also increased the
formation of lateral roots (Figure 3D). This result was consistent with the total root volume,
where the seedings treated with natural MWCNTSs showed a higher volume compared to
the control seedings (Figure 3E). The effect of natural MWCNTSs was also evaluated in
biomass, showing an increase in the fresh weight at 15 ug/mL, reaching a maximum effect
at 25 pg/mL (Figure 3F). These results coincided with the increases in dry weight, where
MWCNTs-treated A. thaliana seedings in the range of 15-25 pg/mL, which showed
significant increases compared to seedings controls (Figure 3G. By contrast, natural
MWCNTSs negatively affected plant growth at doses higher than 50 pug/mL, where plants
recorded significant decreases in the leaf area, variables of root architecture, and dry and
wet biomass.

Effect of natural MWCNTSs on the TOR kinase pathway and auxin signaling
To determine the effect of natural MWCNTSs on the TOR expression, we first studied the

AtTOR/torl::uidA expression level in response to the addition of natural MWCNTS nine
days after sowing. When the staining GUS in the roots was analyzed, we observed that A.
thaliana roots treated with natural MWCNTS at concentrations between 15-25 pg/mL
exhibited a stain intensity significantly higher than the control and similar to the 1AA-
treated seedlings (Figure 4). By contrast, doses of MWCNTSs below 10 pg/mL did not show
a significant difference with respect to the control, but at concentrations higher than 50
pug/mL, GUS activity significantly decreased (Figure 4B).

The effects of natural MWCNTSs in Arabidopsis seedings were also evaluated in the
downstream TOR target, the S6K protein kinase, measuring the total S6K protein content
and its phosphorylated status (p-p70S6-Thr389), which is widely used as an indicator of
TOR pathway activity. Similar levels of total S6K protein was detected in both the controls

and seedings treated a irrerent concentrationsS OT natura S gure .
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Interestingly, the MWCNTSs promoted the activation of the S6K protein, showing a notable
increase in its phosphorylated isoform as a function of the MWCNTSs concentration,
obtaining the highest phosphorylation level at 20 ug/mL of this nanomaterial (Figure 5).
Plant growth is the result of a combinatory effect of cell proliferation (increase in cell
number) and cell elongation (increase in cell size), and both processes are regulated by the
TOR pathway. To determine whether plant growth and development promotion in the A.
thaliana seedlings induced by MWCNTSs was the result of cell elongation or proliferation
and whether these processes could be associated and correlates with the higher S6K protein
activity and TOR expression induction, we analyzed the cyclin-B expression on plant roots
through the transgenic CycB1;1::uidA line, which is indicative of cell proliferation. In
addition, transgenic plant growth and cyclin-B expression were analyzed in seedings sowed
on MS medium supplemented with the TOR-inhibitor AZD8055. As in wild types of
seedings, MWCNTSs treatments produced an increased germination and development of the
seedlings until 25 ng/mL, and a clear inhibition was observed in concentrations of natural
MWCNTSs above 50-100 pg/mL (Figure 6). These findings were consistent with the effect
on cyclin-B expression in the roots, where an increase on GUS activity was observed until
25 pg/mL, which is indicative of an induction of cell proliferation (Figure 7). Interestingly,
the addition of natural MWCNTSs in the presence of the TOR inhibitor AZD8055 caused a
strong inhibition of germination and development of the A. thaliana seedlings (Figure 6),
and a notable reduction of GUS activity was observed for all the concentrations of
nanomaterials used, which is indicative of a reduction on cyclin-B expression caused by
the AZD8055-inhibitor of the TOR pathway (Figure 7).

To determine whether the effects on Arabidopsis plant growth promotion and TOR
pathway activation by the natural MWCNTSs involves auxin signaling, analysis using the
DR5::uidA transgenic line, which is widely used for visualization of phytohormone
localization, was performed. The results showed that natural MWCNTSs significantly
increased the GUS activity at 25 pg/mL, but it was inhibited at levels above 50 pg/mL
(Figure 8). Furthermore, the effect of natural MWCNTSs on GUS activity at concentrations
of 25 pug/mL was comparable to the effect of AIA at 1.0 uM. Interestingly, although the
AZD8055 strongly diminished GUS staining, the auxinic marker was induced by 20-25
pg/mL of MWCNTS even in the presence of the TOR inhibitor (Figure 8). These results
indicated that MWCNTS positively modulates auxin content on roots tips, and that under
our experimental conditions, this modulation is independent of the TOR pathway activity.

Effect of natural MWCNTSs on the A. thaliana phytoregulators balance
Given that the auxin content on root tips was increase by MWCNTS, the phytoregulators

balance in A. thaliana seedlings exposed to MWCNTs was determined by LC-MS/MS
analysis. The results indicated that the natural MWCNTs modified the balance of the
phytoregulators in the Arabidopsis seedlings. The abscisic acid (ABA) phytoregulator
concentration was not modified by the addition of natural MWCNTs (Table 1).
Importantly, the amount of the phytoregulators indoleacetic acid (IAA), 3-butyric acid
(IBA), gibberellic acid (GA), jasmonic acid (JA), and salicylic acid (SA) increased
significantly in the Arabidopsis seedlings treated with MWCNTSs in a concentration-
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dependent manner; by contrast, the kinetin (KT) was decreased b)‘/‘fhe effect of this

nanomaterial (Table 1). These findings confirm that the MWCNTs modified the balance of
phytoregulators in A. thaliana.

Discussion

The effects of synthetic MWCNTSs in the plants have been widely explored, being
considered nanomaterials with the potential to improve the plant growth; however, recent
natural MWCNTS discovery generates a discussion about the possible beneficial or toxic
effects of these nanoparticles on the environment. In this work, we provide evidence
regarding the beneficial effects of natural MWCNTs on A. thaliana growth and
development by exploring the molecular mechanism involved. Results showed that the
nature of the carbon structures in carbon samples of P. oocarpa trees collected after forest
fire events confirmed the crystalline structure of MWCNTSs (Figure 1A). Raman spectra
analysis confirmed the characteristic bands of MWCNTS structures in the P. oocarpa trees
carbon samples, but not in the amorphous carbon sample obtained from P. montezumae
trees (Figure 1B). This finding further confirmed that the MWCNTSs nanomaterials were
contained in the carbon samples obtained from P. oocarpa pine trees after forest fire events,
as previously described (12).

The plant growth promotion effects of synthetic MWCNTSs has been documented for
various plant species (27). However, the effects of natural MWCNTS on biological systems
have only recently been explored in Eysenhardtia polystachya, a leguminous shrub (28).
Our results showed that the promotional effects of natural MWCNTSs on A. thaliana plant-
growth and development were similar to those reported for E. polystachya dosed with
natural MWCNTSs, which promoted germination as well as the aerial and root growth. Our
findings showed that the natural MWCNTSs induced the germination of A. thaliana seeds
in a concentration-dependent manner, with the germination percentage increasing at
MWCNTSs doses of 10 to 25 pg/mL, but were reduced at higher doses. Similar behavior
was reported in the development of both plant species in the forest ecosystem Lupinus
elegans and E. polystachya treated with synthetic MWCNTSs (12). In this sense, the
application of nanotubes improved the germination in tomato (29), oat (14), wheat (30),
soybean hybrid, barley hybrid, and corn hybrid (27) seeds.

Different plant-promotion mechanisms have been proposed to explain the positive effects
of nanoparticles on seed germination. Lahiani et al. (2013) suggested that the absorption
and promotion effects of MWCNTS on the seeds depend on its interaction with organic
materials, while colloidal and heterogeneous nature permits its smooth flow into the plant
system (31). Also, it has been documented that several chemical and physical factors can
influence the biochemical and physiological events that control the germination of seeds
(32). In this context, the effects of nanomaterials on seed germination are caused when the
nanotubes penetrate the thick seed coat and support water uptake inside the seed (29).
Furthermore, the effect of MWCNTSs on the seed germination may be associated with
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induced changes at the genomic level, such as the expression of genes that encode water
channels (27).
Positive or negative effects of synthetic MWCNTSs have also been reported in other
developmental stages of plant growth. In our study, seed germination and plant growth
promotion effects of natural MWCNTSs on A. thaliana (15-25 pg/mL) were observed in
aerial and root biomass and leaf area (Figure 2). It has been suggested that synthetic
MWCNTSs in plants facilitate the transport of water and nutrients through a pore formation
mechanism in the plant cells. Thus, plants growing under the effect of these nanoparticles
promote the formation of extensive root system and larger diameters in the xylem,
improving growth and biomass in plants (14,30). However, negative effects in plants have
also been observed, which have been associated with root and leaf cell death caused by
oxidative stress generation as well as cell membrane rupture (33). If the plant promotion
effect of the natural MWCNTSs is associated with differential microelements contained in
the carbon samples, elemental analysis was carried out using energy dispersive microwaves
(EDS). Our findings did not show differences among the elemental composition of natural
MWCNTSs or amorphous carbon (Figure 9). Thus, the effect of natural MWCNTS observed
on A. thaliana may be associated with the crystalline structure rather than by a nutritional
effect of microelement content in carbonized samples.
Different physiological and molecular mechanisms have been proposed as a way to explain
how MWCNTs and others nanoparticles modulate plant growth and development;
however, among the mechanisms that have not been explored is the TOR signaling
pathway. The TOR signaling complex is essential in cellular differentiation and plant
development. It acts as a “switch” during the progression of the cell cycle; the TOR
multiprotein complex modulates plant development, senses and integrates biotic and
abiotic factors, such as the availability of nutrients and energy, stress, or the balance of
phytoregulators, such as auxins and cytokines (20,23), jasmonic acid, and salicylic acid.
In this study, the results of two assays provided evidence of the contribution of TOR
signaling pathway on the promotion effect of natural MWCNTS on A. thaliana seedlings.
The results of the first assay showed an increase of the GUS expression in the
AtTOR/torl::uidA reporter plant line in response to the addition of natural MWCNTS;
where the expression of the GUS reporter was significantly higher at MWCNTSs ranges of
15 to 25 pg/mL than the staining recorded in control seedlings, though it was equivalent
to the intensity obtained with IAA, indicating an increase in TOR gene expression (Figure
4). We also analyzed the effect of natural MWCNTSs over a target element downstream of
TOR protein, the S6 protein kinase, which is the best characterized target of TORC1
complex as the link between TOR pathway with translational control (34). Also, the S6K
is involved in the regulation of cell size and glucose homeostasis in plants (35). Our results
showed that natural MWCNTS increased the phosphorylation level of the p-S6K-Thr389
protein, while levels of phosphorylation were also in function on the added doses of these
nanoparticles; but the total S6K protein expression was unchanged (Figure 5). These results
strongly suggest that the plant-growth promotion effects produced by the natural MWCNTSs
on A. thaliana seedlings were associated with the activation of the TOR/S6K-signaling
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{8)
pathway. This finding is consistent with the essential role of the TOR/S%I’I( pathway, which
has been widely reported as a central regulator in the control of cell proliferation and
growth (36).

