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The objective of this study was to quantify the effect of potassium (K) supply on osmotic adjustment and drought
avoidance mechanisms of Eucalyptus seedlings growing under short-term water stress. The effects of K supply on plant
growth, nutritional status, leaf gas exchange parameters, leaf water potential (V), leaf area (LA), stomatal density
(SD), leaf carbon (C) and nitrogen (N) isotopic compositions (§73C and §'5N %o) and leaf C/N ratio under polyethylene
glycol (PEG)-induced water deficit were measured. Under both control (non-PEG) and osmotic stress (+-PEG) conditions,
K supply increased plant growth, boosting dry matter yield with decreased C/N leaf ratio and §'5N %o values. The +PEG
significantly reduced LA, plant growth, dry matter yield, ¥, number of stomata per plant and leaf gas exchange,
relative to non-PEG condition. Potassium supply alleviated osmotic-induced alterations in Eucalyptus seedlings by
better regulating leaf development as well as SD, thus improving the rate of leaf gas exchange parameters, mesophyll
conductance to CO> (lower §'3C %o values) and water use efficiency (WUE). Consequently, K-supplied plants under
drought better acclimated to osmotic stress than K-deficient plants, which in turn induced lower CO, assimilation and
dry matter yield, as well as higher leaf §'3C %o and §'>N %o values. In conclusion, management practices should seek to
optimize K-nutrition to improve WUE, photosynthesis-related parameters and plant growth under water deficit conditions.

Keywords: carbon and nitrogen leaf isotopes, K-nutrition, leaf gas exchange parameters, water deficit.
Introduction As climate is changing (IPCC 201 3), future biomass production

of those Eucalyptus plantations will even be more negatively

In Brazil, Eucalyptus is the most planted tree species, and affected in areas already limited by water and nutrient availability

predominantly on non-arable and unfertile dry lands (Stape et al.
2004). In those planted forests, water supply and potassium
(K) are the co-limiting growing factors, in particular on highly
degraded tropical soils (Battie Laclau et al. 2016, Cakmak
2010, Sardans and Pefiuelas 2015, Zérb etal. 2014). As a con-
sequence, fertilization is one of the most important management
practices, enabling yield gains of up to 50% (Gongalves 2011).

(Booth 2013, Silva et al. 2020). Drought is an increasingly
common climatic event that can dramatically disturb ecosystems
as well as surrounding agricultural and forestry sites (Law
2019). Plants respond to water stress by osmotic regulation
to avoid turgor loss and by reducing stomatal conductance
(gs) to prevent excessive water loss and too negative leaf
water potential (V). Those physiological adjustments then
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lower internal CO» concentration and net carbon assimilation
(photosynthesis), thus impairing Eucalyptus growth by up to
40% (Santos et al. 2020).

Potassium is an essential element playing a key role in regu-
lating tree metabolism and growth in forest plantations (Asensio
etal. 2020, Christina etal. 2015). This nutrient is involved in cell
osmotic control, sucrose phloem transport, enzymatic activation
and protein synthesis, cytosolic pH control and CO, assimila-
tion (Anschitz et al. 2014, Drosdoff et al. 1947, Marschner
2012, Mateus et al. 2019). Specifically, K starvation partially
inhibits water stress-induced stomatal closure, reduces biomass
accumulation and carbon partitioning (Gerardeaux et al. 2009,
Jordan-Meille et al. 2018, Makhdum et al. 2007, Martineau
etal. 2017) and alters numerous metabolic processes involving
carbon (C) and nitrogen (N) metabolism (Dong et al. 2004, Hu
et al. 2016). Changes in energy levels raised by photosynthetic
electron transport have also been observed (Fait et al. 201 1),
since C and N metabolism share organic carbon, CO, fixation
or respiration (Huppe and Turpin 1994). Adequate K supply
provides the necessary driving force for water influx into guard
cell vacuoles and cell turgor maintenance under osmotic stress,
thus regulating stomata opening and limiting leaf transpiration
(Oddo et al. 2020, Peiter 2011). Numerous studies have shown
that K application mitigates the adverse effects of long-term
drought on plant growth (Asensio et al. 2020, Gongalves et al.
2017). However, the importance in photosynthetic processes
and the multiple physiological mechanisms modulated by K are
subject of debate (Battie Laclau et al. 2014, Egilla et al. 2005),
highlighting the importance of further investigation of K in water
deficit stress alleviation in Eucalyptus.

