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SUMMARY

Chloride (CI") has been recently described as a beneficial macronutrient, playing specific roles in promoting
plant growth and water-use efficiency (WUE). However, it is still unclear how CI™ could be beneficial, especially
in comparison with nitrate (NO3 ), an essential source of nitrogen that shares with Cl~ similar physical and
osmotic properties, as well as common transport mechanisms. In tobacco plants, macronutrient levels of CI™
specifically reduce stomatal conductance (gs) without a concomitant reduction in the net photosynthesis rate
(Ay). As stomata-mediated water loss through transpiration is inherent in the need of C; plants to capture CO,,
simultaneous increase in photosynthesis and WUE is of great relevance to achieve a sustainable increase in C3
crop productivity. Our results showed that Cl -mediated stimulation of larger leaf cells leads to a reduction in
stomatal density, which in turn reduces g; and water consumption. Conversely, CI~ improves mesophyll diffu-
sion conductance to CO, (g,,) and photosynthetic performance due to a higher surface area of chloroplasts
exposed to the intercellular airspace of mesophyll cells, possibly as a consequence of the stimulation of chloro-
plast biogenesis. A key finding of this study is the simultaneous improvement of Ay and WUE due to macronu-
trient Cl ™ nutrition. This work identifies relevant and specific functions in which Cl™ participates as a beneficial
macronutrient for higher plants, uncovering a sustainable approach to improve crop yield.

Keywords: chloride nutrition, beneficial macronutrient, nitrate, water-use efficiency, photosynthesis, stom-
atal conductance, stomatal density, mesophyll diffusion conductance to CO,, chloroplast, Nicotiana tabacum.

Linked article: This paper is the subject of a Research Highlight article. To view this Research Highlight article
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INTRODUCTION

Especially in the agronomic context, chloride (Cl7) has
been traditionally considered a toxic anion rather than a
plant nutrient. Due to its abundance and ubiquity in nature,
it has been largely believed that ClI~ deficiency is a very
rare phenomenon in plants growing in their natural habi-
tats or in agriculture (White and Broadley, 2001). Given the
particular precautions that were required by earlier investi-
gators to induce CI™ deficiency symptoms in different plant
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species, the relevance of Cl™ in plant growth has been lar-
gely neglected (Xu et al., 2000). However, in addition to
being an essential micronutrient (Johnson et al., 1957; Xu
et al., 2000; White and Broadley, 2001; Marschner, 2011),
we have recently shown that, Cl™ is a beneficial macronu-
trient for plants (Franco-Navarro et al., 2016), a definition
further supported by others (Raven, 2017; Wege et al.,
2017; Geilfus, 2018).
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When supplied to tobacco plants (Nicotiana tabacum L.)
at concentrations in excess of those needed to satisfy the
micronutrient requirements, but insufficient to cause toxic-
ity (1-5 mm CI7), CI~ treatments resulted in leaf accumula-
tion levels that are typical of the content of a
macronutrient (Franco-Navarro et al., 2016). Under these
conditions, Cl~ has played specific roles in regulating leaf
osmotic potential and turgor. Besides improving leaf water
balance parameters, Cl™ also alters water relations at the
whole-plant level through reduction in plant transpiration.
This was a consequence of the reduction in stomatal con-
ductance (gs), which resulted in lower water loss and
greater WUE, measured as intrinsic WUE (WUEi; the ratio
of net photosynthesis rate to stomatal conductance) and
integrated WUE (long-term ratio of plant biomass produc-
tion to total water consumed).

Plant WUE has become a key measure of the efficiency
of the use of water resources and a target for crop selec-
tion and breeding (Linderson et al., 2012; Gago et al., 2014;
Tomas et al, 2014). As stomata-mediated water loss
through transpiration is inherent in the need for C; plants
to capture CO,, there is an urgent need for simultaneously
increasing photosynthesis/yield and WUE in C3 crops (Mor-
ison et al., 2008; Flexas et al., 2016). Improved photosyn-
thetic efficiency has played only a minor role in the
remarkable increases in agricultural productivity achieved
in the last half century. Therefore, it is expected that fur-
ther increases in crop yield potential will rely in a large part
on improved photosynthesis (Long et al., 2006; Zhu et al.,
2010; Ort et al., 2015). Modern agriculture requires that the
increase in productivity be made in a sustainable way,
minimizing the raise of cultivated area and maximizing the
efficiency in the use of resources like fertilizers and, espe-
cially, water (Gilbert, 2012; Ort et al., 2015; Flexas et al.,
2016). Given the effect of CI™ nutrition on WUE regulation
(Franco-Navarro et al., 2016), Cl~ fertilization arises as a
potential strategy to manipulate whole WUE in crops, as
previously proposed for other agronomic (Gregory, 2004)
and biotechnological approaches (Boyer, 1996; Parry et al.,
2005; Flexas, 2016; Flexas et al., 2016).

Despite reducing water consumption, the presence of
Cl™ has led to a moderate increase in plant fresh and dry
biomass, a phenomenon that occurred in parallel with an
increase in leaf cell size (including epidermal, mesophyll
and stomatal cells) and shoot expansion (Franco-Navarro
et al., 2016). Reduction in g is expected to reduce atmo-
spheric CO, capture, resulting in concomitant reduction in
the net photosynthesis rate (Ay). Unexpectedly, the CI™
treatment did not result in a reduction in Ay when com-
pared with control tobacco plants treated with equivalent
amounts of phosphate + sulphate salts (Franco-Navarro
et al, 2016). This apparent inconsistency could be
explained if the CI~ treatment also improved the overall
carboxylation rate of ribulose-1,5-bisphosphate (RuBP) as a

result of: (i) higher ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCo) activity; and (ii) higher diffusion rate
of atmospheric CO, into leaf mesophyll cells and chloro-
plasts. In the past, it was believed that virtually all the
resistance to CO, diffusion was caused by stomata. How-
ever, it is now clear that the mesophyll diffusion conduc-
tance to CO, from substomatal cavities to the sites of
carboxylation (g.,) accounts actually for more than 40% of
the decrease in CO, (Flexas et al.,, 2008; Warren, 2008;
Galmés et al., 2013). Therefore, g, is of great relevance for
An in many species (Flexas et al., 2012; Muir et al., 2014),
also affecting WUE (Flexas et al., 2016). As CO, diffuses
into the leaf, it must pass through several anatomical and
cell barriers: the boundary layer, the stomatal pore, the air-
filled pore space within the leaf, the cell wall, the plasma
membrane and cytoplasm as well as the chloroplast mem-
brane. Alterations in anatomical and cell parameters such
as leaf thickness, cell packing, shape and wall thickness
and chloroplasts arrangement to intercellular airspaces can
influence the conductance to CO, at each step of this diffu-
sion pathway (Terashima et al., 2011; Tosens et al., 2012;
Tomas et al., 2013). Leaf anatomical variations induced by
macronutrient levels of ClI™ in tobacco leaves, including
higher leaf thickness and bigger mesophyll cells could
potentially affect g (Franco-Navarro et al., 2016). This
possibility adds further complexity to attempts to under-
stand the mechanism of genotypic and phenotypic vari-
ability of g, (Raven, 2017).

