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Abstract: Industrial applications of titanium dioxide nanoparticles (TiO2 NPs) are wide, and their use
in nano-fertilizing technology has been proposed in the last few years. Bioactivity evaluation of differ-
ent TiO2 NPs formulations is therefore crucial, not only to select the most appropriate formulation but
also to validate potential agro-applications. In the current work, we compared the bioactivity of the
two most used TiO2 NPs formulations (anatase and rutile–anatase) on the photosynthesis of Lactuca
sativa. Seeds were exposed to concentrations of 0, 10, and 50 mg L−1 of anatase (A) or rutile–anatase
(RA). Germination rate was not affected by NPs, but root growth was stimulated mainly by RA50.
Compared with control, RA showed positive effects on photophosphorylation-related parameters.
A50 was more efficient in promoting the gas exchange phase (PN, Ci, gs, and E) and in stimulating the
absorption of some nutrients. Expanding on the biochemical and physiological data, we show that
RA50 stimulated several genes coding for proteins involved in the electron transport in thylakoids
(psbA, petB, petA, psaA, psaC, ndhA, ndhD) and ATP synthesis (atpA, atpB). The transcript coding for the
large subunit of RuBisCO (rbcL), was stimulated by lower concentration (RA10). This suggests that
RuBisCO is highly sensitive to these NPs even at low doses. RA at low doses has been demonstrated
to be the most promising NP. These discriminative effects of TiO2 NPs, based on their formulation
and dose, may present advantages for their use in the precision nanoagroindustry.

Keywords: bioactivity; crop growth; gene regulation; photosynthesis; titanium-dioxide nanoparticles

1. Introduction

Nanoagriculture is opening a new era in the agro-food industry by playing an emer-
gent role in improving crop production, providing highly efficient and sustainable nanopes-
ticides, nanofertilizers, and nanosensors [1–6]. Several metal-based nanoparticles (NPs),
particularly silver (Ag), copper (Cu), iron (Fe), titanium (Ti), and zinc (Zn) NPs, are in-
creasingly being used to promote crop germination and plant growth, to improve stress
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tolerance, or in the amendment of agricultural soils [1,7,8]. Titanium dioxide nanoparti-
cles (TiO2 NPs), which are among the most promising NPs in nanoagriculture, have also
demonstrated lower toxicity than other metal-NPs in maize and rice [9]. It has also been
shown that these TiO2 NPs can reduce the phytotoxicity of other metal contaminants such
as Al and Pb in lettuce plants [10]. TiO2 NPs occur as anatase, rutile, or brookite. Anatase
(A) and rutile–anatase (RA) are the two most widely used formulations [11]. Anatase and
rutile (R) differ in structure: A is constituted by a tetragonal form with four TiO2 units,
while the tetragonal form of the R is constituted by two TiO2 units. In addition to these
different structures, the optical, mechanical, and chemical proprieties are also significantly
different, namely color and photocatalytic activity, which promote distinct application in
the industry [12,13]. Thus, it is expected that they may also differently influence plant
growth [14,15]. TiO2 NPs added to soil and hydroponic systems have been reported to
be absorbed by plants from the roots and translocate throughout of plant [16,17]. The
uptake mechanism of these TiO2 forms remains unclear, although it has been suggested
that it uses the same transporters of other metals [18,19]. Previous studies have shown
that A is less genotoxic than RA, and positively influences lettuce and basil seedlings’
growth [14]. Usage of anatase NPs may promote cold tolerance in chickpeas and increase
crop productivity [20]. The changes in plant physiology may be due to TiO2 NPs’ ability to
shift molecular pathways in plant organs, such as leaves and roots [21]. These NPs may
also increase the adhesion of beneficial soil bacteria to the roots and help the plant’s defense
mechanisms [22].

Despite their evident potential for crop growth, a detailed explanation of how TiO2
NPs influence plant photosynthesis is still lacking [23]. However, it has been reported to
improve nitrogen metabolism, chlorophyll content, and photosynthetic performance [24,25].
In vitro studies showed that anatase NPs decreased oxidative stress levels and elevated
the oxygen evolution rate in chloroplasts exposed to UV-B radiation, which supports the
protective role of these NPs [26]. RA NPs showed antioxidant properties and improved
photosynthetic performance in oilseed rape plants [27]. Moreover, Gao et al. [28] showed
that A induced conformational changes in RuBisCO activase and enhanced its activity
in spinach.