The stable isotope composition of C and N (§*C and §'°N)
can be used as an indicator of environmental (Kohzu et al.
1999) and drought stress (Lauteri et al. 1993, Robinson et al.
2000). Specifically, §"°C is a good predictor of water use
efficiency (WUE; Mateus et al. 2019, 2021). As a consequence
of water shortage, the increase in leaf >C abundance is usually
associated with a decrease in gs and an increase in WUE
(Farquhar et al. 1989). Similarly, leaf §'>N can act as a potential
indicator of N metabolism and adequate growing conditions
(Serret et al. 2018, Spangenberg et al. 2021, Yousfi et al.
2012), where a better ability for plants to accumulate N is
indicated by more negative §'°N values (Robinson 2001). Even
though the mechanisms underlying environmental relationships
between §"°N and biomass are not fully elucidated (Yousfi et al.
2010), §"°N can be used as plant performance screening tool
(Yousfi et al. 2009). In addition, the combination of §"*C and
8"°N assessment can provide a comprehensive understanding
of the impact of K application on C-N interaction and plant
response to water deficit.

Even though the role of K on tree growth and metabolism
is well-known, less is known on the effect of K supply on
drought adjustment and drought-avoidance mechanisms on
nutrient-demanding and fast-growing tree species. This work

aimed to evaluate the role of K nutrition in limiting the effect of
osmotic stress on leaf gas exchange, carbon assimilation and
WUE in Eucalyptus seedlings. In addition, the study also aimed
at providing new insights on the use of §'°C, §'°N and leaf C/N
ratio as metabolic screening tools between plants growing in
well-watered conditions and under polyethylene glycol (PEG)-
induced osmotic stress. We hypothesized that (i) osmotic-
induced stress inhibits plant development independently of K
supply, but that (ii) the optimized K-nutrition can potentially
modulate leaf-structural features, physiological mechanisms and
C and N metabolism by upregulating photosynthesis-related
parameters and WUE, thus alleviating stress-induced impacts on
plant growth.

Material and methods

Experimental design and growth conditions

The experiment was carried out in greenhouse conditions at the
Center for Nuclear Energy in Agriculture at University of S&o
Paulo (Piracicaba, Brazil), using Eucalyptus clones (Eucalyptus
urophylla x Eucalyptus grandis hybrid) that were 90 days old
and 30 cm in height. The mean air temperature and relative
humidity in the greenhouse were 28.0 °C and 65%, respectively.
The experiment setup represented a complete randomized block
design, with four replicates in a 2 x 5 factorial combination:
two levels of osmotic conditions and five K levels (totaling
40 experimental units). Prior to the experiment, the substrate
was removed from the roots with tap water, and the plants were
repotted to a collective tray (10 L) containing Clark’s nutrient
solution (Clark 1975). Plants were grown for 30 days, which
represented the acclimatization stage of the aerated nutrient
solution whose concentration gradually increased weekly from
25, 50, 75 and to 100% to avoid osmotic shock. At the
end of the acclimatization stage, homogeneous plants were
selected according to height and collar diameter and transferred
to individual plastic pots (3 L); treatments were applied over a
period of 60 days.

The fertilization treatments consisted of five K application
levels (O, 0.90, 1.80, 2.70 and 3.60 mmol L' of K) using
potassium chloride (KCl). Since 1.80 mmol L=' of K repre-
sents the original level of K in Clark’s nutrient solution, the
lower applied K level (O mmol L") indicated the highest
K deficiency stress treatment, while the levels from 1.80 to
3.60 mmol L' represented K-sufficient treatments (Mateus
et al. 2019, 2021). Two osmotic conditions were used: well-
watered (non-PEG) treatment (water potential of —0.05 MPa
in nutrient solution) and osmotic stress (+PEG) treatment
(water potential of —1 MPa in nutrient solution), which was
induced by polyethylene glycol 6000 (PEG 6000) to simulate
drought induced-stress. Approximately 28 days after the onset
of treatments, PEG 6000 was added every 7 days and for
49 days to gradually reduce the water potential of the solu-
tions to —0.15 MPa (100 g L"), —0.65 MPa (200 g L™")
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23.29 £ 8.3a
42.29 £ 13.3a
13.08 + 4.1a

WSns

Stomates (107plant™")*
54.59+ 8.7a

W\Wwa

+PEG™
400 + 25.7a

SD (stomates mm~2)
438.47 £43.9a
413,55+ 42.6a
313.96 4+ 35.3a
379.14 £ 40.5a
43899+ 18.7a
396.82

non-PEG"*
0.43

+PEG™
9.25+1.03a

SLA (mz kg“)*.**.***
15.31 £ 0.66b
19.93+£0.78a
20.55+ 1.34a

non-PEG*2

+PEG™
0.06 +0.01b

LA (mz plant—W)*.**.***
0.12£0.01b

Mean values (+ standard errors; n = 4) of LA, SLA, SD and the total number of stomata per plant of Eucalyptus seedlings submitted to five potassium (K) levels and grown under
non-PEG*?

controlled (non-PEG condition; —PEG) or under PEG-induced osmotic stress (+PEG)

K Rates (mmol L)

Table 1.
0.0
0.9
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and —1.0 MPa (250 g L") (Michel and Kaufmann 1973,
Tavakol et al. 2018).