Positive effects on cell size, biomass increase, osmotic
regulation and WUE were specific for CI™ relative to other
mineral macronutrient anions (Franco-Navarro et al.,
2016). But it is still unclear how CI~ could be beneficial,
especially in comparison with nitrate (NO3~), which in
addition to being an essential source of nitrogen, shares
with CI™ similar physical and osmotic properties, as well as
common transport mechanisms (Flowers, 1988; Cubero-
Font et al., 2016; Li et al., 2017; Wege et al., 2017). There-
fore, in this study, we aimed: (i) to confirm whether
macronutrient levels of CI™ in plants reduces gs without a
concomitant reduction in Ay; (ii) to identify physiological/
anatomical mechanisms responsible for the observed CI™-
dependent g reduction; (iii) to verify whether CI™ nutrition
modifies g,, and which physiological/anatomical alter-
ations rely behind this phenomenon. Understanding these
phenomena can be of interest in two respects. The ability
to manipulate relevant physiological processes in individu-
als with the same genetic background is a valuable tool to
better understand the studied phenomena. Conversely, a
simple and inexpensive agronomic practice like CI™ fertil-
ization could potentially increase WUE without reducing
the photosynthetic efficiency. It is therefore important to
understand how CI~ improves plant growth through the
coordinated regulation of WUE and photosynthetic perfor-
mance.
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RESULTS

Effect of CI™ on plant growth, photosynthesis, leaf water
balance and WUE

First, we verified that the 5 mm CI~ treatment (CL) repro-
duced the previously reported Cl -specific responses on
plant growth, photosynthesis, water balance and WUE
(Franco-Navarro et al., 2016). With this aim the effects of
the CL treatment on the parameters of interest were com-
pared with those of plants subjected to low CI~ treatments
(SP and N). Leaf CI™ concentration in CL-treated plants was
around 45-50 mg g~ dry weight (DW) (Figure S1a and
Table 1), which is typical of the content of a macronutrient.
In SP and N plants, CI” concentration was about 100 times
smaller, although above the critical level of micronutrient
deficiency (Franco-Navarro et al, 2016). No deficiency
symptoms like wilting, chlorosis or bronzing were
observed in SP- and N-treated plants. In fact, NO3 -supple-
mented plants exhibited the best performance in terms of
dry biomass and leaf area (Figure S1b-d), ruling out the
possibility that plants containing low CI~ (N and SP plants),
were experiencing ClI™ deficiency. The fact that N-treated
plants showed the highest growth and biomass was
expected given the essential role of nitrogen on plant
development (Hawkesford et al., 2012). The positive effect
of the Cl~ treatment on growth and biomass was confirmed
in the plants used in this work since CL plants showed
higher DW and leaf growth than SP plants (Figure S1b-d).

The effect of the CI™ treatment on leaf water parameters
was confirmed in the plants used in this work since CL
plants showed higher water content (Figure S2a) and
higher relative water content (RWC) (Figure S2b). In conse-
quence, leaves of CL plants were more succulent (Fig-
ure S2¢) and thicker (Figure S2d). As previously reported
(Franco-Navarro et al., 2016) CL plants exhibited more neg-
ative osmotic potential than SP and N plants (Figure S2e)
and higher turgor potential (Figure S2f).

Compared with N and SP treatments, CL plants showed
around 33% reduction in gs (Figure 1a), producing a con-
comitant reduction on leaf transpiration as indicated by the

CI~ simultaneously reduces g and increases g,, 817

Fresh Weight loss assay (Figure 1b). Accordingly, CL plants
consumed less water throughout the experiment (Fig-
ure 1c). Interestingly, despite the lower gs, Ay of CL plants
was not impaired in comparison with SP plants (Fig-
ure 1d), determining a 27% higher WUEi (Figure 1e). Con-
sistent with the lower water consumption, the integrated
WUE of CL plants was 25% higher than that of SP and N
plants (Figure 1f). No significant differences among treat-
ments were found in other photosynthetic parameters like
the maximum rate of RuBP carboxylation (V;max) and the
maximum rate of electron transport (Jnax). Altogether, the
results confirmed the beneficial effect of macronutrient CI™
nutrition on tobacco plant growth, water balance and
whole-plant—water relationships.

Effect of CI~ on stomatal aperture, stomatal density and
stomatal index

To identify which physiological mechanism is responsible
for the observed Cl™-dependent gs reduction, different func-
tional and anatomical parameters influencing stomatal-de-
pendent gas-exchange capacity were studied. The opening
ratio, pore size, stomatal density and index values were
quantified in plants subjected to CL, SP and N treatments.
After 3 h illumination, CL and SP plants presented the
same stomatal aperture ratio (width/length), around 0.24,
whereas N plants had 22.5% higher aperture ratio (Fig-
ure 2b), around 0.31. These values are within the expected
range of fully open stomata (0.18-0.35), previously
reported by Willmer and Fricker (1996). During the follow-
ing 4 h, light-incubated peelings exhibited a progressive
stomatal closure, in line with the natural circadian closure
occurring in our plants between 15:00 and 19:00 h (Fig-
ure 2a). Addition of ABA to the peelings incubation med-
ium determined that plants did not respond to the light
treatment (Figure 2c), remaining the stomata as closed as
those from non-illuminated control peelings (Figure 2b),
with aperture ratio values around 0.045, within the
expected range of fully closed stomata (below 0.05)
reported by Willmer and Fricker (1996). Interestingly, N
plants remained partially open under the ABA treatment,

Table 1 lon concentration and total nitrogen content in leaves of plants subjected to different treatments

lon concentration (mg g~' DW)

Treatment K* Ca* Mg?* cl- NO3~ PO~ S0,% TNC

SP 49.61 + 3.27 28.10 £+ 587 8.89 +2.08 054 +0.07b 878+ 129b 1428 +1.10a 3421+ 4.06a 63.07+6.66b
N 50.43 + 3.27 24.42 +3.20 8.11+ 1.31 0.60 +0.08b 51.03+757a 11.01+£123b 1921+ 415ab 212.69 + 19.79 a
CL 4954 + 1.88 25.26 + 4.82 8.15 + 1.47 5298 +3.40a 259+ 0.49b 1052+ 055b 14.64+2.07b 4882+3.11b
P-value ns ns ns HEE *EE * * *

Treatment consisted of the basal nutrient solution supplemented with 5 mm chloride (CL), 5 mwm nitrate (N) or the sulphate + phosphate (SP)
salt mixture containing the same cationic balance as in the CL and N treatments. Total nitrogen content (TNC) was calculated as the sum of
NO;~ plus organic nitrogen content (mg g~' DW). Mean values + SE, n = 6. ‘'Homogeneous group’ statistics was calculated through
ANOVA test, where mean values with different letters are significantly different according to Tukey’s test at P < 0.05. Levels of significance:

P <0.05 (*); P<0.001 (***); and P> 0.05 (‘ns’, no significant differences).
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with aperture ratios around 0.075, 40% higher than those
of ABA-treated SP and CL plants (Figure 2c). In addition,
when the aperture ratios were compared with those of
untreated plants (grown in basal nutrient solution, BS), we
observed that all nutritional treatments (SP, N and CL)
were able to stimulate stomatal aperture (Figure S3).

We also quantified the absolute stomatal aperture
through the measurement of the stomatal pore area and

we observed that N and CL plants showed similar pore
area values, around 45 pm?, whereas SP plants showed
around 39% less aperture area, corresponding to 27.5 pm?
(Figure 2d). In summary, results showed that: (i) the N
treatment induced the highest aperture ratio; (ii) SP and CL
treatments induced lower and similar aperture ratios; and
(iii) N and CL treatments exhibited similar stomatal pore
areas. The smaller aperture ratio to compensate for larger
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pore surface in CL plants is consistent with the higher
stomata size in Cl -treated plants. Therefore, we ruled out
the possibility that the lower gs of CL plants (compared
with SP and N plants) were the consequence of a reduced
stomatal opening capacity.

These results are consistent with the observation that
ClI™ specifically increases the size of different leaf cell types
including epidermal, guard, mesophyll and trichome cells
(Franco-Navarro et al., 2016). This may alter the distribu-
tion of the stomata on the leaf surface. Therefore, Cl”-me-
diated reduction in gs can be a consequence of a lower
stomatal density (number of stomata per unit area) or a
lower stomatal index (percentage of stomata out of the
total number of epidermal cells plus stomata). To deter-
mine possible alterations in stomatal density and/or

CI~ simultaneously reduces g and increases g, 819

stomatal index in CL plants, these parameters were quanti-
fied in these cell types (Figure 3). We first confirmed the
occurrence of larger epidermal (Figure 3a) and guard (Fig-
ure 3b) cells in CL plants. As a direct consequence of the
higher cell size, we could verify that epidermal and stom-
atal density of CL plants were significantly lower than
those of SP and N plants (Figure 3c,d, respectively),
whereas the stomatal index remained the same in all three
treatments (Figure 3e), indicating that the CL treatment
regulates stomatal cell size, but not stomatal differentia-
tion.