The relationship among the TOR complex and phytoregulators and their effects in plant
growth and development regulation have been well documented. The action of auxin or
cytokinin signaling events in plants is linked to the increase of the TOR and S6K
phosphorylation trough the ROP2 small GTP-proteins (37,38). We also explored the effects
of natural MWCNTSs on TOR interactions as a possible mechanism that promotes and
regulates plant growth in A. thaliana. We initially observed that natural MWCNTSs
significantly increased the GUS activity in the roots of the CycB1;1::uidA reporter plant
line (Figure 7). The induction of the CycB1;1::uidA marker in the A. thaliana roots by
natural MWCNTSs and its inhibition by the addition of AZD8055 suggest that cyclin B1
expression is modulated though MWCNTSs by a signaling mechanism dependent on the
TOR pathway. This result is in agreement with Hartig et al. (2006), whose finding that
cyclin genes such as CYCBL are partially regulated by TOR (39). In addition, our results
also support the findings of Khodakovskaya et al. (2012), who found that the synthetic
MWCNTSs promoted the CycB in the tobacco cell (15), and showed the analogue role of
natural MWCNTSs in the promotion of cyclin expression in Arabidopsis, such as synthetic
MWCNTSs. Interestingly, although AZD8055 strongly decreased the induction of
CycB1;1::uidA, when natural WMCNTSs were added in the presence of the TOR inhibitor,
a significative increment of GUS activity was observed at 20-25 ug/mL of natural
MWCNTSs (Figure 7). This result suggests that in addition to the TOR signaling pathway,
other mechanisms are involved in cell proliferation induction.

Auxins have the ability to induce growth responses throughout the plant life cycle and is
one of the most important growth regulators in plants. The auxin signaling pathway
modulates diverse aspects of plant growth and development, such as responses to light and
gravity, organ patterning, general root and shoot architecture, and vascular development.
Auxin elicits responses—cell division and expansion—depending on the cellular and
developmental context in which it is perceived (40). Evidence demonstrating that TOR acts
as an essential factor for auxin signal transduction in Arabidopsis has been reported
(23,41,42). Then, auxins were identified as the cellular candidate for a role as upstream
TOR effectors (41). The TOR pathway is activated in response to auxin signaling. Glucose
and light signals, as well as exogenously applied auxin, were shown to activate S6K1 in
shoot meristems as an indicator of TOR pathway activity (18).

The control of cellular proliferation and differentiation in plants is modulated by auxins; in
this sense, the promotion effect of natural MWCNTS was evaluated using the transgenic A.
thaliana plant responsible to auxins, DR5::uidA. Results showed that the natural MWCNTSs
induced the auxin-dependent marker (DR5::uidA) in a dose-dependent manner, and the
addition of AZD8055 did not totally cause the inhibition of its GUS activity (Figure 8).
These findings indicate that the natural MWCNTSs stimulate plant growth through induction
of auxin synthesis or mobilization, which is modulated by the TOR signaling pathway;
however, an additional mechanism independent of TOR could be also involved. Similar
results have been reported by Xiong et al. (2013), who demonstrated that auxin is




when the TOR is suppressed (43). Moreover, the key role that phytoregulators play
throughout different stages of plant development has been widely documented (44).
However, the effect of synthetic MWCNTS on signaling of phytoregulator synthesis has
yet to be fully explored (45), and the effects of natural MWCNTSs have not been studied at
all. Our findings showed a clear effect of the natural MWCNTS on the amount of several
phytoregulators (Table 1). The use of natural MWCNTSs no modified the concentration of
abscisic acid (ABA) in total Arabidopsis seedlings, but the concentration of the indole
indoleacetic acid (IAA), butyric acid (IBA), gibberellic acid (GAs), jasmonic acid (JA),
and salicylic acid (SA) increased significantly in concentration in the Arabidopsis seedlings
treated with MWCNTS in a concentration-dependent manner; though by contrast, the
kinetin (KT) was diminished. This result is in agreement with prior reports that auxins-
cytokinins play an antagonistic role among them to regulate the meristematic activity and
development of the root architecture (36). By contrast, it has been reported that synthetic
MWCNTSs negatively affected growth Oryza sativa L. by decreasing the concentrations of
IBA, IPA, ABA, JA, and endogenous brassinosteroids (45).

The balance among phytoregulators modulates cell proliferation and the size of plant
meristems, and participates in root initiation, formation, and development of lateral and
adventitious roots. The role of auxins on the TOR pathway is still poorly understood, it has
been documented that GTPase ROP2 activated by auxins promotes the activation of TOR.
Meanwhile, the effect of gibberellins on the TOR pathway is not known, though it is
possible that, like auxins, their mechanism of signal transduction depends on the TOR
pathway, because this phytoregulator participates in different stages of plant development,
such as germination, dormancy, regulation of cell elongation, root growth, leaves, stems
and fruits, as well as in the flowering. In addition, recent findings have provided further
evidence of the correlation between the signaling pathway of TOR and JA as a strategy to
counter plant stress (46). Our findings indicated that the promotion effect on Arabidopsis
seedling by the natural MWCNTSs involves a molecular mechanism that modulates
phytoregulators content, suggesting an essential participation of the TOR signaling
pathway, among others.

Conclusion
The findings obtained in this work provide evidence about the positive effect of natural

MWCNTSs generated after forest fires on the plant-growth model of A. thaliana. The plant-
promotor effect on Arabidopsis showed significant differences in germination, root
architecture modification, and biomass. This research also provided evidence that the plant-
growth promotor effect of the natural MWCNTSs involves mechanisms dependent on the
TOR signaling pathway by cell proliferation induction and modifying the phytoregulators
balance.

Methods
Natural MWCNTs and amorphous carbon obtainment and characterization
P. oocarpa and Pinus montezumae samples of pyrogenic carbon were obtained twelve

weeks after a fire in the community of Nuevo San Juan Parangaricutiro Michoacan,

48



Mexico. A burned P. montezumae sample was collected in the same p‘fd‘%:e as P. oocarpa,
and it was used as amorphous carbon material by plant bioassays. P. oocarpa and P.
montezumae carbonized samples were calcined at 620 °C for two hours to mineralize ~98%
of the non-crystalline organic matter and analyzed with Raman spectroscopy (Lab Ram HR
Evolution, Horiba), at a spectral resolution of 5 cm™ using a 20 mW He-Ne laser at 632.8
nm visual excitation. The spectral range was scanned from 110 to 3690 cm™ with an
integration time of 5 s (12). MWCNTSs quantification was performed by thermogravimetric
analysis (TGA), whereby 10 mg of each sample was analyzed in SDT Q600-TA
Instruments with progressive temperature intervals ranging from 10 to 800 °C.

Plant growth conditions
Arabidopsis thaliana Col-0 wild type was used in this study and transgenic lines

CycB1;1:uidA (Colon-Carmona et al., 1999), DR5::uidA (Ulmasov et al., 1997), and
AtTOR/torl::uidA (Menand et al., 2002). All plants were grown in a growth chamber at
23°C/photoperiod (16-h light: 8-h darkness) with a light intensity of 100 pE s™. Seeds of
A. thaliana wild-type (WT) or were plated with MS 0.5x (Murashige and Skoog) according
to (47), supplemented with 0, 5, 10,12.5, 15, 20, 25, 50 and 100 pg/mL of natural MWCNTSs
carbonized samples with or without the repressor of TOR activity AZD8055 1.0 mM (LC
Laboratories) (18). Arabidopsis seeds (10 seeds per plate) were grown on MS plates. The
seedlings were grown for a further 9-15-days period by placing the plates in the growth
chamber in a completely randomized design. All experiments were replicated at least three
times. The seed germination was measured at 0, 6, 12, 24, 48, and 72 hours. Plant growth
was analyzed 15 days after sowing. The analyzed morphometric variables included height
(cm), leaf area (cm?), as well as fresh and dry weight (g). Variables of the radical
architecture were also measured, including root volume (cm®) and the number of lateral
roots with WinRHIZO-software ® Regent Instruments Inc.

Natural carbon nanotubes effect on the TOR signaling pathway
To evaluated the effect of natural MWCNTS on the expression of TOR1, CYCB1, and DR5,

we evaluated the GUS staining on transgenic plants AtTOR/tor::uidA, CycB1;1::uidA, and
DR5::uidA. The GUS staining quantification activity was realized according to the protocol
described (48). Representative images were captured with a Leica DM750 optical
microscope, and the activity measurement of the GUS reporter gene was determined using
the ImageJ software (NIH Image). Phenotypic analysis of wild type Col-0 and transgenic
AtTOR/torl:uidA, CycB1;1::uidA, and DR5::uidA plants were used in this study. All
experiments were replicated at least three times.

Western blot assay
Arabidopsis plants cultivated in MS supplemented with natural MWCNTS were used nine

days after sowing to obtain protein crude extracts (49), and Bradford reagent (Bio-Rad)
was used to quantify total protein concentrations. Cellular lysis was carried out in
phosphorylation buffer (PB) 300 puL composed of [Hepes 50 mM pH 7.6, sodium-
pyrophosphate 50 mM, sodium ortovanadate 1 mM, sodium molybdate 1 mM, EDTA,
EGTA 20 mM, benzamidine 1 mM, NaF 20 mM, PMSF 0.2 mM, -glycerophosphate 80
mM, mannitol 200 mM, protease inhibitor cocktails 1 pL/mL (all reagents from Sigma-
Aldrich Co.)], and 30 pg of protein was mixed with 10 pL of denaturing buffer (Tris-HCI
0.06M, pH6.8, 5% de glycerol, 4% SDS, 4% [-mercaptoethanol and 0.0025%
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bromophenol blue) for 5 min at 95 °C in a boiling water bath. Samples were run in a
denaturing 12% polyacrylamide gel electrophoresis (SDS-PAGE) in duplicate. One gel
was Coomassie blue stained and the other gel was transferred to polyvinylidene difluoride
(PVDF, Millipore) membranes for western blot procedure. The membranes were probed
with anti-AtS6K polyclonal antibody (1:1000 dilutions, Agrisera AS12 1855), and Goat-
anti-rabbit IgG-HRP conjugated (1:3000, BioRad) was used as the secondary antibody. To
detect the phosphorylated form of the AtS6K kinase, the anti-AtS6K phosphorylated-
Thr(P)-389 polyclonal antibody (1:1000, Agrisera AS13 2664), and secondary antibody
Goat-anti-rabbit IgG-HRP conjugated (1:10000, BioRad) were used. The membranes were
washed twice with TBS-T buffer and developed using hydrogen peroxide and Supersignal
West Pico Luminol (Pierce, Thermo Fisher Scientific). The images were captured in
ChemiDoc™ MP System (Bio-Rad). Assays were conducted three times, and
representative images are shown. Band intensities in images were quantified using Image
J software (NIH Image).