Leaf gas exchange parameters and leaf water potential

Before harvesting seedlings for assessing plant biomass, the
youngest and fully expanded leaf of each plant was used
to measure gas exchange (between 7 am. and 11 am.)
with a Li-Cor 6400XT (Li-Cor, Inc., Lincoln, NE, USA). Cuvette
temperature was set to 25 °C and relative humidity to 65%
maintaining vapor pressure deficit in the cuvette at around
1.1 kPa. The CO; concentration was kept at 380 ppm through-
out the measurements. A LED array provided a photosynthetic
photon flux density of 1200 umol m~2 s~'. Leaf photosynthesis
(A), stomatal conductance (gs) and transpiration (E) were
measured and averaged over 5-10 minutes after values had
stabilized (Mateus et al. 2019). Instantaneous leaf WUE was
then calculated by dividing values of A by E. Leaf water
potential (V) was measured weekly (12 p.m.) on 2 leaves per
plant using a Scholander pressure chamber (PMS Instrument
Company, Albany, OR, USA) (Turner 1981).

48.53 £+ 5.5a
34.05

43.07 £ 1.5a
0.68

93.28 £ 28.6a
50.61 £ 32.7a
57.62 +62.6a
72.53 £ 58.2a

0.68

- - -

333.62+32.7a
340.42 £ 26.5a

340.45+ 15.1a
371.32

442.15+9.5a
0.43

Stomatal density and leaf area

Four leaves per plant were collected in the middle section of
the leafy stem (one on each side) for stomatal density (SD)
evaluation (number of stomates per mm~2) by printing the
abaxial leaf surface on a glass microslide. The sampled foliar
region was pressed for 10 s against a drop of superglue
on the glass microslide. Then, using an optical microscope
mounted with a digital camera, the leaves were imaged at 100 x
magnification using four random fields of 0.116 mm?* each.
The Imagel® program with 150x zoom was used to count the
stomata and determine SD (Mateus et al. 2019). Ninety days
after the treatments were applied, the plants were harvested and
their leaves, stems, branches and roots were separated. Surface
area of newly expanded and mature leaves (leaf area, LA) was
measured using a digital area meter (LICOR® LI-3100, Li-Cor
Inc., Lincoln, NE, United States).

9.06 £ 0.90a
7.92+1.11a
8.28 £1.03a
891+ 1.25a
8.84
0.91

19.39 £+ 0.65ab
21.68 £0.46a
19.37

0.91

0.09 + 0.02ab
0.06 £0.01b
0.13+0.02a

0.05 + 0.00b
0.09
0.86

Elementary and isotopic analyses

Roots and leaves were ground using a Wiley mill to quantify
K concentrations (Malavolta et al. 1997), isotope composition
(6™C and §"°N) and leaf C/N ratio. The isotope composition
and total leaf C and N of the samples were determined using a
mass spectrometer (ANCA-GSL Hydra 20-20 model, SERCON
Co., Crewe, GBR) coupled to a C-automatic analyzer (Barrie and
Prosser 1996). The isotope values (%o) were calculated by Eq.
1 described by Farquhar et al. (1982)

0.57 £0.03a
0.42 +£0.08a
0.40 £0.04a
0.48 +0.05a

0.38
0.86

8 (%) = (Risample)/Ristandard) — 1) x 1000, (1)

where R is the isotope ratio of "C/"™C or "™N/"N. The
8"C results were reported relative to the VPDB standard
(8a = —8%0), and §'°N s relative to the standard atmospheric

For each parameter *, ** and *** indicate the statistical influence (F test with a significance threshold of P < 0.05) of +PEG, K levels and +PEG x K interaction, respectively. The adjustment
model is indicated by not significant (n.s) and without suitable adjustment (w.a). Within a column, different letters indicate significant differences between K rates according to Tukey test

Models/Means
(P < 0.05).