To ascertain if gs reduction in CL plants (Figure 1a) can
be explained by the lower stomatal density, despite the
greater pore area (Figure 2d), the theoretical gy max, Which
computes the interaction of the stomatal size with the

Figure 2. Effect of CI~ nutrition on stomatal aper- 18 -
; : . (@) © o »
ure. Plants were alternatively treated with the fol- 16 4
lowing salt supplements: 5 mm chloride salts (CL); a a
5 mm nitrate salts (N); and a mixture of sul- 14 - &~ 50 4
phate + phosphate salts (SP) containing the same — 12 A1 £
- . [¢] =

cationic balance as in the CL and N treatments. (a) a 10 A — 40 -+
Real-time measurement of leaf turgor on a repre- ?5_ 8 - ; 8 b
sentative plant of the assay using the non-invasive o ! 3 E 30 - T
magnetic leaf patch clamp pressure probes (Zim- Q 6 - : "- g Ii
mermann et al., 2008). Patch-pressure (P,) is inver- 4 - : : 2 20 -
sely correlated with leaf turgor pressure and 2 _\.j 1 : E
positively correlated with leaf water potential and 0 : H g. 10 4
plant transpiration (Zimmermann et al., 2008, 2010). S e - A TR L T
P, values were recorded for 24 h, and the time g 8 8 8 8 8 ; g g g g : :
interval in which the stomatal opening assays were o o ooooo 0 T
performed, between 11:00 and 19:00 h, is indicated Time (hours) Sp N CL
(dotted line box), including the maximal stomata
aperture period (lowest leaf turgor between 11:00 (b) 0.35 - ko *kk
and 15:30 h) and the progressive stomatal closure — '
(increasing leaf turgor between 15:30 and 19:00 h). = o. o .
(b, c) Stomatal opening given as the width/length -.;., 0-30 SP Light
ratio (w/l) quantified from optical microscope ¢ 0.25 4 =N Light
images of epidermal peelings obtained at x40. =
After synchronizing stomatal closure through a 2 h E 0.20 - » —O=—CL Light
dark period between, the opening ratios were quan- Q
tified: in peelings illuminated for 3 h (15:00), 5 h T: 015 1 g —4— SP Dark
(17:00) and 7 h (19:00) or in control peelings kept in 16' 0.10 4 b —B- N Dark
the dark during the same time intervals (b); in peel- £
ings treated with 50 yum ABA and illuminated for 3 h S 0.05 1 B -—ecaf=====fns —e- CL Dark
(15:00), 5 h (17:00) and 7 h (19:00) (c). (d) Average wv
aperture area (um?) of stomata from peelings sub- 0.00 T T T T T '
jected to 3 h illumination (quantified from the same 14:00 15:00 16:00 17:00 18:00 19:00 20:00
stomata pictures used for the opening ratio mea- "
surements shown in panel (b)). Mean values + SE Time (hours)
are shown. For each time point or treatment and .
light condition, 30-40 pores were measured. Each (C)__. 0.12 - —A—SP Light+ABA
experiment was repeated on three separate days = .
using fresh plants (n=90-120). ‘Homogeneous E 0.10 + %k % ok * =&-N Light+ABA
group’ statistics were calculated through ANOVA o .
(d) and MANOVA (b, ¢}, where mean values with 5 0.08 - =@-CL Light+ABA
different letters are significantly different according E +7 a
to Tukey's test at P < 0.05. Levels of significance: a 0.06 4
*P <0.05 and ***P < 0.001. i

£ 0.04 1 g
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vy

0.00 T T T T T 1
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maximum pore area and the stomatal density, was calcu-
lated according to the procedure reported by Franks et al.
(2009). Using the experimentally obtained values of the
pore area (Figure 2d), the stomatal cell size (Figure 3b) and
the stomatal density (Figure 3d), gwmax Was calculated,
showing 36.8% lower values for CL plants in comparison
with N and SP plants, indicating that a reduction in gs mea-
sured in CL plants was consistent with the reduction in
stomatal density.

Effect of CI~ on mesophyll diffusion conductance to CO,,
mesophyll anatomy and chloroplasts distribution

To uncover the reasons why the specific reduction in of g
observed in CL plants (Figure 1a) did not result in the
expected reduction in Ay (Figure 1d), g, was estimated.
When compared with SP plants, CL plants exhibited signifi-
cantly higher values of g, (Figure 4a). N plants presented
intermediate values, not significantly different to those of

(a) 10000 - a (b) 2500 1
& 9000 -
E 5000 { & 2000 -
= b £ b
g 7000 { b E
@ 6000 A 9 1500 4 | ~
T 5000 - =
< ©
= 4000 £ 1000 -
E 3000 - £
S 2000 - & 500 A
2 1000 A
0 L] 0
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© 700 - (@) 160 - =
a a ¥ 140
g 1 = g 1401 +
2 £ 120 -
§ S0 b <
s 100 -
=& 400 { D
o E S 80 -
s £ 300 4 ]
£ 200 E
3 ' g 401
a 100 - :,9, 20 4
0 r 0
SP N CL SP
(e) 25 . () o0.40 -
a
NS ~o3s{ 2
— L
X213 v 030"
% £
< 15 - o, 825
c ~
= T 0.20
& 10 - S 015
£ £
s % 0.10
“w 5 E
& 005
0 . 0.00
SP N CL SP

SP and CL treatments. Simultaneous improvement of WUE
and Ay in CL plants indicated that Cl~ regulates gs and g,
independently and, therefore, WUEi should correlate on
the ratio gm/gs rather than on g,, itself (Flexas et al., 2013).
Therefore, Figure 4(b) shows the expected correlation,
indicating that Cl -mediated g,, enhancement was a key
factor determining the higher WUE found in this treatment.

To determine which factors were in the origin of the gm
enhancement, different anatomical and cellular parameters
of the mesophyll were measured. No differences were
found in the surface area of mesophyll cells exposed to the
intercellular airspaces (Smes; Figure 5a). However, Cl-trea-
ted plants showed significantly higher values of Sc and Sc/
Smes than SP and N plants (Figure 5b,c), indicating that
the CL treatment determined a higher proportion of chloro-
plasts covering the mesophyll cell surface as a conse-
quence of a higher surface area of chloroplasts exposed to
the intercellular airspace of mesophyll cells

Figure 3. Effect of CI” nutrition on epidermal leaf
cells size and density. Plants were alternatively trea-
a ted with the following salt supplements: 5 mm chlo-

b ride salts (CL); 5 mwm nitrate salts (N); and a mixture

of sulphate + phosphate salts (SP) containing the
same cationic balance as in the CL and N treat-
ments. (a) Effect on epidermal cell size. (b) Effect on
stomatal cell size determined by measuring 60 ran-
dom stomata per treatment. (c) Effect on epidermal
cell density. (d) Effect on stomatal cell density. (e)
Effect on stomatal index. (f) Modelling of the maxi-
mum stomatal conductance according to Franks
et al. (2009). Mean values + SE, n = 6. ‘Homoge-
neous group’ statistics were calculated through

N CL ANOVA (a-f), where mean values with different let-
ters are significantly different according to Tukey's
a test at P < 0.05. NS, not significant.
b
N CL
a
b
N CL
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Figure 4. Effect of CI~ nutrition on mesophyll diffusion conductance to CO,. Plants were alternatively treated with the following nutritional supplements: 5 mm
chloride salts (CL); 5 mm nitrate salts (N); and a mixture of sulphate + phosphate salts (SP) containing the same cationic balance as in the CL and N treatments.
Fully expanded photosynthetically active leaves from tobacco plants were used. (a) Effect of nutritional treatments on mesophyll diffusion conductance to CO,
(gm). 9m Was estimated from simultaneous measurements of leaf gas exchange and fluorescence following the method by Harley et al. (1992). (b) Relationship
between intrinsic water-use efficiency (An/gs; WUEI) and g./gs. Mean values + SE, n = 5. ‘"Homogeneous group’ statistics were calculated through ANOVA (a),
where mean values with different letters are significantly different according to Tukey’s test at P < 0.05.
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Figure 5. Effect of CI™ nutrition on mesophyll anatomical parameters. Plants were alternatively treated with the following nutritional supplements: 5 mwm chlo-
ride salts (CL); 5 mm nitrate salts (N); and a mixture of sulphate + phosphate salts (SP) containing the same cationic balance as in the CL and N treatments. (a)
Surface area of mesophyll cells exposed to the intercellular airspaces per unit leaf area (Spes). (b) Surface area of chloroplasts exposed to the intercellular air-
space per unit leaf area (S;). (c) Proportion of chloroplasts covering the mesophyll cell surface (S/Spes). Mean values + SE, n = 10-12. ‘Homogeneous group’
statistics were calculated through ANOVA (a-c), where mean values with different letters are significantly different according to Tukey's test at P < 0.05.
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Figure 6. Effect of CI™ nutrition on the number and size of chloroplasts. Plants were alternatively treated with the following salt supplements: 5 mm chloride
salts (CL); 5 mm nitrate salts (N); and a mixture of sulphate + phosphate salts (SP) containing the same cationic balance as in the CL and N treatments. (a)
Chloroplast size. (b) Chloroplast density. Mean values + SE, n = 500 chloroplasts analysed in five plants per treatment. ‘'Homogeneous group’ statistics were
calculated through ANOVA (a, b), where mean values with different letters are significantly different according to Tukey's test at P < 0.05.

