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Abstract: The sustainability of “dehesas” is threatened by the Holm oak decline. It is thought that
the effects of root rot on plant physiology vary depending on external stress factors. Plant growth
and biomass allocation are useful tools to characterize differences in the response to drought and
infection. The study of physiological responses together with growth patterns will clarify how and
to what extent root rot is able to damage the plant. A fully factorial experiment, including drought
and Phytophtora cinnamomi Rands infection as factors, was carried out with Quercus ilex L. seedlings.
Photosynthesis, biomass allocation and root traits were assessed. Photosynthetic variables responded
differently to drought and infection over time. The root mass fraction showed a significant reduction
due to infection. P. cinnamomi root rot altered the growth patterns. Plants could not recover from
the physiological effects of infection only when the root rot coincided with water stress. Without
additional stressors, the strategy of our seedlings in the face of root rot was to reduce the biomass
increment and reallocate resources. Underlying mechanisms involved in plant-pathogen interactions
should be considered in the study of holm oak decline, beyond the consideration of water stress as
the primary cause of tree mortality.
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1. Introduction

Holm oak (Quercus ilex L.) is a native species, widely distributed in the central-western part
of the Mediterranean basin. This tree can be considered a key species due to its ecological and
socioeconomic importance, and it shows a high rate of phenotypic plasticity in relation to conditions
such as temperature, elevation, and soil composition [1]. It is considered a drought-tolerant species
and thus can play an important role against desertification [2]. The most representative examples
of its socioeconomic relevance are the “dehesas” and “montados” agroforestry systems, which are
Mediterranean Savannah-like ecosystems, present mainly in Spain and Portugal [3,4].

Since the 1990s, oak decline has been recorded in Europe [5], holm oak being the species
most affected in the Mediterranean area. In south-western Europe (Spain and Portugal), Holm
oak ecosystems are threatened by management practices, climatic change, and biotic agents. This
makes them some of the most vulnerable ecosystems in the Mediterranean area [6,7].
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Habitat projection models for the south-west Iberian peninsula indicate that an increase in extreme
rain events alongside extended drought periods, and rising mean temperatures are likely to influence
the future decline of holm oak in the region [2,7].

The severity of root rot and decline symptoms in Q. ilex, including mortality, has been related to
water stress, both drought and waterlogging, which, depending on microsite conditions, can occur
sequentially [1,8]. Regarding biotic factors, root rot oomycetes, mainly Phytophthora cinnamomi Rands,
are considered a causal agent or triggering factor in holm oak decline [9–11]. Quercus ilex is considered
the most susceptible species of the genus to the root rot [12].

Although some unspecific responses were detected in previous histological studies of infected
roots, like cell wall thickening, phenolic compound accumulation on the middle lamella and
mucilage secretion of parenchymatous cells [13,14], the main changes in plant status caused by
P. cinnamomi infection are related not to defensive responses (e.g., pathogen associated molecular
pattern (PAMP)-triggered immunity, effectors-triggered immunity, hypersensitive response, hormonal
signaling . . . ), but to physiological ones (e.g., stomatal closure, photosynthesis rate and water
imbalance on plants) [11,15–17]. Root rot and water stress both impact tree health although some
aspects of their relationship are unclear, such as the increase of water use efficiency on inoculated trees
with strongly reduced water potential [16]. Not only drought, but also waterlogging treatments have
been demonstrated to have significant effects on the mortality of infected plants [8,15,18]. Little
has been published on physiological changes in holm oak plants as a response to P. cinnamomi
infection, with high variability of results depending on the experimental conditions. Some reports have
shown strong differences in photosynthesis and water potentials [15,17], while others have shown no
significant effects [19–21], depending on whether the plants were subjected to continuous and acute
waterlogging, drought stress, or only slight stress. All of the above highlight the relevance of studying
the possible differences in the responses of holm oak to water stress and pathogen infection.

Variables related to plant morphology and biomass have been demonstrated to be powerful tools
in the analysis of ecological, ontological, or physiological differences among species, ecotypes, or stress
conditions [22,23]. The changes in plant growth patterns are related to physiological responses to stress
conditions; in particular, biomass allocation is a key factor [24]. Root traits were found to be related to
different key processes that vary in changing environmental conditions (for example, photosynthesis
and photosynthates allocation, drought tolerance strategies, water potentials, transpiration
rates . . . ) [25–28].