1.8
R2

2.7
3.6
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Table 2. Mean values (% standard errors; n = 4) of height and collar diameter of Eucalyptus seedlings submitted to five potassium (K) levels and

grown under controlled (non-PEG condition; —PEG) or under PEG-induced osmotic stress (4+PEG)

Diameter (mm plant™")*

Growth
K rates (mmol L™") Height (cm plant™")

non-PEG"? +PEG"®
0 49 4+ 0.58a 40.0 + 1.00b
0.9 51.9 &+ 3.06a 41.0 £ 2.29ab
1.8 53 + 3.14a 49.5 4+ 0.96a
2.7 55.6 £+ 3.89a 47.5 4+ 1.06ab
3.6 56.1 &+ 3.62a 48 £+ 1.50ab
Models/Means 52.87 45.33
R? 0.69 0.69

non-PEG*# +PEG"*
7.5+ 0.87a 6.65 £+ 0.29a
9.4 + 1.57a 7.40 £ 0.70a
125+ 1.18a 6.95 + 1.17a
9.1 £ 1.10a 5.90 + 0.90a
8.6 + 1.30a 6.53 + 0.24a
9.16 6.69

0.67 0.67

For each parameter *, ** and *** indicate the statistical influence (F test with a significance threshold of P < 0.05) of +PEG, K levels and +PEG x K
interaction, respectively. The adjustment model is indicated by not significant (n.s) and without suitable adjustment (w.a). Within a column, different
letters indicate significant differences between K rates according to Tukey test (P < 0.05).

N2 (8"°N = 0%o). The leaf C/N ratio was then calculated by
dividing values of C by N.

Plant growth and dry matter production

A graduated ruler (in cm) and a digital pachymeter (in mm) were
used to measure the weekly growth in height and root collar
diameter, respectively. At the end of the experiments, seedlings
were separated into leaves, stems, branches and roots. Dry
matter of each plant organ was determined after oven-drying
at 65 °C until constant weight.

Statistical analysis

The data were analyzed by the F test (P < 0.05), and the
significant differences among means were submitted to post
hoc multiple comparisons using Tukey’s test (P < 0.05) to
compare WW and WS treatments. The effects of K supply,
when significant, were described by linear, quadratic and square
root regression models, and the highest determination coeffi-
cient (R?) was selected. The original data were standardized
to achieve zero mean and one variance to be analyzed in
Pearson’s Correlation (P < 0.05) and multivariate statistics, with
Heatmap-Clustering and principal components analysis (PCA).
A heat map was produced calculating the Euclidian distance of
similarity among treatments and dependent variables. PCA was
used to characterize the effect of K fertilization on the structural
and physiological parameters, and confidence ellipses with 95%
of confidence were used to visualize the multivariate trends of
treatments with WW and WS. Statistical tests were performed
using SAS version 9.3 (SAS Institute Inc. 2004) and R version
3.5.1 (R Development Core Team 2008).

Results

LA, specific leaf area and SD

Total LA of Eucalyptus seedlings was strongly affected by K
supply and osmotic treatments (Table 1). The LA values of
K-supplied plants (from 0.9 to 3.6 mmol L™" of K) were ~277

and 50% higher than those of K-deficient plants (O mmol L™
of K) in both non-PEG and +PEG treatments, respectively
(Table 1). The PEG-induced osmotic stress decreased the LA
of K-supplied and K-deficient plants by up to 82 and 50%,
respectively. Potassium application increased specific leaf area
(SLA) by 42% in non-PEG and reduced it by 15% in +PEG
conditions (Table 1), relative to K-deficient plants.

Irrespective of K supply, SD was not affected by osmotic
stress, but the total number of stomata per plant was 7% higher
in treatments with no osmotic stress (—PEG) relative to +PEG
treatments (Table 1).

Plant growth and dry matter production

Compared with K-deficient plants, K fertilization increased plant
height by 15 and 20% in non-PEG and +PEG treatments,
respectively. Moreover, the induced osmotic stress reduced the
height of K-sufficient and K-deficient plants by 15 and 20%,
respectively. Osmotic stress reduced overall root collar diameter
by 27%. Despite being non-significant, higher K concentra-
tions increased collar diameter by up to 60% in the non-PEG
treatment (Table 2).

Plant dry matter was influenced by K supply and by
osmotic stress (Table 3). Root and shoot dry matter production
increased with K supply, notably under non-PEG condition.
Besides, osmotic-induced stress reduced root and shoot
dry matter production by 30% compared with the non-PEG
treatment. The induced osmotic stress increased the root/shoot
ratio by 50%, compared with non-PEG treatment. Compared
with K-deficient plants, K supply increased the total plant dry
matter by 140 and 40% under non-PEG and +PEG treatments,
respectively.