Quantification of the size and number of chloroplasts Furthermore, measurement of starch content in tobacco
showed that mesophyll cells of CL plants contain a higher leaves confirmed higher content in CL plants in compar-
number of smaller chloroplasts (Figure 6a,b). Photomicro- ison to SP and N plants (Figure 7).
graphs of leaf sections also revealed the occurrence in CL To determine for each treatment which components
plants of chloroplasts containing bigger starch granules in among the diffusional and biochemical parameters played
lacunar and palisade parenchyma cells (Figure S4). a major role in modifying Ay, individual contributions
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Figure 7. Effect of CI™ nutrition on leaf starch content.Plants were alterna-
tively treated with the following nutritional supplements: 5 mm chloride
salts (CL); 5 mm nitrate salts (N); and a mixture of sulphate + phosphate
salts (SP) containing the same cationic balance as in the CL and N treat-
ments. Mean values + SE, n = 5. ‘"Homogeneous group’ statistic was calcu-
lated through ANOVA, where mean values with different letters are
significantly different according to Tukey’s test at P < 0.05.
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Figure 8. Relative limitations on Ay. Contributions (p) of individual vari-
ables (g, stomatal conductance; g.,, mesophyll diffusion conductance to
COy; and V¢ max, maximum velocity of carboxylation or Jmax, maximum rate
of electron transport) to the reduction in net photosynthesis rate (Ay) shown
by CL and SP plants using the values of N plants as reference. pyemaxumax
does not represent the contribution of the ratio V,max/Jmax but the contribu-
tion of each value.

directly related to CO, uptake and fixation were calculated
according to Buckley and Diaz-Espejo (2015). With this aim,
the gs, gm, and Vg max/Jmax contributions were quantified in
CL and SP plants using as reference the values of N plants
(the treatment with the highest photosynthetic rate; Fig-
ure 8). Regarding the diffusional components, the higher
limitation imposed by gs reduction in CL plants (—9.0%
compared to SP plants) was compensated by a lower g,
limitation (+13.2% in CL plants compared with SP plants),
resulting in total diffusional limitations (pgis;) of —6.4% for
CL plants and —9.2% for SP plants. The biochemical

components (pyemaxumax) determined a greater limitation
for CL plants (—17.2%) than for SP plants (—13.5%), proba-
bly as a consequence of the lower leaf nitrogen content of
CL plants (Table 1). Therefore, total photosynthetic limita-
tion (piotar) Of CL plants (—23.4%) was very similar to that of
SP plants (—22.7%), in agreement to the similar Ay values
experimentally obtained for both treatments (Figure 1d).
Altogether, these results showed that CI- improves CO,
conductance in the mesophyll, which compensates for the
limitation produced by the reduction in stomatal conduc-
tance.

DISCUSSION

We demonstrated that ClI~ supplementation in the range 1-
5 mm increased DW, WUE, cell size and leaf growth in
tobacco plants (Franco-Navarro et al., 2016). This work
attempts to reveal what is the specific beneficial role of CI™
on plant growth and development when it is provided to
macronutrient levels, and how it can be reconciled with
the gs reduction observed in these plants. We first verified
that the previously reported effects of CI~ on the growth
and water relations of tobacco plants (Franco-Navarro
et al., 2016) were clearly reproduced in the plants used in
this study. The 5 mm CI™ treatment resulted in: (i) higher
dry biomass and greater leaf area (Figure S1); (ii) improved
leaf water balance parameters, including Water Content
(WC), RWC, succulence, leaf thickness, tissue osmolarity
and turgor (Figure S2); and (iii) greater WUE as a conse-
quence of a lower g that reduced leaf transpiration and
increased both photosynthetic and intrinsic WUE (Fig-
ure 1). This work elucidates: the physiological mechanism
responsible for the observed Cl -dependent gs reduction;
how this phenomenon can be, in turn, compatible with the
stimulation of higher growth in tobacco plants; and the
physiological and cellular basis behind the beneficial effect
of CI” on plant growth when this element accumulates to
levels that are typical of the content of a macronutrient.

Effect of nutritional treatments on stomatal opening

Stomatal opening is a crucial mechanism in the regulation
of gas exchange. It has been proposed that rather than
anatomical alterations, changes of stomatal opening is the
most important factor regulating gs and WUEi (Paoleti and
Gellini, 1993). In fact, the role of anion transporters on the
regulation of stomatal closure is a well known phe-
nomenon at the cellular and molecular level. Particularly,
anion channels such as SLAC1 and SLAH3, which mediate
ClI~ and NO;™ release from guard cells, are the compo-
nents that connect the ABA-mediated signalling of environ-
mental cues with the physical events that trigger stomatal
closure (Negi et al, 2008; Vahisalu et al., 2008; Meyer
et al., 2010; Geiger et al., 2011). High content of CI™ in leaf
tissues of CL plants, for example, concentrations ranging
100-150 mm CI~ (Franco-Navarro et al., 2016), might alter
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the flow of anions from epidermal cells, for example due
to high extracellular accumulation of the anion, therefore
modifying regulatory properties of stomatal activity. How-
ever, we proved that the Cl™-dependent reduction in g did
not result from a lower stomatal opening (Figure 2). First,
plants supplemented with any of the nutritional treatments
SP, N and CL, increased their stomatal opening capacity in
comparison with plants grown with the BS (Figure S3).
Second, the CL and SP treatments resulted in the same
stomatal opening (width to length ratio; Figure 2b,c).
Third, the absolute stomatal pore area of CL plants was
39% greater than that of SP plants (Figure 2d). Therefore,
we could conclude that CI~ does not induce a greater
stomatal closure.

The nutritional treatments (SP, N and CL) clearly pointed
to a role of inorganic ions in the induction in stomatal
aperture according to their availability (Figure S4). Mineral
nutrition is one of the factors affecting plant growth and
water relations (Cramer et al., 2009). The three nutritional
supplements have in common the same concentration of
cations, including potassium (K%, 2.5 mwm), calcium (Ca?,
0.6 mwm), and magnesium (Mg?", 0.6 mm). The importance
of potassium (K*) in plant performance and photosynthetic
efficiency is a well known phenomenon. The nutritional
treatments (SP, N and CL) increased K™ concentration from
2.1 mm (in the BS solution) to 4.6 mwm (Table S1). In Laurus
nobilis, K™ application resulted in a 45% increase in the
transpiration rate 24 h after fertilization (Oddo et al., 2011).
It is not clear, however, which cellular, biochemical or
physiological factors are directly involved in this response.
Losch et al. (1992) concluded a beneficial effect of K sup-
ply on WUE as a consequence of altered stomatal sizes
and densities. However, in this work K was applied as KCl
and the specific effects of CI~ on the parameters measured
were not controlled.