The main objective of this study was to characterize the effects of acute water stress and
P. cinnamomi infection in seedlings of Quercus ilex L. subsp. ballota, both individually and in combination,
focusing on physiological, growth, and biomass allocation changes. We hypothesized that the effects
and plant responses would differ according to whether the seedlings were water stressed, inoculated,
or both, and that there would be significant variation in the magnitude of the responses, depending on
the type of stress. To reach our main objective, we defined three specific goals: (i) to describe changes
in physiological plant status due to either P. cinnamomi infection or drought; (ii) to evaluate plant
growth changes related to drought stress and P. cinnamomi infection, analyzing biomass allocation, and
(iii) to determine and characterize differences in the effects of water stress (drought) and P. cinnamomi
infection on Q. ilex roots. This will clarify how and to what extent root rot is able to severely damage
the plant, thereby helping the development of more accurate strategies to palliate the consequences of
holm oak decline.

2. Materials and Methods

2.1. Plant Material

Seedlings of Quercus ilex subsp. ballota were used in this experiment. Acorns were collected in
a warm-temperate holm oak forest in Arenas del Rey (Granada, Spain, ETRS89, UTM 30N: 417 586,
4 095 930, elevation 490 m.a.s.l.). The site is characterized by dry summers and wet, mild winters:
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the mean temperatures over the last 30 years are 24.7 ◦C (warmest month) and 11.5 ◦C (coldest month),
and the average annual rainfall is 489.3 mm. This parental tree was chosen because it was considered
drought tolerant in previous studies [29].

The acorns were sown in a peat-perlite-vermiculite growth medium (4-2-1 by vol.), in black
plastic containers (2.5 L). These were placed in a growth chamber (25 ◦C, 60% RH, photoperiod
14/10 light/dark) until acorn germination. Then, the seedlings were placed in a greenhouse at the
University of Córdoba-Campus Rabanales (Córdoba, Spain; ETRS89, UTM 30N: 348 360, 4 198 200),
in semi-controlled conditions (25 ± 7 ◦C, 60 ± 10% RH), and were watered twice a week to saturate
the growth medium. For three months, artificial light (HPS lamps, 400 W, 48,000 lumen, ≥600 µmol
(photons) m−2 s−1 at 50 cm above the table surface) was provided, to extend the photoperiod to 12 h
and ensure that the photosynthetic photon flux density (PPFD) exceeded 1000 µmol (photons) m−2 s−1.
This value is considered to be enough to light-saturate Q. ilex leaves [30]. Before the experiment,
seedlings were selected that were homogeneous in morphology (height, H = 31.79 ± 0.92 cm; diameter
at the root collar, Øi = 6.98 ± 0.16 mm; total leaf area, LAt = 202.6 ± 9.3 cm2; mean values with
standard error), instantaneous chlorophyll fluorescence, and photosynthetic efficiency of photosystem
II (Ft = 3205 ± 409; QY = 66.4 ± 5.2%; FluorPen FP100 fluorescence analyzer, Photon Systems, spol.
s.r.o., Drásov, Czech Republic).

2.2. Experimental Design and Inoculation

The experiment had a completely randomized design in which inoculation (2 levels: with and
without) and watering (2 levels: with and without) were the main factors, resulting in four different
treatments: “Control” (pots watered and mock-inoculated), “Inoculation” (pots watered and inoculated
with P. cinnamomi), “Drought” (Pots non-watered and mock-inoculated), and “I × D” (Pots non-watered
and inoculated with P. cinnamomi). Each of the four treatments had 10 replicates, providing a total of
40 experimental units. The pots were placed in black plastic trays, five pots of the same treatment in
each tray, and the trays were distributed randomly in the greenhouse.

Inoculation was carried out with carrot agar (CA) liquid inoculum at a concentration of >30
Infective Units (IU)/µL of P. cinnamomi chlamydospores [31]. The P. cinnamomi strain was isolated from
Q. ilex roots in a previous survey in Puebla de Guzman (Huelva, Spain). The pathogen was grown
in 9-cm-diameter Petri dishes containing CA medium for 15 days. Prior to inoculum preparation,
the surface of the CA containing the pathogen mycelium was well rinsed and the CA was mixed with
demineralized water. The concentration of IU (chlamydospores) was evaluated using a Neubauer
chamber. A false inoculum was made by mixing the same number of CA plates, but without
P. cinnamomi, with water. The methodology used for the inoculation treatment was adapted from the
work of Turco et al. [21]. Three holes were made in the substrate of each pot, using a 10-mL syringe
with a trimmed end. Then, approximately 15 mL of inoculum or false inoculum were placed in each
hole (45 mL in each pot) and subsequently covered with the substrate extracted previously with the
trimmed syringe.