Leaf gas exchange and leaf water potential

Under non-PEG condition, K application increased A, E, gs
and WUE by 55, 40, 100 and 43%, respectively (Figure 1).
Moreover, under +PEG condition, K-supplied plants also showed
an increase in A (85%), E (50%), gs (400%) and WUE (20%)
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Table 3. Root and shoot dry matter yield, root/shoot ratio and total dry matter production of Eucalyptus seedlings submitted to five potassium (K) levels and grown under controlled (non-PEG

condition; —PEG) or under PEG-induced osmotic stress (+PEG)

Dry matter production (g plant™")*** =

Total

Root/Shoot Ratio
non-PEG

0.33£0.02a

Shoot

Root

K rates (mmol L™")

non-PEG*2 +PEG"® +PEG™? non-PEG*# +PEG"*®
0.43+0.01ab

+PEG

non-PEG"2

14.62 + 1.1a

1722+ 1.8b
46.64 £ 1.5a

10.18 £0.7a
15.20+2.9a
14.76 £0.2a

1283+ 1.3b
36.85+ 1.6a
10.38 £ 1.0a

4.43£0.38a

4.38 £0.49b

]

20.59 £+ 3.9a

0.36 £0.04ab
0.37 £ 0.06ab

0.52 £0.02a

0.26 £0.01a

5.38 £ 0.84a
4.82+0.41a

9.78 £0.17a

0.9

19.58 £+ 2.5a
1571 £ 1.7a

26.88 £ 1.1a
19.47

4117 £0.5a
35.79+4.2a
42.22 £5.3a

36.6

32.60+4.7a 0.25+0.01a

8.57£0.51ab

1.8

2.7
3.6

0.23+£0.01a

28.94 £ 3.5a

5.33+0.69a
7.64 +0.65a

6.84 £ 0.85ab
9.44 £ 2.04ab

7.8

0.35+0.03b

0.28 £0.03a
0.41

y =033

19.24 +1.2a

19.95

32.78 £ 3.6a

28.8

3.51 +0.71x

y

Models/Means

0.08x +0.018x?

0.94

0.93

0.93

0.77

0.93

0.93

0.78

0.83

RZ

For each parameter *, ** and *** indicate the statistical influence (F test with a significance threshold of P < 0.05) of +PEG, K levels and +PEG x K interaction, respectively. The adjustment
model is indicated by not significant (n.s) and without suitable adjustment (w.a). Within a column, different letters indicate significant differences between K rates according to Tukey test

(P < 0.05).
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relative to K-deficient plants. Overall, the induced osmotic stress
was more responsive in K-deficient plants, reducing A (66%),
E (70%) and gs (85%), and increasing WUE (30%), while
osmotic stress decreased A (55%), £ (65%), gs (65%) and
increased WUE (10%) in K-supplied plants.

Leaf water potential (W) of K-deficient plants growing
under non-PEG condition (low osmotic stress of —0.05 MPa)
varied from —0.8 to —1.8 MPa (Figure 2a), with similar values
observed for K supplied plants. Overall, ¥, of K-deficient plants
under osmotic stress showed higher W, values (close to zero)
relative to plants supplied with K (Figure 2b). Moreover, under
osmotic stress, the highest K level (3.6 mmol L' of K) induced
the lowest W,, values, which were kept constant up to the
35th day after the start of the experiment, before declining
progressively (Figure 2b).

Potassium concentrations in plant tissue
and isotopic analyses

Root K-concentrations were influenced by K supply and by
the osmotic condition (Figure 3a). Plants grown in non-PEG
conditions showed increased root K content as a result of higher
K application rates. Conversely, K supply had no effect on plant
root concentrations in +PEG treatment, with values 54% lower
than for plants grown in non-PEG treatment. On the other hand,
leaf K concentration was affected by the interactive effects of K
rates and osmotic condition treatments (Figure 3b). Plants sup-
plied with K showed a leaf K concentration of 27 g kg™ in either
non-PEG or +PEG conditions. Moreover, K rates and osmotic
condition treatments had significant effects on the §"°C, §'"°N
and the leaf C/N ratio values. Leaf carbon isotopic values (§'°C)
were less negative in K-supplied plants subjected to osmotic
stress when compared with healthy K plants without PEG in the
solution (Figure 3c). Leaf nitrogen isotopic values (§'°N o)
decreased with increasing K levels in the nutrient solution, and
these values were more negative for plants exposed to osmotic
stress. The leaf C/N ratio decreased with higher K rates in the
+PEG treatment (Figure 3e). On the other hand, plants under
non-PEG conditions showed an average C/N value of 15.4,
which decreased by 14% at a K concentration of 1.8 mmol L.
In addition, K supply led to substantial variation in isotopic
abundances. Leaf K concentration was positively correlated to
8" (P < 0.01) and negatively to §"°N (P < 0.01) (Figure 3f).