Interestingly, the NO3™ treatment (N) induced an even
greater stomatal opening ratio compared to the other sup-
plements applied (SP and CL; Figure 2b), even in the pres-
ence of ABA (Figure 2c). This phenomenon is possibly
related to the higher Ay observed in N plants (Figure 1d).
Plants treated with an additional supply of 5 mm NO3™ (N
plants), presented higher leaf NO;~ and total nitrogen con-
tent (TNC; Table 1). The bulk of leaf nitrogen is associated
with photosynthetic enzymes, particularly ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RuBisCo), resulting in a
strong positive correlation between Ay and leaf TNC
(Schulze et al., 1994; Wright et al., 2003), as observed in
Figure 1(d), where N plants presented 17% higher Ay than
SP and CL plants. It has been proposed that higher leaf
TNC increases the availability of photosynthetic protein,
which improves the assimilation rate of CO, (Cramer et al.,
2009). Although N plants showed higher Viyax and Jmax
values (Figure 1g,h), no statistically significant differences
with CL and SP plants were observed. It has been in turn
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been proposed as a positive regulation of gs by leaf nitro-
gen content, which has been quantified using both ecologi-
cal (Schulze et al, 1994) and physiological (Wilkinson
et al., 2007) approaches. It is not clear, however, if the pro-
posed nitrogen-dependent gs regulation relies on the con-
trol of the stomatal aperture, the stomatal density, or both.
Our results indicate that the increase in leaf TNC observed
in N plants leads to a higher stomatal aperture (Figure 2b,
c), not affecting the stomatal density (Figure 3d).

Effect of CI™ nutrition on epidermal cell size and stomatal
density

While macronutrient CI™ nutrition did not induce stomatal
closure, it decreased stomatal density (number of stomata
per unit area; Figure 3d). Stomatal density is an important
eco-physiological parameter that affects gas exchange
and photosynthesis (Pompelli et al., 2010). During leaf
ontogenesis, stomatal density is firstly determined by
stomatal initiation and later by epidermal cell expansion.
Therefore, stomatal density is a function of cell size (Salis-
bury, 1928), which explains that the increase in the size of
epidermal cells in CL plants (Figure 3a,b) is in the origin
of the reduced stomatal density (Figure 3d). Conversely,
the stomata index (percentage of stomata out of the total
number of epidermal cells plus stomata), which might
imply a biological impact on stomatal development
(Ticha, 1982; Lake et al., 2001), is independent of cell size
(Salisbury, 1928), and was not affected by the nutritional
treatments (Figure 3e). Various environmental factors
such as irradiance, water deficit and salinity modify the
absolute values of stomatal density and stomatal sizes,
without affecting the ontogenic pattern of the changes
(Ticha, 1982). Our results showed that rather than the bio-
genesis of stomata, Cl~ affects the size and the density of
different leaf cell types, including that of guard cells (Fig-
ure 3).

The larger size of stomata in CL plants is also in agree-
ment with its greater stomatal pore area (39% compared
with the SP plants; Figure 2d). Although this may seem
contradictory to the decreased gs, the calculation of the
maximum pore area according to Franks et al. (2009),
showed that the effect of a lower stomatal density in CL
plants is more determinant than that of a larger pore size
to explain the eventual effect on decreasing gs (Figure 3f).
This gwmax reduction value (36.8%) was similar to the
33.3% reduction in gs calculated for CL plants (Figure 1a).
Therefore we could conclude that the lower stomatal den-
sity accounts for the lower gs quantified in Cl -treated
plants.

Effect of ClI™ nutrition on photosynthetic efficiency

Despite the reductions in both gs and water consumption,
CL plants exhibited similar Ay values than SP plants. This
implies the existence of a compensatory factor that allows
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CL plants to maintain the same CO, assimilation rate
despite the lower g¢ (Figure 1d). In well grown C; plants
under light-saturated and ambient CO, conditions, this
compensatory factor may consist of an increase in the car-
boxylation capacity of RuBisCo (V.max Farquhar et al.,
1980) and/or the leaf internal diffusion to CO, (g,; Warren,
2008; Flexas et al., 2008). The possibility that the CL treat-
ment enhanced the carboxylation capacity of RuBisCo was
ruled out given that CL plants did not exhibit either higher
Vimax OF Jmax Values than SP or N plants (Figure 1g,h). Fur-
thermore, calculating the relative limitations of Ay (Fig-
ure 8) showed that this biochemical component (pycmax
Jmax) determined a higher limitation in CL plants (—17.2%)
in comparison with SP plants (—13.5%), probably as a con-
sequence of the lower leaf TNC of CL plants (Table 1). This
ruled out also the possibility of higher content of RuBisCo
and electron-transport proteins in CL plants, which
together represent more than 50% of leaf TNC as shown in
Xiong et al. (2017). It is difficult also that in the origin of
the mentioned compensatory effect is the role of Cl™ in sta-
bilization of the water splitting system of photosystem II.
This mechanism, described to be absolutely Cl -specific
(Marschner, 2011), requires only two CI~ molecules in each
oxygen-evolving complex (Kawakami et al., 2009). This
means leaf nutrient concentrations well below the CI~ defi-
ciency threshold (Terry, 1977) and much lower than that
present in SP and N plants (Table 1). Therefore, the N and
SP treatments do not compromise the stability of the pho-
tosystem I, as evidenced by the fact that N plants have the
highest Ay values (Figure 1d), despite having leaf ClI~ con-
centrations under the macronutrient content of CL plants.

Effect of CI™ nutrition on mesophyll diffusion conductance
to COZ

Ay is greatly influenced also by the diffusion rate of atmo-
spheric CO, into leaf mesophyll cells and chloroplasts. It
was believed that virtually all the resistance to CO, diffu-
sion was caused by stomata. However, it is now clear that
leaf internal diffusion or the mesophyll diffusion conduc-
tance to CO, from substomatal cavities to the sites of car-
boxylation (gm) accounts actually for more than 40% of the
decrease in CO, (Flexas et al., 2008; Warren, 2008; Galmés
et al., 2013). As g, is a factor independent of gs, it may
simultaneously increase Ay and WUE without concomi-
tantly increasing gs (Flexas et al., 2013; Tomeo and Rosen-
thal, 2017). This phenomenon has been observed to occur
in Cl -treated plants, strongly suggesting that, besides
reducing gs, CI™ nutrition improves g,,. CL leaves showed
60% and 30% more g, than SP and N, respectively, sup-
porting the role of g, in the maintenance of Ay despite the
decrease in gs. Leaf structural components such as leaf
thickness, size, shape, mesophyll cells packing (porosity),
and cell wall width are major factors determining g, (Has-
siotou et al., 2009; Tomas et al., 2013; Muir et al., 2014).

Anatomical alterations produced by the CL treatment in
the leaf, including greater cells and leaf succulence
(Franco-Navarro et al., 2016; Figure S2) may alter CO, dif-
fusion to the chloroplast. It has been reported for example
that the macronutrient K" can modify gn through anatomi-
cal variation of mesophyll conductance. Therefore, K" defi-
ciency leads to a reduction in the mesophyll surface area
exposed to intercellular airspace per unit leaf area, giving
rise to a reduction in g, (Lu et al., 2016). In plants treated
with macronutrient levels of Cl~, the size of palisade and
spongy cells of CL plants is about 1.7 and 2.0 times greater
than that of SP and N plants, respectively (Franco-Navarro
et al., 2016). It is expected that higher cell size ultimately
determines lower surface-to-volume ratio of mesophyll
cells and a lower exposition to the intercellular air space
(Smes). However, we did not find significant differences
among treatments in S, (Figure 5a). Besides the expo-
sure area of mesophyll cells, g, is highly dependent on
the chloroplast surface area facing the intercellular spaces
S. (Evans et al., 1994; Terashima et al., 2006; Tomas et al.,
2013) and chloroplast size (Li et al., 2009). Interestingly,
macronutrient CI~ concentrations were determined to be
about 35% higher S; (Figure 5b), most probably due to the
higher density of chloroplasts present in CL plants (Fig-
ure 6b). However, these changes in S, does not appear to
be enough to explain either the g, values obtained from
gas exchange coupled with leaf chlorophyll fluorescence
as previously described in the literature (Tomas et al.,
2013; Carriqui et al., 2019) or to explain the differences
among treatments. To explain the discrepancy between
both estimations of g,,, it is possible that we had mathe-
matical artefacts (Gu and Sun, 2014) or errors derived from
the over-simplification of the model used (Tholen and Zhu,
2011; Xiao and Zhu, 2017). The other possibility is a higher
influence of biochemical factors such as aquaporins or car-
bonic anhydrase. Both molecules are able to modify and
regulate CO, diffusion inside the leaf (Uehlein et al., 2003;
Flexas et al., 2006; Terashima et al., 2011; Momayyezi and
Guy, 2017). If that were the case it would imply that there
is not a linear correlation between the anatomical parame-
ters that enhance g, such as S;, and the actual g, value.