Effect of natural MWCNTSs on phytoregulators
Arabidopsis plants were harvested after nine days of growth. The fresh plant material (3 g)

was frozen with liquid N2. The phytoregulators extraction was obtained with methanol-
trifluoroacetic acid (TFA) 100:1, vortexed 30 min at room temperature, and centrifuged at
(1300 x g, 5 min at 4 °C). The solvents were evaporated in a speed vac (Centrivap
Concentrator, Labconco) at 60 °C; the supernatant was transferred to a tube and adjusted
to 1.5 mL with methanol. The samples were placed in 2 mL-Bond Eluent sample prep
solutions tubes of QUEChERS Dispersive SPE 2 mL, fruits and vegetables with pigments,
AOAC (Agilent Technologies), and shaken for 5 min using a vortex. After that, the sample
was centrifuged for 5 min at 4000 rpm. Finally, the samples were placed in vials and frozen
until analysis. Phytoregulators were quantified by the liquid chromatography-tandem mass
spectrometry technigque (LC-MS/MS), which consisted of an ACQUITY UPLC and Xevo
TQ-S (Waters). The LC-MS/MS measurement was carried out as follows: 1 mL of standard
solution or samples previously filtrated were injected into a reverse phase LC column
(ACQUITY UPLC BEH C18 1.7 mm, 2.1mm, 50 mm). The phytoregulators were eluted
from the column using a gradient of (A) water containing 4 mM of ammonium-formate
and 0.1% of formic acid and (B) acetonitrile 100%. A linear gradient was observed from
90% A: 10% B to 60% A: 40% B at 4.0 min, and finally 100% A: 0% B after 1 additional
min for equilibration. A flow rate of 0.4 mL/min was used. The total run time (including
injection) was 6 min. The column temperature was kept at 40 °C, while the samples in the
autosampler were kept at 10 °C. For detection, the Xevo TQ-S was used in MRM mode.
The MS/MS transition specific parameters were determined for each phytoregulator. The
standards used included Kinetin (KT), indole 3-acetic acid (IAA), indole 3-butyric acid
(IBA), gibberellic acid (GA), Jasmonic acid (JA), abscisic acid (ABA), and salicylic acid
(SA) all acquired from Sigma-Aldrich. All compounds were measured using a capillary
voltage (kV) of 2.20, a de-solvation temperature of 500 °C; a de-solvation gas flow (N2)
(L/h) of 800; a cone gas flow (L/h) of 50; and nebulizer gas flow (Bar) of 7.0. Calculations
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were performed using the peak areas of the quantifier transition of ea phytoregulator.
Assays were conducted two times with two technical determinations for each sample.
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Figure legends
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Figure 1. Analysis of natural MWCNTSs and amorphous carbon samples obtained
after a forest fire. The figure A) show Raman spectra scattering spectra (He-Ne laser
emitting at 514 nm) of the samples: Characteristic bands of MWCNTS are shown in natural
MWCNTSs ID band (~1352 cm™), I1G band (~1575 cm™) (blue line). B) TGA analysis shows
the presence of material at up 650°C characteristic of MWCNTS presence. These analyses
were repeated three times with similar results, representative graphs are shown.
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Figure 2. Effect of natural MWCNTSs on seed germination of A. thaliana. A) Evaluation
of seed germination of A. thaliana Col-0 in an in vitro assay dose-response with natural
MWCNTSs at 6, 48, and 72 h after seed sowing. This experiment includes different plates
per treatment with ten seeds each, which was repeated at least three times with similar
results. Photographs of representative seeds and seedlings were taken from plates for each
treatment using an optical microscopy LEICA DM750 with 10X objective. The IAA (1.0
uM) was used as positive control. B) Seed germination kinetic. Bars represent means + SE
of three independent assays, n= 30 each.
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Figure 3. Effect of natural MWCNTSs on plant growth and development of A. thaliana.
A) Image of plant growth of A. thaliana Col-0 in dose-response assay with natural MWCNTSs
or amorphous carbon, 15 days after sowing. Representative photographs were taken from
plates for each treatment. This experiment includes different plates per treatment with ten
seedlings each, which was repeated at least three times with similar results. B-G)
Morphometric and biomass parameters of A. thaliana in the in vitro dose-response assay
with natural MWCNTSs. B) Total height, C) leaf area, D) lateral root number, E) root volume,
F) fresh weight, G) dry weight. The analysis was accomplished using the WinRHIZO
software, and Instruments Canada Inc., with EPSON Expression 11000XL scan, coupled.
Bars represent means + SE of three independent assays, n= 30 each. One-way analysis of
variance (ANOV A) was carried out with Tukey’s post hoc test; statistical significance (P <
0.05) between treatments are indicated with different lowercase letters.
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Figure 4. Effect of natural MWCNTSs on the AtTOR/tor1:uidA expression in A. thaliana
roots. A) Image of AtTOR/torl::uidA expression in transgenic A. thaliana seedlings, p-
glucuronidase (GUS) staining in dose-response assay with natural MWCNTS, 15 days after
sowing. Representative photographs of individual roots were taken from plates for each
treatment GUS-staining at least ten seedlings each, assay was repeated three times with
similar results. Photographs of representative roots were obtained with an optical
microscopy LEICA DM750 with 10X objective. The IAA (1.0 uM) was used as positive
control. B) AtTOR/tor1::uidA expression kinetic in Arabidopsis roots, bars represent means
+ SE of three independent assays, n= 10 each. One-way ANOVA was carried out with
Tukey’s post hoc test; statistical significance (P < 0.05) between treatments are indicated
with different lowercase letters.
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Figure 5. Effect of the natural MWCNTSs on expression and phosphorylation of the S6K
protein of A. thaliana seedlings. Seedlings were homogenized to obtain protein extracts
used for Western blot assays as described in Materials and Methods. A) Representative
images correspond to western blot using protein extracts from each treatment using the anti-
AtS6K and anti-AtS6K-phosphorylated Thr(P)-389 antibodies are indicated. B) Graph
corresponding to determination of the band intensity from the Western blot assays such as
in (A), analyzed by densitometry using the Image J software (NIH). Data represent the means
+ SE of densitometry determinations, obtained from three independent assays. One-way
ANOVA with Tukey’s post-hoc test was used to compare treatments. Significant differences
(P < 0.05) between treatments are indicated with different lowercase letters.
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Figure 6. Effect of natural MWCNTs and AZD8055 TOR inhibitor on plant growth
and development of A. thaliana. A) Image of plant growth of A. thaliana Col-0 in dose-
response assay with natural MWCNTSs and supplemented with AZD8055 (1.0 uM), 15 days
after sowing. B-C) Morphometric and biomass parameters of A. thaliana. B) Root length,
C) total height. The analysis was accomplished using the WIinRHIZO software, and
Instruments Canada Inc., with EPSON Expression 11000XL scan, coupled. This experiment
includes different plates per treatment with ten seedlings each, which was repeated at least
three times with similar results. Representative photographs were taken for plates or
individual seedlings from each treatment. Bars represent means + SE of three independent
assays, n= 30. One-way ANOVA was carried out with Tukey’s post hoc test; statistical
significance (P < 0.05) between treatments are indicated with different lowercase letters.
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Figure 7. Effect of natural MWCNTs and AZD8055 TOR inhibitor on the
CycB1;1::uidA expression in A. thaliana roots. A) Roots photographs of CycB1;1::uidA
transgenic Arabidopsis GUS staining supplemented with natural MWCNTs and AZD8055
inhibitor (1.0 uM), 15 days after sowing. Representative photographs of individual roots
were taken from plates for each treatment GUS-staining at least ten seedlings each, assay
was repeated three times with similar results. Photographs of representative roots were
obtained with optical microscopy LEICA DM750 with 10X objective. The 1AA (1.0 uM)
was used as positive control. B) CycB;1:1:uidA roots expression Kinetic analyzed by
densitometry using the Image J software (NIH). Bars represent means + SE of three
independent assays, n= 10 each. One-way ANOVA was carried out with Tukey’s post hoc
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test; statistical significance (P < 0.05) between treatments are indib‘a ed with different
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Figure 8. Effect of natural MWCNTs and AZD8055 TOR inhibitor on the DR5::uidA
expression in A. thaliana roots. A) Roots photographs of DR5::uidA transgenic
Arabidopsis GUS-staining supplemented with natural MWCNTs and AZD8055 inhibitor
(1.0 uM), 15 days after sowing. Representative photographs of individual roots were taken
from plates for each treatment GUS-staining at least ten seedlings each, assay was repeated
three times with similar results. Photographs of representative roots were obtained with
optical microscopy LEICA DM750 with 10X objective. The IAA (1.0 uM) was used as
positive control. B) DR5::uidA roots expression kinetic analyzed by densitometry using the
Image J software (NIH). Bars represent means = SE of three independent assays, n= 10 each.
One-way ANOVA was carried out with Tukey’s post hoc test; statistical significance (P <
0.05) between treatments are indicated with different lowercase letters.
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Figure 9. Elemental composition of the natural MWCNTS and amorphous carbon
samples obtained after forest fire. Sample obtained after a forest fire (12 weeks later) and
utilized for elemental composition by energy dispersive microwaves (EDS) model LK-
IE250 OXFORD INCA ENERGY 250. Natural MWCNTSs were collected from P. oocarpa
carbonized tree samples; while as amorphous carbon collected from P. montezumae
carbonized tree samples. Bars represent means £SE and n= 3. One-way ANOVA was carried
out with Tukey’s post hoc test; statistical significance (P< 0.05) between samples are
indicated with different lowercase letters.
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Table 1. Effect of the natural MWCNTS on the phytoregulators balance in A. thaliana Col-
0 seedlings

MWCNTSs (ng/ml)

Compound 0 5 10 15 20 25
IAA 11.36 6.18 9.81 16.53* 15.45% 12.21
IBA 26.71 27.01 34.69* 41.40* 71.84* 84.78*
KT 1.36* 0.14 0.13 0.19 0.16 0.04
ABA 0.22 0.12 0.28 0.13 0.33 0.18
GAs 0.11 0.17 0.39* 0.42* 0.48* 1.00*
JA 2.70 8.70* 4.21 2.70 10.99* 11.46*
SA 13.51 14.084375 13.87375  14.155625 18.410625%* 20.10%

Seedling of Arabidopsis thaliana Col-0 (3 g) grown in an in vitro assay dose-response 15
days after germination supplemented with natural MWCNTs were homogenized,
phytoregulators extracted with solvents and analyzed by UPLC-MS/MS as described in
Materials and Methods. The standards used were: IAA (indoleacetic acid), abscisic acid
(ABA), indole 3-butyric acid (IBA), gibberellic acid (GA), jasmonic acid (JA), kinetin (KT),
and salicylic acid (SA). The means of phytoregulator concentrations are expressed in ppb.
Calculations were performed using the peak areas of the quantifier transition of each
phytoregulator. Quantitation was conducted by two independent assays with two technical
determinations for each sample; the coefficients of variance are expressed as percentage
(%CV). Multiple Statistic significant differences determined by Student’s t-test from
treatments are represented with asterisks at P< 0.05 with respect to the control (without
MWCNTSs addition).
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CAPITULO 3.