Pearson correlations and multivariate analyses:
morpho-physiological variables, isotopic

and nutritional responses

There was a positive correlation among the morpho-physiological
variables (A, gs, e E, Std, LA and TDM) and a negative correlation
between the isotopic values (§"°C and §'N) (Figure 4a).
Tissue K concentration was negatively correlated with §"°N. The
[C/N] ratio presented a negative correlation with the morpho-
physiological variables, except for W, which did not correlate
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Figure 1. Leaf gas exchange parameters of Eucalyptus seedlings grown under five potassium (K) fertilization rates, and under non-PEG (—PEG) and
osmotic induced-stress (+PEG) conditions: (a) CO, assimilation rate, (b) stomatal conductance—gs, (c) leaf transpiration (E) and (d) WUE. Vertical
bars indicate standard errors between blocks (n = 4). The adjustment model is indicated by not significant (n.s) and without suitable adjustment
(w.a). F test, respectively, (@) +PEG (P < 0.05), K rate (P < 0.05), K* + PEG (P > 0.05); (b) +PEG (P < 0.05), Krate (P > 0.05), K* + PEG
(P > 0.05); (c) +PEG (P < 0.05), Krate (P > 0.05), K* + PEG (P > 0.05); (d) +PEG (P > 0.05), Krate (P < 0.05), K* + PEG (P > 0.05).

with any other variables. Taking 95% of the confidence ellipse
as indicative of significant correlation among variables, we
observed a negative correlation among the mean vectors of
variables under non-PEG and +4PEG treatments, with a low
correlation between the two osmotic conditions and a higher
variance in the non-PEG treatment (Figure 4b).

Heatmap and hierarchical cluster analysis showed the forma-
tion of three main groups among the treatments (columns) and
variables (lines). For treatments, Group 1 was represented by
plants supplied with K and grown under non-PEG condition,
while Group 2 consisted of plants without K supply, regard-
less of the osmotic condition. Group 3 was represented by

K-supplied plants subjected to osmotic stress (Figure 4c). For
variables, Group 1 was represented by the [C/N] ratio and "N,
Group 2 by §°C and [K] and Group 3 by morpho-physiological
variables (Figure 4c).

More than 80% of the total variance was explained by the
main principal components (PC1 + PC2) (Figure 4b and d),
with PC1 being driven by the morpho-physiological variables
(A, gs, E, Std, LA and TDM) and PC2 by the isotopic parameters
(6"C and 8"N) and K-tissue concentrations (Figure 4d). The
variables W,,, WUE and [C/N] ratio contributed with average
weights to explain the data variance in PC1 and PC2. Under non-
PEG conditions, increasing K rates from 0.9 to 3.6 mmol L™
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Figure 2. Leaf water potential (Ww) of Eucalyptus seedlings submitted to five levels of potassium (K) and grown under non-PEG (—PEG) condition at
an osmotic potential of —0.05 MPa (a) and under osmotic induced-stress (+PEG) at osmotic potentials of —0.15, —0.65 and —1 MPa (b). Vertical
bars indicate standard errors between blocks (n = 4). F test on each day after onset of treatments: 28 days +PEG (P > 0.05), K rate (P < 0.05),
K* + PEG (P > 0.05); 35 days + PEG (P < 0.05), Krate (P < 0.05), K* + PEG (P < 0.05); 42 days +PEG (P > 0.05), Krate (P < 0.05),

K* 4+ PEG (P < 0.05); 49 days +PEG (P < 0.05), K rate (P < 0.05), K* + PEG (P < 0.05).

resulted in higher values of morpho-physiological variables
and a lower [C/N] ratio. Under +PEG condition, K levels from
0.9 to 3.6 mmol L' also showed higher §"°C and K-tissue
concentrations and lower W,, and §"™N values (Figure 4d).
Plants fertilized with low K concentrations and grown in non-PEG
and +PEG conditions were characterized by high §'°N levels and
a high [C/N] ratio, as well as by low K tissue concentrations and
low values of morpho-physiological variables (Figure 4d).

Discussion

Osmotic stress-induced reduction in Eucalyptus growth has also
been observed in other studies (Christina et al. 2015, Silva
et al. 2016), even in K-fertilized plants (Epron et al. 2015,
Tavakol et al. 2018). As observed in our study, K supply
altered structural and physiological responses of Eucalyptus
seedlings. Overall, plants growth was higher under control
conditions (non-PEG) relative to osmotic-induced water stress
(+PEG). These assumptions can be confirmed by the greater
dry matter production (non-PEG: 140%; +PEG: 40%) and LA
(non-PEG: 270%; +PEG: 50%) observed in K-supplied, relative
to K-deficient plants.