However, the effects of TiO2 NPs on energy and carbohydrate-related metabolism were
also contradictory. At doses as high as 750 mg kg−1, RA (coated with Al2O3) decreased the
levels of chlorophylls but increased total sugar and reducing-sugars compared to unexposed
plants [29]. Doses between 100–500 mg L−1 of A NPs applied to rice decreased starch and
sucrose metabolism, compromising the glyoxylate and dicarboxylate metabolisms, while
stimulating the Krebs cycle and the pentose-phosphate pathway [30]. In general, these NPs
have shown the potential to improve the light-harvesting complex II (LHCII), enhance light
absorption and transport, and consequently improve photosynthetic metabolism [31–33].
These data suggest that high doses of TiO2 NPs have a profound impact on energetic
pathways, which must be taken into consideration in nanoagriculture strategies.

Current data show also that TiO2 NPs phytotoxicity on lettuce may start at doses
above 50 mg L−1 [34,35]. We hypothesize that low (non-toxic) doses of TiO2 NPs will
positively influence crops’ growth and stimulate photosynthesis (by regulating one or both
of photophosphorylation and Calvin cycle phases), and that TiO2 NPs might also regulate
photosynthesis-related key genes. We also hypothesize that these effects are dependent on
the formulation and dose. To test this hypothesis and assess the potential phytotoxicity of
these NPs, lettuce plants (a major dicotyledonous crop and widely used as an ISO model)
were chronically exposed to different levels of TiO2 NPs. After 21 days, plant water status
and several photosynthesis-related parameters (gas-exchange, chlorophyll fluorescence,
RuBisCO activity, pigments, and carbohydrates contents) were quantified.
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2. Materials and Methods
2.1. NPs Supply, Characterization, and Solution Preparation

TiO2 NPs (≥99.5% purity) were purchased from Sigma Aldrich, St. Louis, MO-USA.
According to the supplier, A NPs have a size < 25 nm and a surface area ranging from
45–55 m2 g−1, and RA NPs, Aeroxide® P25 (Evonik, Essen, Germany) are composed of
rutile and anatase (20:80) with an average size of 21 nm and a surface area ranging from
35–65 m2 g−1. A stock suspension (1 g L−1) was prepared in deionized water and then
sonicated (30 min). Based on previous works and predicted environmental concentra-
tions [15,36,37], the final concentrations used to study photosynthetic effects for both NPs
were: 0, 10, and 50 mg L−1. Since most phytotoxic effects on crop plants have been reported
for doses above 50 mg L−1 [35], the solutions were prepared by mixing the appropriate
volumes of the growth medium (1/2 Hoagland, Sigma Aldrich, St. Louis, MO, USA) and
the NPs-stock solution. Prior to use, all solutions were sonicated (~15 min). The charac-
terization of these NPs, including the dispersion profile in suspension, was previously
published [14].

2.2. Plant Material and Type of Substrate for Seed Exposure

Seeds of Lactuca sativa cv. ‘Maravilla de Verano Canasta’ (Vilmorin Jardin, Paris,
France) were germinated on Petri dishes with 10 mL of water (control) or with A or RA
solutions with concentrations of 10 or 50 mg L−1 (a total of 5 conditions) on cellulose
Whatman paper (Cytiva, Maidstone, United Kingdom). After seven days of germination
in the dark, 20 plantlets of each condition were transferred to larger containers with hy-
droponic medium, maintaining the same condition of exposure to NPs. Seedlings were
then hydroponically grown on the respective medium with continuous aeration, with
photosynthetic photon flux density (PPFD) emitted by fluorescent light lamps L 30W/77
FLUORA (OSRAM, Munich, Germany) at 250 µmol m−2 s−1, temperature conditions
around 22 + 2 ◦C, ~50% RH (relative humidity), and 16 h:8 h (day:night). To standardize
the exposure conditions, all media were renewed three times a week, and the pH was
maintained at ~5.6. All measurements were performed at the end of the exposure period,
twenty-one days after the start of the exposure.

2.3. Plant Growth and Elemental Contents

Plant growth was determined by shoot and root length, and fresh and dry weight was
determined using standard protocols [15]. Other morphological aspects (e.g., senescence,
chlorosis, necrotic spots, abscission) were registered. After leaf incineration and H2SO2
dissolution of ashes, the levels of TiO2 and of nutritional elements relevant to osmotic
regulation and the photophosphorylation pathway, including K, Ca, Mg, Mn, Fe, Cu, and
P, were measured by inductively coupled plasma mass spectroscopy (ICP-MS, Jobin Ivon
JY70 Plus, Horiba, Kyoto, Japan).

2.4. Gas Exchange and PSII Efficiency

Fully expanded leaves of six plants per condition were used for gas exchange and
chlorophyll a fluorescence determination. For gas exchange analysis, the gas-exchange
portable photosynthesis system (LI-6400 Photosynthesis System, Li-COR, Lincoln, NE,
USA) was used, operating in open mode. The analysis took place under atmospheric CO2
conditions, and PPFD (~200 µmol m−2 s−1) was supplied by an external halogen lamp
(OSRAM, Munich, Germany). Transpiration rate (E, mol m−2 s−1), stomatal conductance
(gs, mol m−2 s−1), net photosynthetic rate (PN, µmol m−2 s−1), and intercellular CO2
concentration (Ci, ppm) were determined as described in Dias et al. [37].