Synthetic multi-walled carbon nanotubes affects Arabidopsis thaliana growth
through blocking the TOR signaling pathway

Gladys Juérez-Cisneros®: Jests Campos-Garcia'*, Dhirendra K. Tiwari’; Homero Reyes-De la
Cruz!, and Javier Villegas'*.

! Instituto de Investigaciones Quimico Bioldgicas, Universidad Michoacana de San Nicolas de
Hidalgo, Morelia, Michoacan, México.
2 CONACYT- El Colegio de Michoacéan/Ladipa, La Piedad, Michoacan, México.

Running title: MWCNTSs inhibits plant development by TOR blocking

Abstract:

Phytotoxicity and beneficial effects of synthetic multi-walled carbon nanotubes (MWCNTS) on
plant growth have been documented. However, the physiological mechanisms behind on plant
toxicity of these nanomaterials are unknown. The TOR signaling pathway activity and
phytoregulators balance play key roles in plant growth regulation. In this work, we evaluated
the effect of synthetic MWCNTSs on germination and development in the Arabidopsis thaliana
plant model and its involvement on the TOR signaling pathway. To evaluate the TOR pathway,
the A. thaliana AtTOR/torl::uidA activity and the S6K phosphorylation was determined.
Results showed that the synthetic MWCNTSs at 10-15 pug/mL promoted seed germination, but
in higher concentration the seeds germination was inhibited. Synthetic MWCNTS in a range
greater than 10 pg/mL repressed aerial growth, biomass, and produced changes in root
architecture. The activity of the AtTOR/torl::uidA marker was repressed at 10 pg/mL of
synthetic MWCNTSs and correlated with S6K phosphorylation inhibition. Synthetic MWCNTSs
also affected the expression of the AtCycB1;1::uidA cell cycle marker in roots plants at 15
pg/mL; in a similar way, the AZD8055 TOR-inhibitor addition also repressed the
AtCycB1;1::uidA activity. These results suggest that synthetic MWCNTSs affected the
Arabidopsis plant growth by affecting cell division through an that this effect involves the TOR
signaling pathway. Additionally, the synthetic MWCNTSs significantly repressed the activity of
the auxinic marker DR5::uidA at 15 ug/mL in a synergic way to the AZD8055 addition.
Synthetic MWCNTSs not modified the abscisic acid (ABA) abundance; however, the indole
acetic acid (IAA), indole butyric acid (IBA), gibberellic acid (GA) and jasmonic acid (JA)
amounts were increased in a concentration-dependent manner, but contrary to, the kinetin
content was decreased. In conclusion, the synthetic MWCNTSs inhibited the germination and
plant growth of A. thaliana through modifying the synthesis of phytoregulators and by a
mechanism that involves the TOR signaling pathway.

Keywords: Synthetic multi-walled carbon nanotubes; TOR signaling; S6K protein;
phytoregulators; plant growth.
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1 Introduction

The nanotechnology is an emergent area of multidisciplinary interest due to the nanoparticles
have extraordinary physic and chemical properties that make them of growing relevance for
industrial, technology, and scientific development [1]. Among nanomaterials, synthetic multi-
walled carbon nanotubes (MWCNTS) have been considered nanoparticles with potential
nanoagriculture applications by promoting plant growth [2]. This nanomaterials have been
associated with the early emergence of seeds and their germination [3]; likewise these
nanomaterials improve the chlorophyll content rendering the photosynthetic activity more
efficient [4]. Findings so far show that these nanoparticles induce the expression of aquaporin-
regulatory genes increasing water uptake by the plant [5]. However, phytotoxic effects of
synthetic MWCNTSs have also been reported [6]. Those contrasting effects has been associated
with the nanoparticles intrinsic properties, especially, their shape, dimensions, electrical
conductivity, stability, and their limited solubility [7], as well as the concentration employed
and the plant species used as model [8]. In example, in Cucurbita pepo (zucchini), the addition
of synthetic MWCNTSs affected seed germination and plant biomass during a 15-d in a
hydroponic assay [9], induced reduction in germination percentage, root and shoot length,
biomass, and vigor plant after 14-d of exposition [10]. In Lactuca sativa L., MWCNTSs inhibited
germination and limited growth and plant biomass by inducing cell death [11]. In other
agronomic species such as, Amaranthus tricolor L. and Cucumis sativus [12], phytotoxic effects
have also been reported. Nevertheless, the mechanisms involved in the MWCNTS phytotoxicity
have not been totally elucidated, however, these effects have been associated with the oxidative
stress generated by an increment and accumulation of reactive oxygen species (ROS),
membrane damage [10], the reduction of antioxidant enzymes like superoxide dismutase,
catalase, and peroxidase [10], or by effecting cell proliferation [13]. The study of beneficial and
adverse effects on plants have caused increasing interest worldwide because these nanoparticles
have been localized in plant and fruit tissues of food and commercial importance, rendering a
critical importance by human health risk.

On the other hand, it has been reported that biotic and abiotic factors such as microbial
interactions, temperature, light intensity, water availability, essential minerals, and
phytoregulators homeostasis play a critical role on plant growth and development under natural
conditions [14]. Moreover, in higher plants the TOR (target of rapamycin) signaling pathway
plays a key role on plant development by integrating signals that regulate the assimilation of
nutrients, energy, response to biotic or abiotic stress, and phytoregulators biosynthesis [15].
TOR pathway is key player in the cell cycle progression and plant development in response to
environmental factors and phytoregulators. This pathway is regulated by the availability of
nutrients, amount of light, CO, uptake, concentration of photosynthates such as glucose and
sucrose, or the presence of NOs™ [16]. TOR pathway regulates cell proliferation and elongation,
autophagy [17], ribosomal embryogenesis, transcriptional reprogramming of genes that
regulate central and secondary metabolism, the growth of stems, leaves and root hairs, stress
plant responses, senescence [18], and defense against pathogens [16].

TOR regulates plant growth through the phosphorylation of a downstream canonical target, the
S6 ribosomal protein kinase (S6K) [19]. In mammals, S6K is presents as the cytosolic isoform
p70 S6K1 and nuclear p85 S6K1 [70] whose activity is modulated in response to growth factors,
homeostasis of cytokines, or nutrients [20]. As in mammals, overexpression of S6K protein has
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been reported to increase cell size in plants [21] and stimulate protein synthesis [22]; this kinase
in turn phosphorylates the factor elF3h to maintain translation through uORF in polysomes,
increasing protein syntesis [23]. Thus, the TOR pathway represents a point of convergence of
the nutrient, energy, and auxin pathways to regulate plant growth [24]. Auxins are positive
regulators of cell division that activate and promote TOR loading in polysomes, activate S6K1,
and initiate a signaling cascade that facilitate protein translation [23]. The TOR complex is also
dependent on the homeostasis of phytoregulators such as auxins and cytokinins [16,19] mainly,
key phytoregulators in cell cycle progression, meristematic activity, root architecture
organization and apical dominance, as well as plant organogenesis [25-27]. Auxins have been
documented to induce TOR activity and induce restart of mMRNA translation through S6K1,
whereas deficiency in TOR signaling impaired auxin-mediated root gravitropism [23].
Furthermore, Yunting et al., (2017) suggested that auxins interact with stress response
molecules in plants through the regulation of TOR activity [17]. Recently, TOR has been
reported to play an antagonistic role with phytoregulators such as jasmonic acid and salicylic
acid, which are regulated in response to stress caused by biotic and abiotic factors [18,28]. In
this work, we evaluate the effect of synthetic MWCNTS on the development of A. thaliana plant
model to deepening in the mechanism involved in the beneficial or adverse effects on plants,
which represent a scientific interest at worldwide because the potential human health risk of the
utilization of nanoparticles in agriculture. In this sense, the effect of synthetic MWCNTSs on
germination, auxins and TOR pathway signaling were evaluated in Arabidopsis plants.

2 Materials and methods:
2.1  MWCNTs specifications and characterization

The synthetic MWCNTS present a purity >98% (Aldrich, Cat 698849). The MWCNTSs sample
were analyzed with Raman spectroscopy according with Lara Romero et al., (2017)[29].
Functional groups in the MWCNTs was analyzed by attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy, and spectra were recorded via Nicolet iS10
spectrophotometer (Thermo Scientific) by the attenuated total reflection (ATR) technique [29].

2.2  Plant growth conditions

Arabidopsis thaliana Col-0 was used in this study. All plants were grown in a growth chamber
at 23°C/photoperiod (16-h light: 8-h darkness) with a light intensity of 100 puE.2s1. Seeds of A.
thaliana wild-type (WT) were plated with MS 0.5x (Murashige and Skoog) according to [30],
supplemented with 0, 5, 10, 15, 20 or 25 pg/ml of MWCNTSs. The seed germination was
measured at 0, 6, 12, 24, 48, and 72 hours. Plant growth was analyzed 15 days after sowing.
The analyzed morphometric variables included height (cm), leaf area (cm?), as well as fresh
and dry weight (g). Variables of the radical architecture were also measured, including root
volume (cm?®) and the number of lateral roots with WinRHIZO-software ® Regent Instruments
Inc.

2.3  Effect of synthetic MWCNTs on the TOR and auxins signaling, and cell
proliferation.
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To evaluated the effect of synthetic MWCNTSs on TOR and auxins signailing, and cell cycle,
we first evaluated the gene expression of the transgenic plants AtTOR/torl::uidA, DR5::uidA
and AtCycB1;1::uidA respectively, through the GUS staining. The quantification activity was
realized according to the protocol described by Malamy and Benfey (1997) [31]. Representative
images were captured with a Leica DM750 optical microscope, and the activity measurement
of the GUS reporter gene was determined using the ImageJ software (NIH Image).

Phenotypic analysis of transgenic DR5::uidA and AtCycB1;1::uidA plants were used in this
study. GUS staining and quantification activity were used to evaluate the effect of the
MWCNTSs with and without AZD8055 1.0 mM, a repressor of TOR activity [32].