The K supply also alleviated the negative impacts of osmotic
stress by partially closing stomata to minimize water loss,
as also observed by Battie Laclau et al. (2016). Stomatal
aperture and closure are modulated by CO, assimilation and
water loss in guard cells, altering turgor pressure consequently
affecting leaf development, SLA and A (Battie Laclau et al.

2013, Schulze et al. 2006). Coordinated mechanisms between
stomatal closure (Teixeira et al. 2008) and biomass allocation
generally act in concert to prevent water loss during water
shortage and alleviate the effects of drought stress (Merchant
et al. 2007). Regardless of K supply, plants under +PEG also
showed higher root/shoot ratio, indicative of a greater root
carbon allocation for more efficient water and nutrient uptake.
This increase was accompanied by a decrease in shoot and
LA thus representing a compensated mechanism minimizing
transpiration and mitigating drought effect (Chaves et al. 2002,
Christina et al. 2015, Gongalves et al. 2017, Muller et al. 2017).

Plants use a myriad strategies involving complex molecular
mechanisms (Fox et al. 2018) to cope with water shortage.
Under drought stress, plants can alter their metabolism accord-
ingly via changes in gene expression and cell structure (Gugger
et al. 2017), as well as decreases in W,, and cambial activity
(Chotuj et al. 2008, Foyer and Shigeoka 2010, Shi et al. 2017).
Lower W, induces stomatal closure, an essential drought toler-
ance mechanism (Mateus et al. 2021) that prevents W, from
further declining below critical levels that could induce loss of
water transport capacity via xylem embolism (Li et al. 2019, Li
et al. 2020, Marenco et al. 2006). These mechanisms allow
continuous plant growth and development even under lower
water supply (Hubbard et al. 2010, Silva et al. 2004, Wildhagen
et al. 2018).

The significant differences in leaf K concentration were trans-
lated to substantial variation in §°C and in §"°N (Figure 3f),
which were reliable integrative indicators of whole plant-scale
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Figure 3. (a) Root potassium (K) concentration, (b) leaf K concentration, (c) leaf carbon isotope composition (8'3C %), (d) leaf nitrogen isotope
composition (§"°N %o), (e) C/N ratio and (f) the correlation among §'3C, §'°N and leaf K concentration of Eucalyptus seedlings submitted to five K
concentrations grown under non-PEG condition (—PEG) and under osmotic induced-stress (+PEG). Vertical bars around means represent standard
errors (n = 4). The adjustment model is indicated by not significant (n.s) and without suitable adjustment (w.a). F test, respectively, (a) WS (P < 0.05),
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responses to changes in environmental condition (Mateus et al.
2021), and reflected the effects of K supply throughout the
experimental period. The decrease (more negative values) in
tissue carbon isotopic composition (§'°C) values observed in
K-deficient plants was a consequence of larger gs (Farquhar
et al. 1989), leading to lower WUE. Moreover, the reduction
in gs under high osmotic and water stress leads plants to fix
any available CO, molecule, therefore increasing (more positive)
their §'*C values (Robinson et al. 2000). The higher values of
8"°C observed in K-supplied plants also confirmed the crucial
role of K in affecting photosynthesis and transpiration, through
probably a stronger effect on mesophyll diffusion conductance
than on gs (Jakli et al. 2017, Mateus et al. 2019). Conse-
quently, 8"°C correlated significantly to dry matter and WUE,
justifying the use of §"°C as a tool in breeding programs to
select the genotypes with genetic improvement of WUE and to
provide additional insights into photosynthetic metabolism and