Photophosphorylation parameters were obtained by determining the minimal fluores-
cence yield (F0, PSII centers open) in 30 min dark-adapted expanded leaves (by applying
a weak modulated light) with a fluorometer (LI-6400 Photosynthesis System, Li-COR,
Lincoln, NE, USA). Then, a 0.7 s saturating-pulse of white light (>1000 µmol m−2 s−1) was
applied, and the maximal fluorescence yield of a dark-adapted sample (Fm, PSII centers
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closed) was determined. The corresponding F0′ and Fm’ were also determined in leaves
after adaptation to light for 30 min. The variable fluorescence values of the previous condi-
tions (Fv = Fm− F0 and Fv’ = Fm’− F0′) were estimated and the former was used to assess
the maximum efficiency of PSII (Fv/Fm). Other parameters were also determined, includ-
ing: photochemical quenching—qP [qP = (Fm’ − F’)/(Fm’ − F0′)], non-photochemical
quenching—NPQ = [(Fm − Fm’)/Fm’], and the effective photochemical efficiency of ΦPSII
[ΦPSII = [(Fm’ − F’)/Fm’] [38,39].

After gas exchange and PSII efficiency assessment, the same leaves were homogenized
in acetone: 50 mM Tris buffer (80:20), and chlorophyll, carotenoid (car), and anthocyanin
(ant) contents were determined according to Sims and Gamon [40].

2.5. Carbohydrate Content

Total soluble sugars (TSS) and starch were quantified by the anthrone method [41]
and according to Osaki et al. [42], respectively.

2.6. Gene Expression

Total leaf RNA was isolated using the PureZOL™ RNA Isolation protocol (Bio-Rad,
Hercules, CA, USA), according to manufacturer instructions. RNA samples were then
treated with the Deoxyribonuclease I, Amplification Grade DNAse (Invitrogen™, Waltham,
MA, USA), for reverse Transcriptase-PCR, where 1 µg total RNA was used to synthesize
the first-strand cDNA with the NZY First-Strand cDNA Synthesis Kit (NZYTech™, Lisbon,
Portugal) according to manufacturer’s instructions. cDNA product was then treated with
1 µL NZY RNase H and stored at −20 ◦C.

The Lettuce Genome Resource database (https://lgr.genomecenter.ucdavis.edu/,
accessed on 1 March 2016) was used to select the genes, and primers were designed using
Primer 3 plus (https://primer3plus.com/, accessed on 1 March 2016). Primers for two
reference genes previously analyzed by Borowski et al. [43] were designed as shown in
Table 1: the β-tubulin gene (β tub) and the adenine phosphoribosyltransferase 1 (apt1)
gene. Primers were also designed for genes implicated in photosynthesis-related processes
(Table 1). For real-time quantitative polymerase chain reaction (RT-qPCR) reactions, 2.5 µL
of cDNA, 5 µL of iTaq™ Universal SYBR® Green Supermix enzyme (Bio-Rad), and 2.5 µL of
primers at 10 µM were mixed, in a total volume of 10 µL. Amplification was standardized,
using the CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad), and the following
conditions were used: 95 ◦C for 1 min, followed by 40 cycles of 3 s at 95 ◦C and 30 s at 60 ◦C.
The melting curve analysis ranged from 65 ◦C to 95 ◦C with increments of the temperature
of 0.5 ◦C in 10 s per cycle. Gene expression was analyzed by the 2−∆∆CT method [44].

Table 1. Primers used for gene expression analysis.

Gene
Designation Description GenBank ID Primers (5′–3′)

β tub * β-tubulin, btub1 AB232704.1 F: AAATGTGGGACGCAAAGAAC
R: TCATCCACCTCTTTCGTGCT

apt1 * adenine phosphoribosyl
transferase 1-like XM_023900216.1 F: CGCCATTTACAAGCTTCATATTC

R: ATCCCTGGCTTCGGAAAG

petB cytochrome b6 NC_007578.1:74837–76254 F: ACAGGTGTGGTTCTGGGTGT
R: GTGGATTGTCCCACACTAGCA

petA cytochrome f NC_007578.1:62045–63007 F: GATACGAAATAACCATAGCGGATG
R: ATCCCTGGCTTCGGAAAG

psbA photosystem II protein D1 NC_007578.1:c1540-479 F: GTGTAGCTTGTTACATGGGTCGT
R: TCCTAGAGGCATACCATCAGAAAAG

psaA photosystem I P700
chlorophyll a apoprotein A1 NC_007578.1:c41453-39201 F: ATGGCTAAGCGATCCGACT

R: TCCAGATGCTCGCCAAAT

psaC photosystem I subunit VII; NC_007578.1:c116733-116488 F: TGTATCGGGTGTACGCAATG
R: CAGGCGGATTCACATCTCTT

https://lgr.genomecenter.ucdavis.edu/
https://primer3plus.com/
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Table 1. Cont.