2.4  Western blot assay

Arabidopsis plants cultivated in MS supplemented with synthetic MWCNTSs were used nine
days after sowing to obtain protein crude extracts [33], and Bradford reagent (Bio-Rad) was
used to quantify total protein concentrations. Cellular lysis was carried out in phosphorylation
buffer (PB) 300 uL composed of [Hepes 50 mM pH 7.6, sodium-pyrophosphate 50 mM, sodium
ortovanadate 1 mM, sodium molybdate 1 mM, EDTA, EGTA 20 mM, benzamidine 1 mM, NaF
20 mM, PMSF 0.2 mM, B-glycerophosphate 80 mM, mannitol 200 mM, protease inhibitor
cocktails 1 pL/mL (all reagents from Sigma-Aldrich Co.)], and 30 pg of protein was mixed
with 10 pL of denaturing buffer (Tris-HCI 0.06M, pH6.8, 5% de glycerol, 4% SDS, 4% (-
mercaptoethanol and 0.0025% bromophenol blue) for 5 min at 95 °C in a boiling water bath.
Samples were run in a denaturing 12% polyacrylamide gel electrophoresis (SDS-PAGE) in
duplicate. One gel was Coomassie blue stained and the other gel was transferred to
polyvinylidene difluoride (PVDF, Millipore) membranes for western blot procedure. The
membranes were probed with rabbit anti-S6K polyclonal antiserum (1:5000 dilutions, Santa
Cruz Biotechnologies), and anti-mouse 1gG (1:3000) was used as the secondary antibody. To
detect the phospho-p70 S6 kinase Thr(P)-389 polyclonal antibody (1:5000, Santa Cruz
Biotechnologies), and secondary antibody anti-rabbit 1gG (1:10000) were used. The
membranes were washed twice with TBS-T buffer and developed using hydrogen peroxide and
Supersignal West Pico Luminol (Pierce, Thermo Fisher Scientific). The images were captured
in ChemiDoc™ MP System (Bio-Rad). Assays were conducted at least three times, and
representative images are shown. Band intensities in images were quantified using Image J
software (NIH Image).

2.5  Effect of synthetic MWCNTSs on phytoregulators

Arabidopsis plants were harvested after nine days of growth. The fresh plant material (3 g) was
frozen with liquid N2. The phytoregulators extraction was obtained with methanol-
trifluoroacetic acid (TFA) 100:1, vortexed 30 min at room temperature, and centrifuged at
(1300 x g, 5 min at 4 °C). The solvents were evaporated in a speed vac (Centrivap Concentrator,
Labconco) at 60 °C; the supernatant was transferred to a tube and adjusted to 1.5 ml with
methanol. The samples were placed in 2 mL-Bond Eluent sample prep solutions tubes,
QUECHhERS Dispersive SPE 2 mL, fruits and vegetables with pigments, AOAC (Agilent
Technologies), and shaken for 5 min using a vortex. After that, the sample was centrifuged for
5 min at 4000 rpm. Finally, the samples were placed in vials and frozen until analysis.
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Phytoregulators were quantified by the liquid chromatography-tandem mass spectrometry
technique (LC-MS/MS), which consisted of an ACQUITY UPLC and Xevo TQ-S (Waters).
The LC-MS/MS measurement was carried out as follows: 1 mL of standard solution or samples
previously filtrated were injected into a reverse phase LC column (ACQUITY UPLC BEH C18
1.7 mm, 2.1mm, 50 mm). The phytoregulators were eluted from the column using a gradient of
(A) water containing 4 mM of ammonium-formate and 0.1% of formic acid and (B) acetonitrile
100%. A linear gradient was observed from 90% A: 10% B to 60% A: 40% B at 4.0 min, and
finally 100% A: 0% B after 1 additional min for equilibration. A flow rate of 0.4 ml/min was
used. The total run time (including injection) was 6 min. The column temperature was kept at
40 °C, while the samples in the autosampler were kept at 10 °C. For detection, the Xevo TQ-S
was used in MRM mode. The MS/MS transition specific parameters were determined for each
phytoregulator. The standards used included Kinetin (Kt), indole 3-acetic acid (IAA), indole 3-
butyric acid (IBA), gibberellic acid (GAs), Jasmonic acid (JA), and abscisic acid (ABA), all
acquired from Sigma-Aldrich. All compounds were measured using a capillary voltage (kV) of
2.20, a de-solvation temperature of 500 °C; a de-solvation gas flow (N2) (L/h) of 800; a cone
gas flow (L/h) of 50; and nebulizer gas flow (Bar) of 7.0. Calculations were performed using
the peak areas of the quantifier transition of each phytoregulator.

2.6  Statistical analysis:

The results were obtained from three independent assays. The media reporter was obtained of
5 petri dishes with 10 plants each, and each treatment was conducted with 5 replicates n=10.
One-way analysis of variance (ANOVA) was carried out with Tukey's post hoc test. Statistical
significance (P <0.05) between treatments concerning control is indicated with different
lowercase letters.

3 Results
3.1  Synthetic MWCNTSs characterization

MWCNTSs characterization by Raman spectroscopy was performed, where three

bands characteristic of the MWCNTSs were observed. The G band at 1563 cm™ corresponding
to the tangential vibrations of the carbon atoms, characteristic of the E2g mode of the graphite
plane by presence of sp2 electron hybridization of the carbon, the D band a1319 cm™ generated
the structural disorder in the graphitized materials [34], corresponding to the sp3 bonds of the
distortions of the curved graphene sheets in the carbon nanotube [34,35], and finally, the G” or
2D band at 2654 cm, this band provides information on the number of graphene layers that
constitute the nanotubes, a monolayer graphene shows lower intensity of G band compared to
bi-, tri or multi-layer graphene, the number of graphene layers increases proportionally with an
increase in G band intensity [36]. The synthetic MWCNTSs ID/IG ratio obtained was 1.16,
showing the defect ratio above the density in graphene sheets [36] (Figure 1A). Also, the sample
was analyzed by FTIR (Figure 1B) showing a predominant peak at 3300 cm™ associated with
the vibrational modes of the O-H y 1635cm-1 C=C functional groups [35,37]. Finally,
microscopy image of synthetic MWCNTSs sample by HR-TEM showed that the MWCNTSs
presented outer diameter of 6-13 nm, the internal diameter of ~4.0 nm, length of ~20 um,
average wall thickness 7-13 graphene layers (Figure 1C).
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3.2 Effect of synthetic MWCNTSs on A. thaliana seed germination and plant growth

Synthetic MWCNTSs strongly repressed the germination of A. thaliana seeds at 50-100 ug/mL,
where only 20 and 10 % of germination was observed, respectively. Although, the seeds
exposed to synthetic MWCNTSs showed slightly increased germination percentages at 12 h of
treatment in all doses evaluated in comparison with the control seeds, at 24-72 h of treatment,
the percentage of germinated seeds was similar at concentrations of MWCNTSs below of 25
ug/mL (Figures 2A-2B).

In respect to A. thaliana growth, synthetic MWCNTSs negatively affected the foliar area and the
root development at all doses of MWCNTS tested compared with the control plants (Figures 3).
The results showed significant reduction in the total height of plants cultivated with 15, 20, and
25 ug/mL of synthetic MWCNTSs (Figure 3B), while the leaf area was decreasing in function
of the concentration of MWCNTSs added (Figure 3C). The radical architecture shows strong
growth inhibition with MWCNTS, concentrations above to 10 pg/mL diminished the root
volume, inhibiting total growth and development of primary and lateral roots at 20-25 pg/mL
(Figure 3D). Biomass was also evaluated in A. thaliana seedlings, fresh weight and dry weight
were negatively affected at doses above to 15 ug/mL MWCNTSs (Figure 3E-F), showing a total
plant growth inhibition at 25 pg/mL (Figure 3A).

3.4  Effect of synthetic MWCNTSs on the TOR kinase pathway

To determine whether the effects on plant growth involve to the TOR kinase pathway, the effect
of synthetic MWCNTSs on the TOR expression were first analyzed. The level of TOR expression
were determined using the transgenic line AtTOR::uidA in response to the addition of synthetic
MWCNTSs nine days after sowing. GUS staining in the roots showed that A. thaliana seedlings
treated with synthetic MWCNTSs above to 10 pg/mL, decreased the expression levels of GUS
marker, compared with the control treatments without MWCNTS or plants supplemented with
IAA 1.0 uM (Figure 4), indicating these nanomaterials reduce the expression of TOR. Further,
the effects of synthetic MWCNTSs in Arabidopsis was also evaluated in the downstream TOR
target, the S6K protein kinase by measuring the total S6K protein content and its
phosphorylated status (p-S6K-Thr389), which is widely used as an indicator of TOR pathway
activity. Similar levels of total S6K protein were detected in both the control and protein
extracts from Arabidopsis Col-0 seedlings treated with 5 and 10 pg/mL of synthetic MWCNTS;
but at 15 ug/mL of synthetic MWCNTSs, the S6K protein expression was totally inhibited
(Figure 5). Similar effect was detected in its phosphorylated isoform; at 5 and 10 pg/ml of
MWCNTSs, an increment of S6K protein phosphorylation was observed, but inhibited at 15
pug/mL MWCNTSs (Figure 5B).

3.5 Effect of synthetic MWCNTSs on cell proliferation and auxin signaling

The Plant growth its regulated by the balance of cell proliferation (increase in cell number) and
cell elongation (increase in cell size), both processes are modulated by the TOR signaling
pathway. To determine whether negative effect on A. thaliana plant growth and development
induced by synthetic MWCNTSs was the result of repression of cell elongation or proliferation
and the correlation with the repression of the TOR and S6K proteins, we analyzed the cyclin-B
expression on plant roots using the transgenic AtCycB1;1::uidA line. Synthetic MWCNTS
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treatments on the transgenic plant, showed similar effects as in wild type plants, producing
development repression of the seedlings at all the concentrations used (Figure S1). In a similar
way, the addition of the TOR inhibitor AZD8055 also affected the plant growth, suggesting the
involvement of the TOR pathway. Moreover, we observed that synthetic MWCNTS negative
affected cyclin-B expression in the roots, compared with the control treatments at
concentrations above to 10 ug/mL (Figure 6). A synergic effect was observed when plants were
grown on both, synthetic MWCNTSs and AZD5055, further suggesting the involvement of TOR
signaling (Figure 6).

To determine whether the synthetic MWCNTSs effects on Arabidopsis plants involves auxin
signaling, we tested the GUS activity in the DR5::uidA transgenic line. The results showed that
the synthetic MWCNTS at concentrations of 15 pg/mL significantly decreased the GUS activity
(Figure 7). Additionally, the supplementation of the AZD8055 TOR-inhibitor caused decreased
levels of GUS marker in a synergic way with the synthetic MWCNTSs (Figure 7), further
suggesting the participation of the TOR pathway.

3.6  Effect of synthetic MWCNTSs on the A. thaliana phytoregulators content

Given that the auxin content on root tips was modulated by synthetic MWCNTSs in A. thaliana
seedlings, the phytoregulators content on seedlings exposed to MWCNTs (10 pg/mL) was
measured by LC-MS/MS. The results showed that the synthetic MWCNTSs changed the balance
of the phytoregulators in the Arabidopsis seedlings. The indole acetic acid (IAA) and abscisic
acid (ABA) phytoregulators concentration were not modified by the addition of synthetic
MWCNTs (Table 1). However, auxins such as the 3-butyric acid (IBA), and other
phytoregulators such as gibberellic acid (GAs) and jasmonic acid (JA) increased significantly
their amounts; in contrast, the kinetin (Kt) was decreased by the synthetic MWCNTSs (Table 1).