responses to abiotic stress. Long-term WUE and instantaneous
WUE (A/E) measurements express different time scales of CO,
assimilation (Fullana-Pericas et al. 2017, Medrano et al. 2015).
Therefore, instantaneous WUE represents a short window of
time, whereas §'°C indicates the plant’s fitness and its relation
with the environment from the onset of photosynthesis until
sampling (Araus et al. 2002, Araus et al. 2003).
Photosynthesis process demands a large amount of N for
CO; assimilation and sugar synthesis, since Rubisco, stromal
enzymes and thylakoid proteins are highly dependent on N
metabolism in leaves (Champigny 1995, Wang et al. 2015).
Our results showed that K application positively influenced
leaf N concentration, notably under non-PEG conditions, by
enhancing N demand and assimilation. Thus, under K deficiency,
a pronounced increase in the C/N ratio was observed due to
the significant reduction in total leaf N (Figure 3e). We can
hypothesize that K supply enhanced drought stress tolerance
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Figure 4. Multivariate analyses showing (a) Pearson correlations, (b) confidence ellipse, with 95% of confidence, (c) heatmap and hierarchical
cluster and (d) PCA in Eucalyptus seedlings submitted to five potassium (K) levels under water-stress (PEG addition; +PEG) and under controlled
(well-watered; —-PEG) conditions. The heatmap indicates values close (blue tones) and distant (red tones) from the samples’ average (n = 4).
Abbreviation: CO, assimilation (a), stomatal conductance (gs), transpiration (E), leaf water potential (Ww), stomatal density (std), total dry matter
(TDM), 8'3C (isotope composition of C), §'°N (isotope composition of N), leaf K concentration ([K]) and leaf C/N ratio (leaf [C/N]).

of Eucalyptus seedlings by upregulating the concentrations of
osmolytes (Hu et al. 2017), e.g., soluble sugar and proline,
and by upregulating antioxidant enzyme activities (Song et al.
2015), modulating plant growth-related responses to different
extents.

K-deficient plants under both osmotic conditions were
mainly characterized by higher §'"°N and C/N ratio levels
(Figure 4a and d), suggesting both stable isotope natural
abundance as a feasible screening tool and a physiological
indicator of Eucalyptus response to K deficiency. The osmotic
stress decreased §'°N whereas increased §'°C (Gouveia et al.
2019, Handley et al. 1999, Robinson et al. 2000), also
confirming both as an effective drought stress mechanism
response of Eucalyptus. The negative relationship between §*C
and §"°N (Figure 4a and d) relates the effect of water stress

on gas exchange to leaf N uptake and accumulation. Under
drought stress, N-NO3~ assimilation and translocation from root
to shoot are restricted, resulting in decreased §'°N levels (Sahoo
etal. 2010). Thus, the negative relationship observed between
8N and leaf K concentration (Figures 3f and 4a and d) was
associated with N assimilation capacity and demand (Coque
et al. 2006, Pritchard and Guy 2005, Robinson et al. 2000,
Yousfi et al. 2009) as well as the plant’s transpiration (Medina
etal. 2016).

Due to many non-controllable factors occurring under field
conditions, the environmentally controlled study presented here
allowed the investigation of the direct K-nutrition effects com-
bined with several levels of plant water stress. The PEG addition
to nutrient solution has been receiving considerable atten-
tion, allowing homogeneous drought-induced conditions, while
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field-based drought events cannot be carefully manipulated
(Kaufmann and Eckard 1971). However, the short duration
of studies in controlled environment precludes the drought-
induced effects in the whole plant morphology and anatomy,
which are often major components of plant response to field
conditions. In hydroponic system production, the nutrients sup-
ply is not hampered by factors that limit nutrient availability in
the soil and accessibility by plant roots. Thus, environmentally
controlled studies provide useful insights into the mechanisms
that underpin more mature tree response in the field (Barker
and Stratton 2019).

Root K concentration under non-PEG conditions kept increas-
ing up to a K fertilization level of 2.7 mmol L™' and then
decreased, indicating an optimum root K absorption. Plants
exposed to osmotic stress showed an average of 11.3 g/kg™"' of
K, with a maximum root concentration irrespective of the K rates
(Figure 3a). Conversely, the increased leaf K concentration due
to enhanced K rates was important in osmotic-stressed plants,
highlighting the strategy of upregulating leaf K concentration
and optimizing WUE to maintain shoot dry matter production
in drought conditions (Santos et al. 2020). Even though the
complete withdrawal of K (O mmol L™") mimicked an extreme
field-growing condition, the aim of this treatment was to simulate
a scarcity of K during a phase of high nutritional demand, or
when seasonal demand for growth exceeds external nutrient

supply.

Conclusion

Osmotic-induced stress decreased plant growth, regardless of
K supply; however, these effects were more accentuated for
K-deficient plants. Eucalyptus seedling plants showed a positive
response to K supply in non-PEG and +PEG conditions, since
K positively modulated the plants’ physiology, upregulating LA,
SLA and leading to higher leaf gas exchange parameters, e.g., A,
E, gs and WUE, and resulting in lower values of leaf carbon and
nitrogen isotopes (8'°C and §'°N). In addition, K supply led to
changes in leaf structural features such as SD, resulting in better
plant growth and dry matter production. Altogether, our results
show that better nutritional management strategy should seek
to optimize K-nutrition to improve WUE, photosynthesis-related
parameters and plant growth under water deficit conditions.
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