However, the most likely factor that compensates for the
loss of stomatal conductance in Cl -treated plants is still
the enhancement of g, (Figure 8), allowing CL plants to
maintain a photosynthetic capacity similar to that of SP
plants (Figure 1d). Anatomical parameters, although appar-
ently insufficient, varied in the expected direction in the CL
plants, and are important to explain the maintenance of
AN.

Effect of ClI™ nutrition on chloroplast density

The question arises why the number of chloroplasts
increased in plants treated with ClI". A close correlation
between the leaf mesophyll cell size and the number of
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chloroplasts within the cell indicates that cell size is a pri-
mary determinant of the chloroplast number (Dean and
Leech, 1982; Pyke and Leech, 1987). Then, the higher
chloroplast density in CL plants could be somehow deter-
mined by the higher size of spongy and palisade cells of
Cl™-treated plants (Franco-Navarro et al., 2016).

Chloroplasts divide by a process of binary fission. After
differentiation from proplastids, chloroplasts undergo a set
of divisions during mesophyll cell expansion to generate a
large population of small chloroplasts (Pyke, 2010). Ara-
bidopsis thaliana arc (accumulation and replication of
chloroplast) mutants impaired in chloroplast division, con-
tain a lower number of larger chloroplasts (Pyke and
Leech, 1992). Given that CL plants have a higher number of
smaller chloroplasts (Figure 6), our results surprisingly
pointed to the involvement of CI™ in chloroplast division.
Adequate chloroplast division is expected to have positive
effects on g, for different reasons. First, a higher surface-
to-volume ratio of smaller chloroplasts could increase the
efficiency in the exchange of molecules between the
chloroplast and the cytosol, favouring the diffusion of CO,.
Second, a higher S;/Snes is expected to provide more par-
allel paths for CO, diffusion from the intercellular airspace
into the chloroplasts, a very important factor promoting
higher g, (Evans and Loreto, 2006; Terashima et al., 2006;
Galmés et al., 2013). Therefore, A. thaliana arc mutants
containing smaller populations of larger chloroplasts show
important reductions in g, and photosynthetic rate (Weise
et al., 2015; Xiong et al., 2017). Whereas this phenomenon
was clearly associated with a lower S, no significant differ-
ences were observed between the mutants and their wild-
types in Vimax and Jmay values (Xiong et al., 2017). Simi-
larly, SP and N plants containing smaller populations of
larger chloroplasts showed lower values of g, and S,
without being affected in their photochemical capacity.
Therefore, a clear parallelism between Cl~ deficiency and
the phenotype of arc mutants has been established that
reinforces the proposed participation of CI~ on chloro-
plasts division. Furthermore, strong reduction in starch
grain reserves has been described as a consequence of the
inhibition of chloroplast biogenesis induced by light depri-
vation during embryo maturation in Arabidopsis (Liu et al.,
2017), a fact that correlates with the stimulation of starch
content in CL plants (Figures 7 and S4).

The reason why chloride nutrition is involved in chloro-
plast division remains unknown. The number of chloro-
plasts per cell is regulated by environmental factors and
abiotic stress responses such as CO, concentration (Teng
et al., 2006) and temperature (Jin et al., 2011). Chloroplast
density is reduced by 41% in mesophyll cells of man-
ganese-deficient pecan leaves, while the existing chloro-
plasts preserved their full photochemical competence
(Henriques, 2004). Recent publications have shown that a
reduction in RWC at the cellular level is the primary trigger
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of leaf ABA biosynthesis (McAdam and Brodribb, 2016;
Sack et al., 2018), being mesophyll cells the main site of
biosynthesis (McAdam and Brodribb, 2018). As plants trea-
ted with CI™ have a better water status, with significantly
higher values of RWC (Figure S2b), a lower ABA baseline
content could be expected to occur in leaves of CL plants.
Given that a long-term ABA treatment induces growth sup-
pression and inhibits chloroplast division in mesophyll
cells (Wang et al., 2018), macronutrient Cl~ levels deter-
mining higher RWC and lower ABA accumulation could
contribute to induce both higher leaf cell expansion and
chloroplast biogenesis, leading to higher g, in CL plants.
We are currently exploring this hypothesis.

The chloroplast envelope and the thylakoid membrane
exhibit a high permeability for CI~ (Heber and Heldt, 1981;
Bose et al., 2017). At sunrise during illumination, CI~ influx
from the stroma to the lumen is essential for thylakoid
swelling. Conversely, Cl~ re-export to the stroma would
cause the thylakoid to shrink at sunset (Hind et al., 1974;
Bose et al., 2017). Similar to the role played by CI™ in pro-
moting cell turgidity and cell elongation (Franco-Navarro
et al., 2016; Wege et al., 2017), regulation of thylakoid
swelling suggests a possible role of CI™ in regulating ade-
quate chloroplast osmolarity and growth, a prerequisite
for its subsequent division (Pyke, 2010). CI~ fluxes also
play important roles in the regulation of photosynthetic
electron transport and photoprotective mechanisms in
chloroplasts. The accumulation of protons in the thylakoid
lumen is electrically counterbalanced by CI™ influx (Enz
et al., 1993; Bose et al., 2017), indicating that Cl~ regulates
the generation of the pH gradient between the lumen and
stroma (Geilfus, 2018). Adequate ClI- homeostasis, regu-
lated by the thylakoid anion channels AtCLCe, AtVCCN1,
and AtVCCN2, is required to adjust photosynthesis to fluc-
tuating light and environmental conditions (Kirchhoff,
2014; Duan et al., 2016; Herdean et al., 2016a, 2016b; Szabo
and Spetea, 2017). Therefore CI~ is important for the
proper functioning of the chloroplast in thylakoid swelling
regulation and in the progress of the photosynthetic activ-
ity, introducing an element of specificity (e.g. it requires
Cl™-specific channels) that, at least in part, may explain the
requirement of ClI~ over similar molecules such as NO5 ™.

In conclusion, this work identifies relevant and specific
functions in which CI~ participates as a beneficial
macronutrient for higher plants. Here, CI™ stimulates larger
leaf cells resulting in a reduction in stomatal density, which
in turn reduces gs and water consumption improving RWC
and plant water relations. Conversely, CI~ improves g,
and photosynthetic performance due, at least in part, to
the stimulation of a higher density of smaller chloroplasts
that gives rise to both a higher proportion of chloroplasts
(with higher surface-to-volume ratio) covering the meso-
phyll cell surface. The increase in g,, simultaneously with
the reduction in gs, allow Cl -treated plants to improve
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their WUE, which could be of great relevance to improve
the productivity of Cs crops.

EXPERIMENTAL PROCEDURES
Plant cultivation and experimental design

Tobacco plants (Nicotiana tabacum L. var. Habana) were grown
under greenhouse conditions at 25 + 3°C/17 + 2°C (day/night), a
relative humidity of 60 + 10% (EL-1-USB Data-logger; Lascar Elec-
tronics Inc., Erie, PA, USA, https://www.lascarelectronics.com/), a
16 h/8 h photoperiod with a photosynthetic photon-flux density (av-
erage PAR) of 300-350 pmol m~2 sec™" (quantum sensor, LI-6400;
Li-COR, Lincoln, NE, USA, https://www.licor.com/) and a luminous
emittance of 9000-10 000 Ix (Digital Lux Meter, LX1010B; Carson
Electronics, Valemount, Canada, http://www.carsons.ca/). Tobacco
seeds were sown in flat trays (cell size 4 cm x 4 cm x 10 ¢cm) con-
taining peat that had been previously washed with the correspond-
ing nutrient solution. After 2 days vernalisation in a cold chamber
(4°C), seedbeds were transferred to the greenhouse. Three weeks
later (21 days after sowing, DAS), seedlings were transplanted to
7.5 L pots (pot size 20 cm x 17 cm x 25 c¢cm), containing a mix of
perlite:vermiculite (4:6), where plants were watered with different
nutrient solutions described below.