4 Discussion

The findings showed that the synthetic MWCNTSs inhibits the germination of A. thaliana seeds
at doses higher than 15 ug/mL (Figure 2). Similar effects for MWCNTSs have been reported for
Cucurbita pepo (zucchini) [9,10] and in Lactuca sativa L [11]. According to Lahiani et al.,
(2013) the effects of MWCNTS on germination depend on their translocation inside the seed,
influencing the interaction of suspended organic materials, their colloidal nature and the
vehicles that allow their flow [38]. We also detected negative effects of synthetic MWCNTS on
A. thaliana at doses higher than 15 pg/ml in the foliage area, root architecture, and biomass
(Figure 3). Previous studies have documented negative effects of synthetic MWCNTS, where
the phytotoxicity caused by this nanomaterials had been attributed to the cell death in roots and
leaves due to an increase in the generation and accumulation of ROS [11] and the breakdown
of cell membranes [12].

To explore the effect of synthetic MWCNTSs on the TOR pathway, we first studied the GUS
activity in the transgenic AtTOR::uidA line in response to the addition of MWCNTS. In the root
of A. thaliana, it was observed that at10 png/mL of MWCNTS, the GUS activity was decreased,
compared to the control plants without MWCNTSs or supplemented with IAA (Figure 4).
Likewise, we analyzed the effect of synthetic MWCNTs on S6 kinase, a target protein
downstream of TOR, considered as the main target of TOR pathway in plants. In plants, the
S6K is also involved in the regulation of the cell size and homeostasis of glucose [21]. Our
results showed that the synthetic MWCNTSs affected the expression and phosphorylation of the
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S6K protein at 15 pg/mL of MWCNTS (Figure 5). Thus, the decrease in TOR expression on
AtTOR/torl:: uidA and the S6K inhibition, strongly suggests that the synthetic MWCNTS
negatively affect plant growth through repression/activation of TOR/S6K signaling pathway.
Inhibition of the TOR pathway has been reported to generate a short root system as a
consequence of an early exit from proliferation and entry into the differentiation program
[24,39]. Furthermore, this pathway plays a key role in thr translation and biogenesis of
ribosomes, regulating the composition and structure of the cell wall [40] suggesting that
repression of the TOR pathway collaterally inhibits the expression of other genes that regulate
cell expansion and therefore plant growth [24].

Due to the critical role of the TOR/S6K pathway, as a central regulator in the control of cell
growth and proliferation [25], we initially evaluated the effect of MWCNTs on the
AtCycB1;1::uidA transgenic line, widely used as cell division marker. The results obtained with
AZDB8055 addition, showed, that the addition of this TOR-inhibitor generated small plants with
roots and foliage with limited growth, a typic phenotype on plants with the addition of
competitive ATP inhibitors of TOR [41](Figures S1 and 6). It was also observed that the
synthetic MWCNTSs significantly affected the GUS activity in the roots in AtCycB1;1::uidA at
15 pg/mL of these nanomaterials; however, at lower doses no significant differences were
detected compared to the control plants.

The inhibition of TOR by the action of AZD8055 significantly suppressed the induction of the
AtCycB1;1::uidA marker in the roots of A. thaliana in all the tested concentrations of synthetic
MWCNTSs; this inhibition suggests that the expression Cyclin B1 is modulated through
synthetic MWCNTSs by a signaling mechanism dependent on the TOR pathway. Our results are
in agreement with Hartig et al. (2006), who reported that Cyclin genes as CYCBL are partially
regulated by these TOR-S6K kinases [42].

The influence of phytoregulators on the TOR/S6K pathway has also been documented, for
example, signaling of auxins in plants through ROP2, induce the downstream signaling and
phosphorylation cascade of TOR and S6K [43,44]. For this reason, the effect of synthetic
MWCNTSs was evaluated using the A. thaliana DR5::uidA transgenic plants to evaluate the
activity of auxins (Figure 7). The results showed that synthetic MWCNTSs at a concentration
above 10 pg/mL affected the GUS activity, suggesting that MWCNTSs interferes with the auxins
effects. Furthermore, the inhibitory effect of AZD8055 on the GUS activity of this transgenic
line together with MWCNTS, indicates that synthetic MWCNTSs affects plant growth by
regulating synthesis or mobilization of auxin in a TOR-dependent pathway. The relationship
between auxins and TOR signaling pathway and the influence of TOR in the auxin-mediated
plant development has been documented [23]. Our results strongly support this interconnection.
According to Yokawa and Balus“ka (2016), in plant roots the TOR pathway can be activated
by the accumulation of ROS to control its downstream processes, including the regulation of
auxins, and negatively the autophagy [45]. In other hand, the auxin participates in the regulation
of plant growth throughout the plant life cycle and is one of the most important growth
regulators in plants. Previous reports demonstrate that TOR acts as an essential effector for
auxin signal transduction in Arabidopsis [19, 23, 46]. Then, auxins can be participating as
upstream TOR effectors [47], and regulates the cell cycle, according with the cellular cycle
phase [23]. Auxins have been documented to induce TOR activity and induce restart of mMRNA
translation through S6K1, whereas deficiency in TOR signaling impaired auxin-mediated root
gravitropism [23].
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The key role played by plant regulators during plant development has been extensively
documented [24]. However, the effect of synthetic MWCNTSs on modulating the synthesis of
phytoregulators has not yet been explored [48]. Our findings showed a clear effect of MWCNTSs
on phytoregulators amounts. Synthetic MWCNTSs slightly modified the abundance of salicylic
acid (SA), jasmonic Acid (JA), and abscisic acid (ABA) in Arabidopsis seedlings, we also
detected increases in the abundance of gibberellic acid (GAs) and a strong increase in indole
butyric acid (IBA), a precursor of IAA; in contrast, there was a reduction of kinetin (Kt). This
result is consistent with Moubayidin et al., 2009), they reported that auxins-cytokinins play an
antagonistic role among each other to regulate meristematic activity and the development of
root architecture [25], participating in root initiation, formation and development of lateral, and
adventitious roots [49]. Likewise, it has been documented that synthetic MWCNTSs negatively
affect the growth of Oryza sativa L. by decreasing the concentrations of phytoregulators such
as IBA, IPA, ABA, JA and endogenous brassiosteroids [48].

5 Conclusion

Our results provide evidence about the negative effect of synthetic MWCNTSs on the plant-
growth model of A. thaliana. The negative effect on Arabidopsis showed significant differences
in germination, aereal growth, root architecture modification, and biomass. This research also
provided evidences relating the negative effects of the synthetic MWCNTS to a mechanisms
involving the TOR/S6K signaling pathway and modifying the phytoregulators balance.
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9 Figures and legends
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Figure 1. Analysis of synthetic MWCNTSs with a purity >98% (Aldrich, Cat 698849). The
figure A) show Raman spectra scattering spectra (He-Ne laser emitting at 514 nm) of the
sample: Characteristic bands of MWCNTSs are shown in synthetic MWCNTSs ID band (~1319
cm™), IG band (~1563 cm™) and 2D band (1654cm™). The ID/IG ratio values corresponding
are shown. B) FTIR spectra shows functional groups characteristic of MWCNTSs; C) HR-TEM
images of synthetic MWCNTS. Representative images are shown.
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Figure 2. Effect of synthetic MWCNTSs on seed germination of A. thaliana. A) Evaluation
of seed germination of A. thaliana WT in an in vitro assay dose-response with synthetic
MWCNTSs at 6, 48, and 72 h after seed sowing. The IAA (1.0 uM) was used as positive control.
B) Seed germination kinetic. Bars represent means + SE of three independent assays. n= 30
each.
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Figure 3. Effect of synthetic MWCNTSs on plant growth and development of A. thaliana.
A) Image of plant growth of A. thaliana WT in dose-response assay with synthetic MWCNTSs
15 days after sowing. B-G) Morphometric and biomass parameters of A. thaliana in the in

vitro dose-response assay with synthetic MWCNTSs. B) Total height, C) leaf area, D) root
volume, E) fresh weight, F) dry weight. Bars represent means + SE of three independent assays.
n= 30 each. One-way analysis of variance (ANOVA) was carried out with Tukey’s post hoc

test; statistical significance (P < 0.05) between treatments are indicated with different lowercase
letters.
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Figure 4. Effect of natural MWCNTSs on the AtTOR/torl:: uidA expression in A. thaliana
roots. A) Image of AtTOR/torl:: uidA expression in transgenic A. thaliana seedlings, -
glucuronidase (GUS) staining in dose-response assay with synthetic MWCNTSs, 9 days after
sowing. The IAA (1.0 uM) was used as positive control. B) AtTOR/tor1:: uidA roots expression
Kinetic, Bars represent means + SE of three independent assays. n= 30 each.
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Figure 5. Effect of the synthetic MWCNTSs on expression and phosphorylation of the S6K
protein of A. thaliana seedlings. Seedlings were homogenized to obtain protein extracts used
for Western blot assays as described in Materials and Methods. A) Representative images
correspond to western blot using protein extracts of at least three independent assays using the
indicated antibody. The anti-S6K and anti-S6K-Thr(P)-389 antibodies used are indicated. B)
Graph corresponding to determination of the band intensity from the Western blot assay (A),
analyzed by densitometry. Data represent the means + SE of densitometry determinations, using
protein extracts obtained from at least three independent assays. One-way ANOVA with
Tukey’s post-hoc test was used to compare treatment-times with respect to control. Significant
differences (P< 0.05) between treatments are indicated with different lowercase letters. Bars
represent means = SE of three independent assays. n= 30 each.
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Figure 6. Effect of synthetic MWCNTSs and AZD8055 TOR inhibitor on plant growth and
development of A. thaliana. A) Image of plant growth of A. thaliana WT in dose-response
assay with synthetic MWCNTSs and supplemented with AZD8055 (1.0 uM), 9 days after
sowing. B-C) Morphometric and biomass parameters of A. thaliana. B) Root length, C) total
height. One-way analysis of variance (ANOVA) was carried out with Tukey’s post hoc test;
statistical significance (P < 0.05) between control and treatments are indicated with different
lowercase letters. Bars represent means + SE of three independent assays. n= 30 each.
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Figure 7. Effect of synthetic MWCNTs and AZD8055 TOR inhibitor on the
CYCB1;1::uidA expression in A. thaliana roots. A) Roots photographs of CYCB1;1::uidA
transgenic Arabidopsis GUS staining supplemented with synthetic MWCNTs and AZD8055
inhibitor (1.0 uM), 9 days after sowing. The IAA (1.0 uM) was used as positive control. B)
CYCBZ1;1::uidA roots expression Kinetic analyzed by densitometry using the Image J software
(NIH). One-way ANOVA was carried out with Tukey’s post hoc test; statistical significance (P
< 0.05) between control and treatments are indicated with different lowercase letters. Bars
represent means + SE of three independent assays. n= 30 each.
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Figure 8. Effect of synthetic MWCNTs and AZD8055 TOR inhibitor on the DR5::uidA
expression in A. thaliana roots. A) Roots photographs of DR5::uidA transgenic Arabidopsis
GUS staining supplemented with synthetic MWCNTSs and AZD8055 inhibitor (1.0 uM), 9 days
after sowing. The IAA (1.0 uM) was used as positive control. B) DR5::uidA roots expression
kinetic analyzed by densitometry using the Image J software (NIH). ANOVA was carried out
with Tukey’s post hoc test; statistical significance (P < 0.05) between control and treatments
are indicated with different lowercase letters. Bars represent means + SE of three independent
assays. n= 30 each.
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Table 1. Effect of the synthetic MWCNTS on the phytoregulators balance in A. thaliana

WT seedlings.