Gene
Designation Description GenBank ID Primers (5′–3′)

atpA ATP synthase CF1 alpha
subunit NC_007578.1:28282–29808 F: TGTAGCTATTGGTCAAAAAGCATCT

R: GCCAGAGCTGCTCCTGTATAA

atpB ATP synthase CF1 beta
subunit NC_007578.1:c54296-52800 F: AACGAGAGGGATGGACGTAAT

R: GTATAAAGGCAGGCGCAGAT

ndhA NADH dehydrogenase
subunit 1 NC_007578.1:c121081-118937 F: GCGCAGTCAAAATATGGTTTTT

R: CGGTTTGATAACCTGCTACTAATT

ndhD NADH dehydrogenase
subunit 4 NC_007578.1:c116370-114868 F: ACGTCTTGTTTATCTCGACCAAA

R: TGAGTGGTTTTGTTGCAGAAGT

rbcL RuBisCO large subunit AY874437.1 F: ATTTTGGCAGCATTTCGAGT
R: CATCGGTCCACACAGTTGTC

* reference genes β-tubulin gene (β tub) and adenine phosphoribosyltransferase 1 (apt1).

2.7. Statistical Analysis

Except when specifically mentioned, 10 plants were used for the overall experiments,
which were treated as individual samples or as pools (pigment and carbohydrate content
determination and gene expression), all with at least 3 independent technical replicates.
The values are presented as mean ± standard deviation. Comparisons between NP condi-
tions and controls were based on the One Way ANOVA test. When data was statistically
different, the Dunnett comparison test (p < 0.05) was also used. Multivariate analyses for
data correlation were conducted based on principal component analysis (PCA) using the
CANOCO for Windows v4.02 program (Canoco, Wageningen, The Netherlands).

3. Results
3.1. Germination, Growth, and Nutrition

Seed germination was not affected by the presence of TiO2 NPs, as seeds reached a
germination rate of 100% in all conditions. Likewise, no visible morphological changes
were observed in seedlings exposed to A or to RA compared with the control.

Reduction of shoot length was observed in both groups of NPs-treated plants, with
significant differences for A50 compared to the control, while between A- and RA-treated
plants no changes were observed (Table 2). Regarding root length, plants exposed to both
RA conditions showed a hormetic profile, with roots exposed to RA50 being two times
longer than those exposed to RA10 (p < 0.05) (Table 2).

Table 2. Effects of A and RA treatments on length and biomass of shoots and roots. Different letters
mean significantly different values (p < 0.05).

Control A10 A50 RA10 RA50

Length (cm) Aerial part 6.85 ± 0.521 b 5.83 ± 0.650 ab 5.35 ± 1.150 a 6.42 ± 1.020 ab 6.27 ± 0.535 ab

Root part 3.88 ± 1.036 ab 3.52 ± 0.776 a 3.82 ± 2.062 ab 2.33 ± 0.816 a 5.68 ± 0.788 b

Fresh
matter (mg)

Aerial part 195.5 ± 64.61 ab 259.6 ± 91.45 b 151.0 ± 74.41 ab 261.2 ± 49.61 b 97.4 ± 17.17 a

Root part 28.3 ± 1.71 ab 35.8 ± 12.38 ab 21.6 ± 10.11 a 45.0 ± 9.77 b 20.0 ± 4.69 a

Dry
matter (mg)

Aerial part 4.5 ± 1.10 a 7.2 ± 3.27 a 5.0 ± 2.24 a 7.8 ± 2.39 a 3.8 ± 1.30 a

Root part 1.0 ± 0.00 a 1.2 ± 0.45 a 1.0 ± 0.00 a 1.2 ± 0.45 a 1.25 ± 0.25 a

Interestingly, in both A10 and RA10 groups, an increase in the fresh matter of the
shoots and roots was consistently observed, while in A50 and RA50 this effect was lost;
displaying lower mean values of fresh matter compared to the control (Table 2). These
observations reveal a quadratic response between the doses in both organs. Regarding dry
matter, no differences were found between the treatments in shoots and roots. Comparing
the FM/DM ratios of both aerial and root parts, there was an evident trend of these ratios
increasing in A10 and A50 as well as in RA50.
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The leaf elemental analysis shows that TiO2 is absent or residual in leaves and that
exposure to A10/50 significantly increased (p < 0.05) Ca, Fe, and Mn contents. The effect of
RA on elemental content was less evident, but both doses slightly increased Fe and Mn,
while RA50 decreased Ca and P levels (Table 3).