In Johnson et al. (1957), 50 um CI~ was established as the treat-
ment ensuring CI~ micronutrient requirements in different plant
species, whereas deficiency symptoms were obtained in plants
with no Cl~ addition. In this work, 75 um CI™ (added as 11 pm CoCl,
and 53 um KCI) was chosen to be always present in the basal nutri-
ent solution (BS) to fulfil plant CI~ requirements as a micronutrient
in low CI~ treatments. Other nutrients present in the BS solution
were: 1.25 mm KNO3, 0.725 mm KH,PO,4, 0.073 mm K;HPO,4, 2 mm
Ca(NOs),, 1 mm MgSQ,, 0.1 mm FeNa-EDTA, 0.1 mm H3BO3, 0.1 mm
MnSQy, 29 um ZnS0Oy4; 0.1 um CuSOy4, 1 pm NaMoO,4, and 5 pm K.

Treatments were performed with the application of 5 mm Cl~
(CL treatment), which included the following salt mixtures supple-
mented to the BS solution: 2.5 mm KCI, 0.625 mm MgCl,, and
0.625 mm CaCl,. To evaluate the specificity of CI™ in the studied
phenomena, two additional treatments were used: the nitrate
(NO3™) treatment (N) supplement containing 2.5 mm KNOs,
0.625 mm Mg(NO3);, and 0.625 mm Ca(NOs),; and the sul-
phate + phosphate (S0,2~ + PO,®7) treatment (SP) supplement
containing 1.25 mm KH,PO,4, 0.625 mm K,SO,4, 0.625 mm MgSO,,
and 0.625 mm CaSO,. The three treatments (CL, N and SP) con-
tained the same cationic balance as shown in the resulting con-
centration of ions given in Table S1. All experimental solutions
were adjusted to pH 5.7 with KOH.

Pots were irrigated up to field capacity (3.6 mL g~ substrate)
throughout the experiment. Gas-exchange measurements were
performed from 56 to 62 DAS, always around 12 pm. For stomatal
aperture assays, leaf-peeling samples were obtained between 11
am and 13 pm. Leaf samples for tissue water balance and plant
water relations, for histological sections (anatomy) and for starch
quantification were obtained before sunrise (predawn). Especial
care was taken to sample subsequently each treatment to avoid
any time effect on the values. After 7 weeks (72 DAS), shoots were
harvested and leaf area was measured as explained later. Fresh
weight (FW) values were obtained, and samples were dried in a
forced-air oven at 75°C for 48 h to obtain the DW.

Nutrient content determination

For the determination of nutrient content, fully photosynthetic and
expanded mature leaves (non-senescent) were used. Oven-dried

leaf tissue was ground to powder using a homogenizer (Taurus,
25790 Barcelona, Spain, https://taurus-home.com/en) and the con-
centration of CI-, NO3~, 50,2, PO,%", and cations was deter-
mined as previously reported (Franco-Navarro et al., 2016). Total
nitrogen (N) content (TNC) was calculated as the sum of NO3~
plus organic N content (mg g~' DW), according to the methodol-
ogy previously reported (Rios et al., 2010).

Water parameters

WC, RWC, succulence, leaf osmotic potential (¥,) and leaf transpiration
of individual detached leaves (performed through the FW loss assay)
were determined as described before (Franco-Navarro et al., 2016).
Integrated WUE was calculated as the final FW obtained after har-
vesting related to total water consumption (g FW mL™" H,0)
(Abbate et al., 2004).

Stomatal aperture

In order to determine the optimal period of time to set the stom-
atal aperture assays, in-planta natural stomatal opening and clo-
sure was determined through real-time leaf turgor recording
using non-invasive leaf patch-clamp pressure probes (LPCP)
according to the methodology previously described (Zimmermann
et al., 2008). Stomatal aperture assays were performed with peel-
ings of abaxial leaf epidermis, according to Allen et al. (1999) and
He et al. (2013), with slight modifications. Peels were obtained
from the abaxial surface by gently ripping the epidermis with a
scalpel and removing it with tweezers. According to LPCP results
(Figure 2a), treatments were performed during the time interval
(11:00-19:00 h) that includes both the maximal P, value (minimal
leaf turgor at 11:00-15:30 h) and the progressive turgor recovery
(at 15:30-19:00 h), according to the intrinsic plants circadian-
rhythm of stomata opening and closure that also operates in epi-
dermal strips (Meidner and Willmer, 1993). Peels were transferred
to the incubation buffer (10 mm MES-KOH pH 6.5, 10 mm KCI and
50 um CaCl,) under dark condition over 2 h (11:00-13:00 h) to
induce stomatal closure. Then, peelings were alternatively trans-
ferred to light conditions, to light conditions supplemented with
50 um abscisic acid (ABA), or kept in darkness. A commonly
accepted way to measure stomatal aperture is to report the pore
width to length ratio (Meidner and Willmer, 1993). Examination of
stomatal pore was performed on a Zeiss Axioskop microscope
equipped with Nomarski optics, AxioCam MRcb, and the Zeiss
AxioVision software (Freeware ‘Carl Zeiss AxioVision Rel.4.9.1.0'
available in Zeiss Homepage, Carl Zeiss Microscopy GmbH, Jena,
Germany, http://www.zeiss.com/). To quantify the pore opening
area in um?, the outline tool of the AxioVision Software was used.

Photosynthesis, leaf gas exchange and mesophyll
diffusion conductance to CO,

Leaf gas-exchange measurements were conducted between 12:00
and 14:00 h using an open gas-exchange system (LI-6400; LI-COR)
equipped with 2 x 3 cm LED chamber (LI-6400-02B). For each treat-
ment, three photosynthetically active and fully expanded intermedi-
ate leaves from six plants (52-62 DAS) were used. Photosynthesis
was induced with ambient light and 400 umol mol~" CO, surround-
ing the leaf (C,). Cuvette conditions were maintained at a photosyn-
thetic photon-flux density (PPFD) of 1600 umol m~2 sec™" (provided
by the light source of the Li-6400 with 10% blue light), leaf tempera-
ture was maintained at 25°C, flow rate was set at 300 umol sec”’
and the leaf-to-air vapour pressure deficit was kept between 1 and
1.3 kPa. A minimum time between 2 and 3 min was waited for equi-
librium before measurements were recorded. These conditions were
kept constant for the determinations of net photosynthetic rate (Ay;
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umol CO, m2sec™") and stomatal conductance (gs; mol H,0
m 2 sec"). The intrinsic water-use efficiency (WUEi) was calculated
as the ratio between photosynthesis rate and stomatal conductance
(An/gs; umol CO, mol ™" Hy0).

Mesophyll diffusion conductance to CO; (g,,,) was estimated by
two methods: (i) simultaneous measurements of leaf gas
exchange and chlorophyll fluorescence (Harley et al., 1992) using
the open gas-exchange system equipped with an integrated fluo-
rescence chamber head (LI-6400-40, LI-COR, Lincoln, NE, USA,
https://www.licor.com/), and (ii) the curve fitting method (Ethier
and Livingston, 2004). A preliminary test was carried out to com-
pare both methods. This test was performed in 12 different leaves
including leaves of all three treatments. No significant differences
were found between both methods (Figure S5) and the agreement
was good.

To estimate g,,, from combined gas-exchange and chlorophyll a
fluorescence measurements, the actual photochemical efficiency
of photosystem Il (¢PSll) was determined by measuring steady-
state fluorescence (Fs) and maximum fluorescence during a light-
saturating pulse of ca. 8000 pmol m~2 sec™" (F,/) following the
procedures of Genty et al. (1989):

OPSIl = (Fry — Fs)/Fr

The electron transport rate (J) was then calculated as:

J = ¢PSII-PPFD-0.-0.5
where PPFD is the photosynthetic photon-flux density and o repre-
sents the leaf absorptance and 0.5 the partitioning of absorbed
quanta between photosystems | and Il. o was previously deter-
mined using an integrating sphere and a field-portable spectrora-
diometer (Li-1800; LI-COR, Lincoln, NE, USA, https:/www.licor.
com/)) to measure reflectance and transmittance of leaf tissue sam-
ples inside a dark chamber at 2-nm intervals between 465 nm (blue
light) and 670 nm (red light), as described in Schultz (1996) and
Flexas et al. (2007b). o values obtained were 0.94, 0.93 and 0.91 for
leaves of N, SP and CL treatments, respectively.