ABA
GA
TAA
IBA

JA
KT
SA

Control

0.22
0.11
11.36
26.71
2.70
1.36%*
13.51

Synthetic
MWCNTs
(10 ug/ml)
0.32
1.75*
13.91
78.46*
3.68*
0.009
14.766875

IAA (indoleacetic acid), abscisic acid (ABA), indole 3-butyric acid (IBA), gibberellic acid
(GA), jasmonic acid (JA), kinetin (KT), and salicylic acid (SA). Phytoregulators concentration
in ppb are shown. Values correspond to means with percentage of variance coefficient less than
10%, three independent assays. T-Students test was carried out, statistical significance (P<
0.05) between treatments comparing with the control are indicated with asterisks.
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Figure 9. Effect of synthetic MWCNTSs on the TOR signaling pathway and its
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8. DISCUSION

La nanotecnologia es una disciplina emergente de interés multidisciplinario debido a que las
nanoparticulas tienen propiedades fisicas y quimicas extraordinarias que las hacen de interés
industrial, tecnoldgico y cientifico [1,2]. Entre los nanomateriales, los nanotubos de carbono
sintéticos de paredes multiples (MWCNTS) se han considerado de origen sintético, sin
embargo, recientemente se demostré que estos nanomateriales pueden generarse también
durante los incendios forestales [28] y a la fecha se desconoce totalmente los efectos de estas
nanoparticulas en los sistemas bioldgicos.

Por otro lado, los MWCNTS sintéticos se han considerado nanoparticulas con aplicaciones
potenciales en la agricultura al promover el crecimiento vegetal [3-5]. Sin embargo, también
se han documentado sus efectos fitotdxicos [13,14] por lo que se busca elucidar los diferentes
mecanismos fisiologicos y moleculares que los MWCNTSs afectan positiva o negativamente
durante el desarrollo vegetal.

En este trabajo, aportamos el primer reporte sobre los efectos de los MWCNTS de origen
natural en el desarrollo vegetal; se realiz6 un analisis comparativo de los efectos de los
MWCNTSs de origen natural vs MWCNTSs de origen sintético a diferentes concentraciones
sobre dos diferentes especies vegetales. E. polystachya al ser una leguminosa de importancia
forestal en México y A. thaliana, una planta usada ampliamente como modelo biol6gico. Los
resultados obtenidos mostraron que a dosis equivalentes los MWCNTSs de origen natural
promovieron el desarrollo vegetal en ambas plantas, mientras que los MWCNTSs de origen
sintético afectaron negativamente tanto a E. polystachya como en A. thaliana. Dichos efectos
contrastantes del uso de MWCNTS sintéticos en las plantas se han atribuido a las propiedades
intrinsecas de las nanoparticulas: forma, dimensiones, conductividad eléctrica, estabilidad y
su solubilidad limitada [5], asi como la concentracidn de nanoparticulas aplicada a las plantas
y la especie vegetal utilizada como modelo bioldgico probado [15]. Por otro lado, la adicion
de carbono amorfo obtenido del mismo sitio de recoleccion de los MWCNTS de origen natural
no causo diferencias significativas en el crecimiento y desarrollo vegetal en E. polystachya y
en A. thaliana. Por lo que nuestros resultados sugieren que la concentracion de nanoparticulas
adicionadas es un factor determinante en el efecto causado sobre el crecimiento y desarrollo
vegetal de E. polystachya y A. thaliana; sin embargo, fue evidente que las propiedades fisico-

quimicas de los MWCNTSs afecto el desarrollo de estas plantas, y la diferencia estructural
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entre los MWCNTSs naturales y sintéticos puede ser un factor que contribuyé en los efectos
contrastantes detectados en ambas plantas.

El desarrollo vegetal en condiciones naturales, involucra factores bidticos como las
interacciones microbianas, insectos y nematodos [55], y abioticos, principalmente la
temperatura, intensidad de la luz o la disponibilidad de agua, minerales esenciales y la
homeostasis de fitorreguladores [56,57]. En la Gltima década, el estudio de MWCNTS ha sido
creciente, debido a los beneficios que estos nanomateriales pueden generar en las plantas,
especialmente en cultivos de interés agrondémico. En E. polystachya, asi como en A. thaliana
los MWCNTSs naturales favorecieron la emergencia temprana de las semillas e incrementaron
el porcentaje de germinacion, por el contrario, los MWCNTSs de origen sintético a dosis
equivalentes afectaron la germinacion de semillas. Estos resultados fueron consistentes con lo
reportado por Lara et al., (2018) con el uso de MWCNTSs de origen sintético, donde estas
nanoparticulas en Lupinuss elegans y E. polystachya incrementaron la tasa de germinacién de
semillas. Otros trabajos de investigacion han documentado efectos similares sobre la
germinacién temprana e incrementos en el porcentaje de germinacion generados por
MWCNTSs sintéticos en semillas de Solanum lycopersicum [40], Avena sativa [42], Triticum
spp [41,144], en Glycine max, Hordeum vulgare y Zea mays [31]. El aumento de la
germinacién de semillas se ha asociado con una mayor absorcion de agua en las semillas,
facilitado por la formacion de nuevos poros de la capa de las semillas y las paredes celulares
por los MWCNT; sin embargo, el mecanismo de accion de estas estructuras en la germinacion
de semillas no es completamente claro. Por otro lado, el uso de MWCNTSs sintéticos causo
efectos negativos sobre la germinacion tanto de E. polystachya como de A. thaliana a dosis
equivalentes a las usadas de MWCNTSs naturales. Efectos similares se han reportado en
Cucurbita pepo (calabacin) [48,49] y en Lactuca sativa L [50]. De acuerdo con Lahiani et al.,
(2013) los efectos de los MWCNTSs en la germinacion dependen de su translocacion al interior
de la semilla, influye la interaccion de los materiales organicos suspendidos, su naturaleza
coloidal y los vehiculos que permiten su flujo [145]. Ademas, se ha documentado que varios
factores quimicos y fisicos pueden influir en los eventos bioquimicos y fisiologicos que
controlan la germinacion en las semillas [146,147], por ejemplo la regulacion de acuaporinas

durante el proceso de germinacion de las semillas [31].
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Los resultados anteriores fueron consistentes durante las diferentes etapas fisioldgicas de E.
polystachya y de A. thaliana, donde se detecté que los MWCNTs formados naturalmente
promovieron el crecimiento y desarrollo de ambas plantas, modificaron la arquitectura de la
raiz de esta leguminosa, al generar un mayor numero de raices terciarias y un mayor volumen
de raiz, lo que beneficia a la planta para su establecimiento, tener un mayor intercambio
gaseoso, absorcion de agua y minerales [143]. Ademas, las plantas tratadas con MWCNTSs
naturales mostraron un aumento significativo en los pesos secos tanto del follaje como de la
raiz. Se ha documentado que los MWCNTSs activan mecanismos de division celular [43] y
promueven el alargamiento de las células de xilema y floema, que en consecuencia influyen
en la absorcion de agua y nutrientes [41,42].

En contraste, los MWCNTSs sintéticos afectaron negativamente el follaje y desarrollo de la
raiz, asi como la biomasa y supervivencia de esta leguminosa a las dosis evaluadas. Los
efectos toxicos de los MWCNTS sintéticos en especies de interés agrondmico también se han
reportado previamente, como en Lactuca sativa [50], Amaranthus tricolor L. sativus.y
Cucumis sativus [51]. En este estudio, encontramos que los MWCNT sintéticos, a las
concentraciones probadas, afectaron negativamente el desarrollo de E. polystachya, al alterar
la germinacidn, las variables morfométricas de las partes aéreas de la planta y la arquitectura
de la raiz. Los mecanismos asociados con la toxicidad de los MWCNTS no se han dilucidado;
sin embargo, estan asociados con la induccion de muerte celular en las raices y las hojas, al
aumentar el estrés oxidativo causado por los MWCNTS, por incremento y acumulacion de
especies reactivas de oxigeno (ROS), dafios en las membranas [7,17], la inhibicién de enzimas
antioxidantes [17], represion de la proliferacion celular y muerte celular [22]. Lo anterior es
de creciente interés, debido a que estas nanoparticulas se han localizado en frutas y tejidos

vegetales con importancia alimentaria y comercial.

Diferentes mecanismos fisioldgicos y moleculares se han propuesto para intentar explicar
como los MWCNTSs y otras nanoparticulas afectan el desarrollo vegetal; sin embargo, el efecto
de estos nanomateriales en el complejo de sefializacién TOR no ha sido explorados, a pesar
de que desempena un papel clave como “interruptor” durante la progresion del ciclo celular
[73,120]. La funcion de TOR implica modular el desarrollo vegetal, censar e integrar factores

bidticos y abioticos como la disponibilidad de nutrientes y energia a través de procesos
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metabolicos en las plantas [71], esta involucrado en la regulacion de la respuesta a estres [27]
0 la homeostasis de fitorreguladores como las auxinas y citocininas [60,67], el acido
jasmonico y el &cido salicilico [65,77,78]; por lo que es una via de sefializacion crucial en la
regulacion del crecimiento y desarrollo vegetal [60]. En este trabajo aportamos la primera
evidencia del efecto de los MWCNTSs naturales y sintéticos sobre la via de sefializacion TOR
como un mecanismo mediante el cual se modula el desarrollo vegetal.