Table 3. Effects of A and RA treatments on leaf TiO2 accumulation and composition of nutrients
crucial for photosynthesis or osmotic balance. Nd.: not detected. Different letters mean significantly
different values (p < 0.05).

mg·gDM−1 Control A10 A50 RA10 RA50

Ca 2.45 ± 0.291 ab 3.78 ± 0.334 c 3.62 ± 0.076 c 2.70 ± 0.882 b 1.84 ± 0.399 a

K 47.49 ± 9.588 a 42.52 ± 2.348 a 43.74 ± 3.123 a 42.73 ± 7.857 a 37.01 ± 6.476 a

Fe 0.10 ± 0.029 a 0.17 ± 0.022 b 0.16 ± 0.037 b 0.14 ± 0.031 ab 0.14 ± 0.025 ab

Mg 7.68 ± 0.517 a 8.05 ± 1.588 a 8.90 ± 0.879 a 8.00 ± 1.268 a 7.33 ± 0.635 a

P 16.74 ± 0.273 b 14.40 ± 0.622 ab 13.44 ± 1.209 ab 14.76 ± 3.902 ab 12.38 ± 2.162 a

Mn 0.68 ± 0.052 a 0.84 ± 0.139 b 0.91 ± 0.055 b 0.85 ± 0.090 b 0.90 ± 0.064 b

Ti Nd. Nd. 2.5 × 10−6 Nd. 6.7 × 10−6

3.2. Photosynthetic Performance

In the control group, the levels of chlorophyll a (chla) were 0.124± 0.0129 µmol gFM−1

and those of chlorophyll b (chlb) were approximately half (0.053 ± 0.0053 µmol gFM−1).
These levels only increased (p < 0.05) with RA10 treatment, in a proportional way, thus
maintaining the chla/chlb ratio (Table 4). The levels of carotenoids and anthocyanins were
also not significantly affected by any NP treatment.

Table 4. Effects of A and RA treatments on chlorophylls, carotenoids, and anthocyanin contents.
Different letters mean significantly different values (p < 0.05).

µmol gFM−1 Control A10 A50 RA10 RA50

Chla 0.124 ± 0.013 a 0.122 ± 0.015 a 0.126 ± 0.008 a 0.162 ± 0.016 b 0.126 ± 0.016 a

Chlb 0.053 ± 0.005 a 0.052 ± 0.005 a 0.055 ± 0.005 a 0.070 ± 0.007 b 0.054 ± 0.008 a

Chla/b ratio 2.324 ± 0.010 a 2.317 ± 0.037 a 2.321 ± 0.064 a 2.320 ± 0.015 a 2.333 ± 0.061 a

Anthocyanins 0.008 ± 0.002 a 0.007 ± 0.002 a 0.009 ± 0.002 a 0.008 ± 0.001 a 0.009 ± 0.004 a

Carotenoids 0.051 ± 0.005 a 0.052 ± 0.007 a 0.055 ± 0.004 a 0.068 ± 0.008 a 0.054 ± 0.008 a

Regarding the Fv/Fm ratio, all plants showed a ratio of ~0.83. Moreover, among the
most relevant photophosphorylation-related parameters in dark-adapted leaves (F0, Fm,
and Fv), no changes were observed between the NPs treatments and the control (Table 5).
Contrarily, the corresponding parameters in light-adapted leaves (F0′ , Fm’, and Fv’) showed
a significant decrease (p < 0.05) in plants exposed to A10 (Table 5), while in plants treated
with A50 these values were close to those of the control.

The parameters Fv/Fm, Fv’/Fm’, ΦPSII and qP, did not vary between NP-exposed
plants and the controls. NPQ was statistically significantly stimulated (p < 0.05) by the
presence of A10 (3× higher than the control), with slight increases in the other conditions
(Table 5).

Table 5. Effects of A and RA treatments on chlorophyll a fluorescence. Different letters mean
significantly different values (p < 0.05).

Parameter Control A10 A50 RA10 RA50

F0 70.3 ± 10.31 a 62.6 ± 6.72 a 68.7 ± 15.37 a 75.2 ± 18.24 a 69.8 ± 8.12 a

Fm 433.8 ± 84.34 a 362.0 ± 44.93 a 420.5 ± 116.63 a 466.2 ± 145.08 a 437.0 ± 74.75 a

Fv 363.4 ± 75.08 a 299.38 ± 39.58 a 351.8 ± 101.33 a 391.0 ± 127.38 a 367.3 ± 66.82 a

Fv/Fm 0.84 ± 0.014 a 0.83 ± 0.011 a 0.83 ± 0.011 a 0.83 ± 0.024 a 0.84 ± 0.012 a

F0′ 27.0 ± 8.77 b 9.4 ± 5.19 a 26.0 ± 9.86 b 17.8 ± 7.52 ab 26.0 ± 13.60 b
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Table 5. Cont.

