Functional and structural consequences of foliar application of singlewalled carbon nanotubes on photosynthetic membranes
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Aim: Тo explore the concentration dependent effect of foliar application of polymer-grafted single-walled
carbon nanotubes (SWCNT) on pea plants by probing the functionality, structural organization and thermal
stability of plants' thylakoid membranes.
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I. Photosystem II functionality

SWCNTs-10

Figure 1. Representative pulse-amplitude modulated images of steady-state fluorescence
recorded for intact pea plants subjected to the different treatments.

Figure 2. Effect of SWCNTs on chlorophyll fluorescence parameters. Maximum efficiency of photosystem
II photochemistry in dark- (Fv/Fm, A) and light-adapted (Fvʹ/Fmʹ, B) leaves, actual photochemical efficiency
of photosystem II (ΦPSII, C) and fraction of open photosystem II centers (qL, D) of pea plants seven days
after spraying with different concentrations of “Pluronic” P-85 (P) and SWCNTs. Plants sprayed with
H2O served as the control. Data are means ± SE (n = 6). One-way analysis of variance (ANOVA) with a
between-subjects factor was performed to assess statistically significant mean differences. Mean
separation was performed using a Tukey’s test and statistically different means at the 5% level (p < 0.05)
are indicated with different letters.

Fv/Fm - maximum efficiency of photosystem II in dark-adapted plants;
Fvʹ/Fmʹ - maximum photosystem II efficiency in light-adapted leaves;
ΦPSII - actual quantum yield of photosystem II; measure of the rate of
linear electron transport driving photosynthesis and photorespiration
when leaves are illuminated and photosynthesis is activated;
qL - fraction of open photosystem II centers; indicator of the redox
state of photosystem II .
 Both Fv/Fm and Fvʹ/Fmʹ remain unaffected or close to the control values in all treated plants.
 ΦPSII is significantly reduced only in SWCNT300 plants compared to the controls indicating that the number of
photochemical reaction centers able to provide electrons to the photosynthetic electron transport chain is
impaired in these plants.
 qL is significantly lower in SWCNT100 and SWCNT300 when compared to H2O-treated plants, reflecting smaller
number of open reaction centers, and thus a reduced use of light by those treated variants.

Figure 3. Time course of non-photochemical quenching of chlorophyll a fluorescence (NPQ)
development during illumination of pea plants with actinic (i.e. driving photosynthesis) light .
Data were recorded seven days after spraying with different concentrations of “Pluronic” P-85
(P10,100,300) and SWCNTs (SWCNT10,100,300). Plants sprayed with H2O served as the control. Data
are means ± SE (n = 6).

 Sharp increase within the first 3 min followed by a slower decrease until the 10th min and a
consequent plateau is observed for control, SWCNT10, P10, P100 and P300 variants.
 The beginning of the P300 curve has a significantly lower amplitude compared to the controls.
 The peak at the initial NPQ rise is hardly discernible in SWCNT100 and completely missing in
SWCNT300.
 At the end of the illumination period, NPQ does not differ in any of the treated plants.

II. Structural organization and stability of thylakoid membranes

Figure 4. Representative scanning electron
micrographs of chloroplast cross-sections taken
from intact pea leaves seven days after spraying
with H2O (A) and different concentrations of
SWCNTs
(B–D).
Chloroplast
micrographs
illustrate organization of the thylakoid membrane
system in the control (A) and in SWCNT10 (B),
SWCNT100 (C) and SWCNT300 (D)-treated plants.
G—grana, S—stroma lamellae.

 The mesophyll chloroplasts of control plants are characterized by a well-developed inner thylakoid membrane
system that consists of relatively short (~4–6 stacked thylakoid regions) and medium-high (up to 15 stacked
thylakoid regions) granas connected with stroma lamellae of different length.
 In SWCNT100 samples, granal thylakoids and stroma lamellae appear swollen along their entire length with no
apparent fragmentation or any other forms of destruction.
 For SWCNT300 plants, the swelling of both stroma lamellae and granal thylakoids is the most pronounced. The
stroma lamellae/grana interface is not clearly defined and apparently unstacked membrane regions coexist with
granum-like regions with a partially preserved stacked configuration.

Figure 5. Qualitative measure of the abundance of grana membranes,
as determined by the relative chlorophyll (chl) concentration of
digitonin-fractionated grana fragments obtained from plants treated
with different concentrations of SWCNT (A). The mild detergent
digitonin was chosen to precisely quantify the extent of grana stacking
since it is known to cut the thylakoid membrane in the locations where
granas merge with stroma lamellae.
Chl a/b ratio determined for the isolated grana fragments (B). Data
presented as mean±SD.
* indicate statistically significant difference from the untreated control
at P<0.05 according to Student’s T-test.

 No statistically significant changes in grana stacking between the different treatments are observed, strongly
suggesting that the observed changes in the morphology of 100 and 300 mg/L SWCNT treated thylakoid
membranes are not associated with extensive unstacking but most probably are due to changes in the
macroorganization of the photosynthetic complexes.
 Significantly higher chl a/b in the granas of 100 and 300 mg/L treated samples than in untreated ones is
observed, strongly suggesting migration of the major light-harvesting complex of photosystem II (LHCII,
major depot for chl b biding) from the grana regions towards the stroma lamellae, that affects the thylakoid
system morphology.

Figure 6. Series of differential scanning calorimetry profiles of thylakoids
isolated from pea leaves sprayed with different concentrations of
SWCNT. For clarity the individual thermal transitions are indicated by
T1-T6 (A).
The transition temperatures (mean±SD) of T1 (solid squares) and T4
(open dots), as a function of SWCNT concentration, are presented in (B).
* indicates statistically significant difference from the untreated control at
P<0.05 according to Student’s T-test.

 Differential scanning calorimetry is used to probe how the structural remodeling of the thylakoid membrane in
SWCNT treated variants affects its thermotropic properties.
 For each of the studied variants five thermally-induced transitions are clearly observed, in line with previous
literature data.
 The first calorimetric transition is observed at ca. 47 °C in the control, 10 and 100 mg/L SWCNT-treated samples,
but is depleted in the 300 mg/L SWCNT sample. This transition was previously found to be due to heat-induced
disassembly of chirally organized LHCII-containing macrodomains in stacked thylakoid membranes.
 The thermal denaturation transition of LHCII within its native membrane environment is clearly resolved at about
70 °C. Its denaturation temperature varies as a function of the applied SWCNT concentration. The increase in
SWCNT concentration results in up-shift of the transition temperature of LHCII, from 68 °C for the control to 71 °C
for SWCNT 300 mg/L treated variant.

Conclusions
Our data reveal concentration dependent effect of foliar application of polymer-grafted SWCNT. While the 10
mg/L concentration did not exhibit any harmful effects with respect to the tested characteristics, the 100 and
300 mg/L SWCNT concentrations resulted in reduced functionality of photosystem II and structural
remodeling of the thylakoid membrane. However, it should be noted that those effects were not detrimental
for the plant since it preserved the maximal quantum yield of photosystem II.
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