Estimations of g,, were performed by the method by Harley
et al. (1992):

Im =An/ (G — (T (Jpu + 8- (An + R1))/(Jnu — 4 (An + RI))))
where Ay and C; were taken from gas-exchange measurements at
saturating light and R, was estimated using the Laisk (1977)
method. Only g,, data with dC/dAy values between 10 and 50,
which are reliable according to Harley et al. (1992), were used for
analyses. Briefly, the Laisk method consisted in measuring Ay-G
curves at three different PPFDs (50, 200, and 500 pmol m~2 sec™")
with six different CO, concentrations ranging from 300 to
50 pmol CO, mol™" air at each light intensity. A 2 x 3 cm LED
chamber (LI-6400-02B) was used to measure Ay-C; curves. The
intersection point of the three Ay-C; curves was used to determine
R, (y-axis). Although Laisk’'s method also can be used to estimate
I'*, it was decided to use the value at 25°C proposed for this
parameter by Bernacchi et al. (2002) for this same species.

Finally, to estimate g,, and the photosynthetic capacity of the
leaves (Vomax and Jmax) We used the curve fitting method proposed
by Ethier and Livingston (2004). Six An-C; response curves per
treatment and date were performed in each treatment to determine
the photosynthetic capacity of the leaves. After inducing steady-
state photosynthesis (20-30 min of equilibrium time), the photo-
synthesis response to varying substomatal CO, concentration (C)
was measured. C, was lowered stepwise from 360 to
50 pmol mol~" and then returned to 360 pmol mol~" to re-estab-
lish the initial steady-state value of photosynthesis. C, was then
increased stepwise from 360 to 2000 pmol mol~". Gas-exchange
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measurements were determined at each step after maintaining the
leaf for at least 5 min at the new C,. Each An-C; curve consisted of
12-13 measurements. CO, leakage into and out of the empty cuv-
ette was determined at each cuvette CO, value and used to correct
measured leaf fluxes following the method described by Flexas
et al. (2007a). Maximum rate of RuBP carboxylation (V¢max), maxi-
mum rate of electron transport (Jnax) and g, were determined by
the fitting curve method described by Ethier and Livingston (2004).
Rl obtained in the analysis of Laisk curves was used.

Leaf anatomical parameters

To measure leaf thickness, histological preparations of tobacco
leaves were done as previously described in Scafaro et al. (2011).
Analyses of abaxial leaf cells were performed on epidermal
impressions and epidermal peels. Epidermal impressions were
obtained as previously described in Franco-Navarro et al. (2016)
and analysed as reported in Gitz and Baker (2009).

To study the anatomical and subcellular properties of meso-
phyll cells, histological preparations of leaf transversal sections
were performed. Tobacco leaves were sectioned by hand to obtain
fragments of around 1-2 mm?. These sections were fixed for 3 h
at 4°C in 4% (v/v) glutaraldehyde in 0.1 m sodium cacodylate buf-
fer (pH 7.4) and washed in the same buffer. Subsequently, leaf
sections were post fixed for 2 h at 4°C in 1% (w/v) osmium tetrox-
ide in 0.1 m sodium cacodylate buffer (pH 7.4) and washed in the
same buffer. After fixation, fragments were dehydrated through
graded alcohols and embedded in Epon resin (Epoxy Embedding
Medium, Sigma). Semi-thin sections of 1-1.5 um were stained
with a 1% aqueous solution of toluidine blue for 1 min, rinsed
with water, air-dried and mounted. Examination of epidermal
peels and epidermal impressions as well as histological prepara-
tions were performed on Zeiss Axioskop and Olympus BX61
microscopes, respectively, and analysed by the Zeiss AxioVision
software (following the manufacturer's specifications, https://
www.zeiss.com/). Cell density and cell size were calculated as pre-
viously reported (Franco-Navarro et al., 2016) using the Counter-
all® software (www.counterall.com; Bioscripts.net-IRNAS-CSIC)
and the outline tool of the AxioVision Software, respectively. Epi-
dermal cells density (ED) and Stomatal cells density (D) are
defined by the total number of cells per leaf area (given in mm?).
The stomatal area (SA) was calculated as previously reported
(Pompelli et al., 2010):

SA = nx(SW/2)x(SL/2)

where SW and SL are stomatal width and length.

Stomatal index (Sl) is defined as the percentage number of
stomata as compared to all the epidermal cells (including stom-
ata) in a unit area of leaf (Salisbury, 1928):

SI(%) = (100-D)/(D + ED)

Modelling of the maximum stomatal conductance (gw,max) Was
calculated according to Franks et al. (2009). This equation is com-
posed of: the diffusivity of water in air (d: 0.0000282 m? sec™"); the
mean maximum stomatal pore area (amaq M?) in a fraction (o; m?
of stomatal cell size (S); the molar volume of air (v
0.024465 m* mol™"); and the stomatal density (D):

_ doDv/2S
Gwmax =051 0.627)y/a’
where

o = (amax)/(S, Stomatal cell size);
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amax = - (stomatal pore length/2)?

Following the methodology described in Evans et al. (1994), dif-
ferent anatomical parameters of the mesophyll architecture were
measured in histological preparations: palisade layer width,
spongy layer width, mesophyll width without epidermal layer, leaf
cross-section width, length and width of palisade cells, length and
width of spongy cells. The surface area of mesophyll cells
exposed to the intercellular airspaces (Syes) Was calculated using
the curvature correction factor ‘F’ to convert cross-section length
to surface area, assuming that mesophyll cells are spheroids with
different width to height ratios (Thain, 1983):

Smes = (Lmes : F)/Sw

where L is the length of mesophyll cells exposed to intercellu-
lar airspace, and S,, is the width of the cross-section.

The surface area of chloroplasts exposed to the intercellular air-
space (S;, m? m~2) was calculated according to the equation:

sc = LC/<Lmes . smes)
where L is the length of chloroplasts exposed to the intercellular
airspaces.

Mesophyll and chloroplast surface area exposed to intercellular
air spaces per leaf area were calculated separately for spongy and
palisade tissues as described by Evans et al. (1994) and Syvertsen
et al. (1995). Proportion of chloroplast covering the mesophyll cell
surface was calculated from the ratio:

sc/smes

Analysis of partitioning changes in photosynthesis rate

The difference in Ay among the three treatments result from the
variation of the underlying variables directly related to CO, uptake
and fixation: gs, gm and Vemax (O Jmax). The first two are involved
in the chloroplasts CO, availability and are known as diffusional
contributions (pgif) to this change in Ay. The last two represent
the contribution of the biochemical variables (py;,) to this change
in An. To partition the observed changes into contributions from
these underlying variables, we used the contribution analysis pro-
posed by Buckley and Diaz-Espejo (2015). This approach also
allows accounting for contributions due to the RuBP regeneration
region (represented by Jmax), Which was not considered in previ-
ous methods (Grassi and Magnani, 2005).

Starch determination

Starch was extracted from frozen leaves in ethanol 96%, following
the method of Irigoyen et al. (1992). Later, the dried residue of the
extraction was incubated in buffer acetate (4.5 mwm), a-glucoamy-
lase (0.5%, w/v) and water, for 48 h at 37°C. Starch concentration
was analysed with anthrone reagent (Sigma-Aldrich) at an absor-
bance of 650 nm against a standard curve of sucrose, and was
expressed as milligrams per gram of DW.

Statistical analysis

Statistical analysis was performed using the STATGRAPHICS Cen-
turion XVI software (http://www.statgraphics.com; StatPoint Tech-
nologies, Warrenton, VA). Shapiro-Wilk (W) test was used to
verify the normality of the data sets. One-way analysis of variance
(ANOVA) and multivariate analysis of variance (MANOVA) tests
were performed to determine significant differences between
groups of samples, and levels of significance were described by
asterisks: P < 0.05 (*); P<0.01 (**); P<0.001 (***). No significant
(NS) differences were indicated when P> 0.05. Multiple

comparisons of means were determined by the Tukey’s Honest
Significant Difference (HSD) and Multiple Range Test (MRT) statis-
tical tests included in the mentioned software. Correlation
between g, estimations by Ethier and Harley was calculated
through the Pearson’s Product-Moment Correlation Coefficient
(R?). Values represent mean of at least five tobacco plants in each
treatment, which were reproducible in at least two independent
experiments.
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