Parameter Control A10 A50 RA10 RA50

Fm’ 151.9 ± 35.43 b 70.1 ± 36.38 a 133.2 ± 46.89 ab 123.7 ± 34.59 ab 148.4 ± 59.51 b

Fv’ 124.8 ± 28.27 b 60.7 ± 32.37 a 107.2 ± 37.98 ab 105.8 ± 32.46 ab 122.4 ± 46.66 b

Fv’/Fm’ 0.82 ± 0.032 a 0.86 ± 0.039 a 0.80 ± 0.028 a 0.85 ± 0.061 a 0.83 ± 0.033 a

ΦPSII 0.44 ± 0.085 a 0.54 ± 0.067 a 0.48 ± 0.133 a 0.46 ± 0.070 a 0.49 ± 0.074 a

qP 0.54 ± 0.113 a 0.63 ± 0.058 a 0.59 ± 0.144 a 0.54 ± 0.081 a 0.59 ± 0.078 a

NPQ 1.91 ± 0.417 a 6.02 ± 4.201 b 2.28 ± 0.617 a 2.83 ± 1.039 ab 2.19 ± 0.782 a

Regarding gas-exchange analysis, the data show that both A and RA formulations
decreased PN (Figure 1a), with A50, RA10, and RA50 being the treatments showing the
most acute effect (p < 0.05). Stomatal conductance (gs) was significantly stimulated only
at A50 (p < 0.05), which is in line with the increase in Ci for that condition (Figure 1b,c).
Transpiration rate (E) was higher (p < 0.05) for both A50 and RA50 (Figure 1d).
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Carbohydrate analysis (Figure 2) showed that starch was only significantly decreased
(p < 0.05) to ~50% of the values of the control in RA50 (Figure 2b. Contrarily, the amount of
TSS was significantly increased only in this condition (Figure 2a).
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3.3. Gene Expression

Despite a trend of decreasing at low NP doses, the expression of the psbA gene, coding
for a subunit of protein D1 of the PSII light-harvesting complex, was influenced neither by
A nor by RA (Figure 3a).
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The levels of petA transcripts, a gene coding for a subunit of the cytochrome f, signifi-
cantly increased with A50 and R50 treatments (p < 0.05, Figure 3b). The transcript levels
of the petB gene, coding for cytochrome b6, were not influenced by A nor RA, although a
trend for increased expression in RA was observed (Figure 3c). The transcript levels of the
psaA gene (coding for the PSI700 chl a apoprotein A1 subunit) and the psaC gene (coding
for the PSI iron-sulfur center subunit) did not change in response to A or RA (Figure 3d,e),
despite a trend of increasing for the former transcript.

The expression of atpA showed a tendency to increase in A (approximately two-
fold), and particularly in RA where it reached significantly different expression at RA50
(four-fold change compared to the control, p < 0.05, Figure 3f). The transcript for another
subunit of the ATP synthase complex, atpB, showed a tendency to increase particularly
at the higher doses of NPs, being statistically significant in A50 (five-fold higher than the
control, p < 0.05, Figure 3g). Regarding the ndhA and ndhD genes, coding for the NAD(P)H-
quinone oxireductase subunits, the levels of the transcripts show a tendency to increase in
A50 and RA50 (being statistically significant for the second, with a more than seven-fold
increase compared to control, p < 0.05, Figure 3h,i). Finally, the transcript levels of the rcbL
gene, coding a subunit of RuBisCO, were significantly enhanced in RA10 leaves (four-fold
increase compared to control, p < 0.05, Figure 3j).

3.4. PCA Analysis

PCA showed a clear separation between control and NPs treatments (A10, A50, RA50),
and between A10 and RA (Figure 4). PC 1 explained 34% of the variance and PC 2 41%.
RA10 treatment is located on the lower left quadrant, together with the control, and the
group mostly scores for photosynthetic pigments, starch and shoot length, and some
chlorophyll a fluorescence indicators.
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Loading plot for the first axis, PCA 1, explained 34% of the variance, and the second axis, PCA 2,
explained 41%.

The RA50 is located in the upper left quadrant scoring mostly for photosynthesis-
related genes (associated with proteins of the electron transport chain), anthocyanins, and
chlorophyll a/b ratio as well as Fv/Fm and root length. On the upper right quadrant, A50
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also scores for genes, E and gs. In the lower right quadrant, A10 scores for NPQ, for some
nutrients, and eventually for PN and Fv’/Fm’.

4. Discussion

In this work, we demonstrate that the chronic exposure of lettuce seedlings/plants
(21 days via root exposure) to low doses of A and RA may increase growth and biomass
in crops (FM and DM), while higher doses increase root length. The increase in biomass
may be attributed to the stimulation of photosynthesis, but the manner in which TiO2
NPs interferes with photosynthesis in vivo is complex and dependent on NP formulation
and dosage.