Para determinar el papel de los MWCNTSs en la via de sefializacion de TOR, primero se estudio
la expresion de la 3-glucuronidasa en la linea transgénica AtTOR/tor::uidA como respuesta a
laadicion de MWCNTSs naturales. En laraiz de A. thaliana a dosis equivalentes, los MWCNTSs
naturales favorecieron la expresion del reportero GUS, equivalente a la obtenida en plantas
con IAA, y superior que las plantas control (sin MWCNTS). Por el contrario, con el uso de
MWCNTSs de origen sintético, la expresion de la B-glucuronidasa en la linea reportera
AtTOR/torl::uidA se observé que la expresion del reportero GUS en la raiz fue disminuyendo
al incrementar la concentracion de MWCNTS sintéticos. Por otro lado, se evalud el efecto de
los MWCNTSs en la actividad de la S6K, una cinasa “rio abajo” de la proteina TOR, se
cuantifico la proteina S6K y su estado fosforilado (p-p70S6-Thr389), usado ampliamente
como indicador de la actividad de la ruta TOR. Se detectaron niveles similares de proteina
S6K total tanto en el control como en las plantas tratadas a diferentes concentraciones de
MWCNTSs naturales. Interesantemente, los MWCNTSs promovieron la activacion de la
proteina S6K, mostrando un aumento en su isoforma fosforilada en funcion de la
concentracion de MWCNTSs naturales. En contraste, los resultados mostraron que los
MWCNTSs sintéticos afectaron la fosforilacion de la proteina p-S6K-Thr®®, dependiente de
las dosis agregadas de estas nanoparticulas, a concentracion de 15 ug/ml de MWCNTs la
expresion total de la proteina S6K se inhibid. Se ha documentado que la inhibicion de la via
TOR genera un sistema de raiz corto como consecuencia de la salida temprana de la etapa de
la division celular e inicio de la fase de diferenciacién anticipada [73,151]. Ademas, esta via
desempefia un papel clave en traduccion y biogenesis de ribosomas, la regulacion de la
composicion y estructura de la pared celular [152], lo que sugiere que la represion de la via
TOR podria estar inhibiendo colateralmente la expresion de otros genes que regulan la

expansion celular y por tanto el crecimiento vegetal [73].
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La proteina S6K desempefia diversas funciones debido a que es una parte integral conservada
de la via de sefializacion de TOR, es considerada el vinculo directo entre la via TOR con el
control de traduccién, ademas esta involucrada en la regulacion del tamafio celular y la
homeostasis de la glucosa en las plantas [150]. Por lo tanto, la estimulacién de la expresion y
la actividad de TOR indican, que los MWCNTSs estdn modificando la actividad de la via de
sefializacion de TOR/S6K durante el desarrollo vegetal.

El crecimiento de las plantas es el resultado de un efecto combinado de proliferacion celular
(aumento en el numero de células) y elongacion celular (aumento en el tamafio de las células),
ambos procesos estan regulados por la via TOR. Para determinar si el crecimiento y la
promocion del desarrollo de las plantas en las plantulas de A. thaliana inducidas por
MWCNTSs son el resultado del alargamiento o proliferacion celular y si estos procesos podrian
asociarse y correlacionarse con la mayor actividad de la proteina S6K vy la induccion de la
expresion de TOR, analizamos la expresion de ciclina B1 en raices de plantas a través de la
linea transgénica AtCycB1;1::uidA, que es indicativa de proliferacion celular [16].
Adicionalmente, se analizé el crecimiento de plantas transgénicas y la expresion de ciclina B1
utilizando el inhibidor de TOR, AZD8055. Sin el inhibidor, al igual que en las plantas de tipo
silvestre, los tratamientos con MWCNTSs naturales produjeron un mayor desarrollo de las
plantulas, mientras que con los MWCNTS sintéticos se disminuy6 el tamarfio de las plantulas.
Estos hallazgos fueron consistentes con el efecto sobre la expresion de ciclina B1 en las raices,
donde los MWCNTSs favorecieron la actividad de GUS, indicativo de un aumento en la
expresion de ciclina B1; pero por el contrario, los MWCNTS sintéticos afectaron la expresion
de ciclina B1. Inesperadamente, la adicion de MWCNTSs naturales en presencia de AZD8055
(inhibidor de TOR) caus6 una fuerte inhibicion en la germinacion y el desarrollo de las
plantulas de A. thaliana con NTC naturales y sintéticos, la adicion de AZD8055 generd plantas
pequefias cuyas raices y follaje mostraron crecimiento limitado, fenotipo caracteristico de la
adicion de inhibidores ATP competitivos de TOR [153]. Asimismo, se observd una
disminucion de la actividad del marcador AtCycB1;1::uidA en las raices de A. thaliana en
todas las concentraciones de NTC aplicadas; esta inhibicion causada por la adicion de
AZD8055 sugieren que la expresion de ciclina B1 modulada por la adicion de MWCNTSs
sintéticos ocurre mediante un mecanismo de sefializacion dependiente de la ruta TOR. De

acuerdo con Hartig et al. (2006), los genes de ciclina como CYCBL1 estan parcialmente
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regulados por cinasas del tipo TOR-S6K [154], lo que indica que la reduccion en la expresion
de ciclina B1 fue causada por la presencia de los MWCNTSs ocurri6 por la inhibicién de la via
TOR.

Por otro lado, se ha documentado ampliamente el papel que desempefian las auxinas sobre la
division celular y el desarrollo vegetal, al inducir respuestas de crecimiento en todas las etapas
del desarrollo del ciclo de vida de las plantas; por ejemplo, regulan respuestas a la luz y la
gravedad, la organogénesis, la arquitectura radical y de brotes y el desarrollo vascular,
asimismo, estas inducen respuestas (division y expansion celular) dependiente de la etapa
fisioldgica de desarrollo de la planta [83]. Ademas, se ha documentado, que la via TOR actla
como un factor esencial para la transduccion de sefiales de auxina en Arabidopsis [67,72,148]
y las auxinas a su vez desencadenan la fosforilacion de la proteina TOR y posteriormente la
de la S6K a través de la proteina ROP2, “rio abajo” en la cascada de sefializacion [155,156].
Por lo que, las auxinas se han propuesto como activadores de las reacciones rio arriba de la
via de sefializacion TOR [72]; involucradas en la sefializacion de disponibilidad de glucosa y
luz, asi como en el efecto de auxinas aplicadas exdgenamente, estas activaban S6K1 en los
meristemos de los brotes como indicador de la actividad de la ruta TOR.

Para determinar el papel de las auxinas en la interaccion MWCNTs-TOR durante el desarrollo
vegetal, se analiz6 la expresion de la linea transgénica DR5::uidA, usada ampliamente para la
visualizacion de la localizacion de auxinas. Los resultados mostraron que los MWCNTSs
naturales aumentaron significativamente la actividad de GUS, equivalente al efecto de AIA a
1,0 uM aplicado exdgenamente. Mientras que el efecto de los MWCNTSs sintéticos afecto
negativamente la expresion DR5::uidA al ir incrementando la concentracion de estas
nanoparticulas. Interesantemente, en la linea transgénica DR5::uidA cultivada en presencia de
AZD8055 y de MWCNTSs naturales, la actividad del marcador auxinico no fue afectado. En
contraste, con el uso de MWCNTSs sintéticos se detectd que al inhibir la via TOR con el
AZD8055, también la actividad auxinica se vio afectada. Estos resultados sugieren que tanto
los MWCNTS naturales como sintéticos durante el desarrollo vegetal intervienen directamente
en la modulacion de la sintesis o movilizacion de auxinas, lo cual esta directamente
interconectado con la via de sefializacion de TOR. Sin embargo, el uso de MWCNTSs naturales
también puede regular la actividad de auxinas mediante un mecanismo independiente de la
via de TOR.
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Por otro lado, la deficiente sefializacion de TOR afecta el desarrollo de las plantas mediado
por auxinas [72]. De acuerdo con Yokawa y Balus“kal, en raices la via de TOR puede ser
activada por la acumulacion de ROS para controlar esta via “rio abajo”, incluidas la regulacion
de auxinas, y negativamente el proceso de autofagia [157].

Ademas de las auxinas, diversos fitorreguladores desempefian un papel clave durante las
diferentes etapas del ciclo bioldgico vegetal [73]. Por lo que evaluamos los efectos de los
MWCNTSs naturales y sintéticos en A. thaliana. Nuestros hallazgos mostraron un claro efecto
de los MWCNTs naturales en la estimulacion de la acumulacion de diferentes
fitorreguladores. Por ejemplo, en las plantulas de manera dependiente de la concentracion
adicionada de nanoparticulas se detectaron incrementos significativos en la abundancia de
auxinas como el &cido-indol-3-butirico y el acido 3-butirico (IBA), también en el &cido
giberélico (GA), acido jasmonico (JA) y acido salicilico (SA). En contraste, con la adicion de
MWCNTSs naturales se detect6 una fuerte disminucion de Kt. Con la adicion de MWCNTSs de
origen sintético en plantulas de Arabidopsis, se detectd que el fitorregulador mas abundante
fue el IBA, un precursor del IAA, seguido de GAs, también se detectaron incrementos
significativos en la abundancia SA y ABA, mientras que hubo una disminucion de Kt. Estos
fitorreguladores en sinergia regulan la proliferacion celular y tamafio de los meristemos
vegetales [61], participan en la iniciacion de la raiz, en la formacion y desarrollo de raices
laterales y adventicias [49]. Sin embargo, el papel de estos fitorreguladores en la via TOR aln
es desconocido: por ejemplo, se ha reportado que el papel de las auxinas sobre la via TOR es
através de la GTPasa ROP2, la cual al ser activada por las auxinas desencadena una cascada
de sefalizacion “rio abajo” hasta la fosforilacion de S6K [59,60]. Mientras que el papel de las
giberelinas ha sido menos estudiado en esta via, sin embargo es posible que al igual que las
auxinas participe en estimular la via TOR, ya que este fitorregulador participa en diferentes
etapas del desarrollo vegetal, desde la iniciacion de la germinacion, dormancia, regular la
elongacion vegetal, crecimiento de la raiz, hojas, tallos y frutos, asi como en la floracion [56].
Asimismo, se ha documentado que fitorreguladores como el ABA, o el JA y SA juegan un
papel antagdnico en la via de TOR [17,28].

A la fecha, el papel de los MWCNTS sintéticos en el balance de fitorreguladores comienza a
ser explorado. El primer reporte sobre el efecto de MWCNTSs sintéticos de diferentes
caracteristicas estructurales fue documentado por Hao et al., (2016), estos investigadores
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demostraron que los MWCNTSs afectaron negativamente el crecimiento Oryza sativa L. al
disminuir las concentraciones de IBA, IPA, ABA, JA y brasioesteroides enddgenos [149], por
lo que los resultados obtenidos sugieren que los efectos generados en A. thaliana son

dependiente de esta alteracion en el balance de fitorreguladores causado por los MWCNTSs.

9. CONCLUSION

Los MWCNTSs naturales y sintéticos generaron efectos contrarios en el desarrollo de E.
Polystachya y A. thaliana. Mientras que los MWCNTSs naturales promovieron el crecimiento
de estas plantas, los MWCNTSs sintéticos inhibieron el desarrollo vegetal. Dichos efectos
implican la actividad de la via de sefializacién de TOR y su correlacion con el balance de
fitorreguladores. Adicionalmente, los resultados sugieren que los MWCNTSs naturales actiian
sobre la via de sefializacion dependiente de auxinas a traves de la via TOR, pero también

mediante algin mecanismo independiente de esta via de sefializacion.
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