As photochemistry provides energy and reducing power for CO2 assimilation, parame-
ters related with this phase provide valuable information about productivity [39]. The PCA
analysis shows that, despite the small trend of increasing pigments observed in most of the
NP treatments, RA10 could positively influence its levels on lettuce leaves, reinforcing its
beneficial effect for photosynthetic performance. In line with the data of Wang et al. [45], we
suggest that the low doses used here of A either do not influence chlorophylls biosynthesis
or slightly increase their biosynthetic pathways, while also stimulating important defense
pathways (e.g., the xanthophyll cycle). RA increased chlorophyll levels in cucumber [46],
while not affecting the chlorophyll and carotenoid contents in Brassica campestris, Lactuca
sativa, and Solanum lycopersicum [47,48]. Another study showed that anatase increased
chlorophyll contents in tomato plants [49]. Despite an evident stimulating trend, differences
must be understood considering the cultivars, type of exposure, and dose, as pointed out
by Zheng et al. [48].

Considering Fv/Fm, the values were ~0.83, which is close to the optimum value
described in the literature for healthy unstressed plants [50], with lower values being
associated with plants under stress. Our data show that the plants’ potential quantum
yield was not susceptible to either A or RA, which shows that the dosages used of the
NPs exert little stress at this photochemical level. Likewise, the quantum yield baseline
(F0/Fm), which is 0.16 in the control, was not significantly affected by the NP treatments,
indicating that both A and RA maintain a balanced equilibrium between the reduction
of plastoquinone QA and its reoxidation by QB. Interestingly, the PCA indicates a close
relationship between RA50 and the genes coding for proteins of the electron transport
chain, including cytochrome b6f (petA), psbA, a gene coding for the D1 protein of the PSII,
psaA, psaC (coding for proteins of the PSI), the genes coding for the ATP synthase CF1 α

and β subunits (atpA and atpB), and the NADH dehydrogenase subunits 1 and 4 (ndhA and
ndhD). This positive relationship indicates a wide influence of RAs on the transcriptional
regulation of genes coding for the photophosphorylation chain. Additionally, RA10 was
the most efficient in stimulating gene coding for a subunit of RuBisCO (rbcL). TiO2 NP-
treated spinach evidenced a stimulus in RuBisCO and RuBisCO activase, which promoted
RuBisCO carboxylation and increased the rate of photosynthetic carbon reaction [51]. This
is the first comparative study of the influence of A and RA on the transcriptional regulation
of genes coding for the photophosphorylation stage and RuBisCO.

Contrarily to what was observed in RA-treated plants, and as demonstrated in the
PCA, A showed higher interference in the photochemical reactions, particularly A10 in
light-adapted leaves, leading to higher changes in their photochemical status, comparing
to the control. Minimal fluorescence values may increase when the PSII reaction centers
are impaired or when the transfer of excitation energy from the antenna to the reaction
centers is weakened [52]. The decrease of more than 50% in F0′ values in leaves exposed to
A may suggest a lower number of active PSII reaction centers, as no significant decrease in
chlorophyll contents was observed. The maintenance of F0′ close to F0′ control values in
plants exposed to RA demonstrates that these NPs do not damage/inactivate the photo-
synthetic apparatus of the PSII reaction centers. Similarly, the stability of Photosystem II
Efficiency [ΦPSII = (Fm’ − Fs)/Fm’] shows that these NPs do not target, or even slightly
stimulate, the proportion of light absorbed by chlorophylls associated with PSII and used
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in photochemistry. It has been documented that this parameter is affected by stressful
conditions such as salinity and drought [53]. As initially calculated by Schreiber et al. [52],
around 1 mol of photons leads to an excitation of ~1 µmol of chlorophyll electrons, with
the efficiency of photosystem II (ΦPSII) being representative of the proportion of these
electrons that will photochemically reduce NADP+. From this, one may assume that the low
doses of A and RA tested do not hinder Photosystem II efficiency, and that these low doses
may even lead to a slight stimulation. It should be noted that only A10 increased the total
non-photochemical heat dissipation, NPQ, and it may stimulate protective mechanisms
against excessive energy in the chloroplasts. However, this effect might be reversed by
higher concentrations.

The photochemical phase provides the necessary amounts of ATP and NADPH for
the Calvin cycle. Data for gas-exchange parameters show that the decrease in PN observed
at the higher doses of A and RA was not paralleled by changes in stomatal conductance
(only increased in A50), meaning that it may rather be influenced by the existing higher
internal CO2 inside the leaf (Ci). The contribution of photorespiration (an essential process
for C3 plants) to the changes of Ci in response to A and RA deserves further investigation.
The water use efficiency (WUE) can be calculated from the ratio Pn/E, and the increase in
E at A50 suggests that at higher doses, A may positively regulate the stomatal aperture
at the cost of loss of water use efficiency, putatively increasing the tension of the xylem
compared to the control and other treatments. On the other hand, an enhancement of
stomatal aperture in high doses of A, not keeping up with the CO2 assimilation rate, may
be understood to be due to a TiO2 role in the energy flux rate, and thus that opening
the stomata may be helping the plant during the thermal dissipation [54]. Our data thus
suggest that the accumulation of Ci in this condition and the decrease in CO2 flux is not
due to stomatal limitations, but to the influence exerted by higher doses of A on the Calvin
cycle, this being the hypothesis under study.

Studies on wheat showed that RA induced alterations in ΦPSII, which might con-
tribute to the detected impairments in PN [37]. Decreases in PN were also observed in
the dicotyledon shrub Clarkia unguiculata when exposed to RA, with an increase of Ci [55].
However, this correlation was not found in lettuce exposed to the low doses of A and RA
tested in this work. Significant improvement in PN, Ci, E, and gs was reported in Brassica
napus plants sprayed with RAs [27]. These differences, regarding our results, may be
related to the different exposure conditions used. We demonstrate here that under the same
conditions of exposure, RA’s effects on CO2 assimilation differ from those reported in the
literature for pure A. A consequence of PN decrease can be the impairment in Calvin cycle
enzymes and carbohydrate production. RuBisCO catalyzes CO2 assimilation by the car-
boxylation of ribulose 1,5-bisphosphate, and several reports have highlighted the positive
effects of single pure anatase or rutile on PN, due to the improvement of RuBisCO activity
and RuBisCO activase [28,51,56]. Negative results on RuBisCO activity were only reported
by Zheng et al. [48] when using 6% RA, much higher dosages than those used here.

The observed change in the carbohydrate levels in plants exposed to RA was also
reported in cucumber fruits [46]. The PCA analysis shows that starch content shares a close
profile with some pigments (Chla/b, car) and a negative correlation with gs. Starch shows
some negative correlation with soluble sugars, which may suggest that the interconversion
of starch into sugars and vice-versa depends on the dose of NPs. Soluble carbohydrates are
important for maintaining leaf cell turgor, but they also act as nutrients and as metabolite
signaling molecules involved in a plant’s reaction to stress [57]. The positive correlation of
higher dosages of RA and A with transpiration and stomatal conductance shows that, at
these doses, NPs are not absorbed by the root system in quantities high enough to block the
cell wall pores and/or compromise water uptake. In maize plants hydroponically exposed
to RAs, a reduction in water flow together with decreases in transpiration and biomass was
observed [58]. Moreover, RA downregulated a gene that encodes for water transport in
Arabidopsis [59], supporting the inference that the increase in soluble sugars may represent
a strategy for maintaining leaf cell turgor [60] and coping more effectively with increased
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transpiration and putative water loss. We report here that transcriptional changes are only
evidenced at the doses of 50 mg L−1, suggesting that, except for rbcL, the effects induced by
10 mg L−1 are predominantly biochemical and do not involve gene regulation. At higher
concentrations, the effect of the NPs (namely RA) involves transcription regulation. In
general, no/low phytotoxic effects were observed using photosynthetic endpoints. Besides
the lower Pn for some concentrations tested (A50, RA10, RA50), other parameters such
as chlorophyll, soluble sugars/starch, and biomass were not compromised under these
conditions, and in some cases they were higher than the control. Thus, attending to these
multiple approaches on the photosynthetic performance of lettuce, the concentrations used
with both formulations were not able to generally impair plant production.

5. Conclusions

In conclusion, and as summarized in the PCA, these data show a clear distinction
between the effects of the two TiO2 NP formulations on the lettuce crop model (both A
treatments score on the right side, while both RA treatments score on the left side). A
exerts a beneficial influence on nutrients and on important parameters of gas exchange
(e.g., qP, gs, and E, and RuBisCO genes), while RA correlates better with chlorophyll a
fluorescence-related parameters and pigments. Moreover, the concentration effect is also
evidenced, as the low dosages (10 mg L−1) score in the lower region together with the
control, while higher dosages (50 mg L−1) score in the upper region. On the one hand,
high doses of RA and A increased, in general, the expression of some genes related to the
photosynthetic apparatus. On the other hand, it is shown that RA10 more evidently causes
stimulation of photosynthetic pigments. This dual effect of TiO2 NPs, also dependent on
the formulation, allows the use of the best formulation/dose to selectively target a phase of
the photosynthesis. Further studies should be carried out on environmental impacts and
novel applications of these NPs for plant production. Their potential for agricultural use
along with their putative risks for the food chain deserve further attention.
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