Before inoculation, the pots were watered to substrate saturation, the plants were inoculated
and the pots were subsequently weighed to obtain their weight at the field capacity of the substrate.
The watering regime of the “Control” and “Inoculation” treatments consisted of a first manual watering
72 h after inoculation, and subsequent watering every 48 h with 100 mL of water. To boost the
induction of water stress in the treatments that did not include watering, the environmental conditions
of the greenhouse were altered to increase the evapotranspiration rate of the plants (T = 28 ± 3 ◦C;
RH = 40 ± 10%).

2.3. Parameters Measured

The physiological status of the plants was evaluated through the stomatal conductance and the
rate and efficiency of photosynthesis, at the beginning of the experiment (0 days post-inoculation—dpi)
and at 7, 15, 22, and 30 dpi. Thirty days after inoculation, the plants were harvested and their water
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status, aboveground and belowground fractions, and root distribution parameters were characterized.
The description and units of each measured or calculated variable are shown in Table 1.

Table 1. Description of studied variables.

Variable Abv. Units Description

Water status
Volumetric Water
content θ cm3 (cm)−3 Relative humidity of pot substrate

Midday Water potential Ψm MPa Water potential of leaves at midday (at solar noon)
Dry Matter of root DMr g (100 g)−1 Dry matter of root relative to 100 g of fresh weight
Plant growth and biomass allocation
Net Photosynthesis A µmol CO2 m−2 s−1 Mean estimate of photosynthetic rate of leaves
Stomatal Conductance Gs mmol H2O m−2 s−1 Mean estimate leaf stomatal conductance
Photosynthetic Efficiency QY . . . Max. quantum efficiency of photosystem II (Fv/Fm)
Root Dry Weight RDW g Weight of root system after oven drying (root biomass)
Stem Dry Weight SDW g Weight of stem after oven drying (stem biomass)
Leaf Dry Weight LDW g Weight of leaves after oven drying (leaves biomass)
Root Mass Fraction RMF g (g)−1 Root biomass relative to total plant biomass
Stem Mass Fraction SMF g (g)−1 Stem biomass relative to total plant biomass
Leaf Mass Fraction LMF g (g)−1 Leaves biomass relative to total plant biomass

The volumetric water content (θ) of the pot substrate was measured during the experiment,
in five pots per treatment, using time domain reflectometry probes (Decagon ECH2O Ec-5-Decagon
Devices, Inc., Washington, WA, USA), previously calibrated for the specific pot substrate composition
(accuracy ± 1%, resolution 0.1% of θ). Prior to harvest, the midday stem water potential (Ψm) of
three leaves per pot was measured using an SKPM 1400 pressure chamber (Skye Instruments, Ltd.;
Llandrindod Wells, Powys, UK) [31]. The minimum Ψm considered was −6 MPa, due to the technical
limitations of the pressure chamber; in Q. ilex the minimum values of Ψm before sap flux failure range
between −4 and −6 MPa [32].

The maximum quantum efficiency of photosystem II (QY) was measured using a Hansatech
PEA portable chlorophyll fluorimeter (Hansatech Instrument, Ltd.; King’s Lynn, Norfolk, UK),
for dark-adapted leaves after covering them for 20 min with portable leaf clips (Hansatech Instrument,
Ltd., Narborough, UK). Five fully-expanded leaves per plant were measured at 0, 7, 15, 22, and 30 dpi.

The net photosynthesis rate (A) and stomatal conductance (Gs) were measured in three
fully-expanded leaves of each plant, using a portable infrared CO2 gas analyzer (LiCor Li6400XT,
Li-Cor, Inc.; Lincoln, NE, USA) fitted with a 6-cm2 leaf cuvette. The measurements were taken
using a CO2 concentration of 390 ± 1.7 ppm, a flow of 300 ± 1.2 cm3 min−1, and PPFD >1000 µmol
(photons) m−2 s−1. When a leaf did not fit completely in the leaf cuvette, a photograph of it was taken
using a digital camera (HP Photosmart R827, Hewlett Packard Inc., Palo Alto, CA, USA). In order to
correct the measurements according to the actual leaf area, the photographs taken at the moment of
each measurement were analyzed using ImageJ image analysis software [33]. All the measurements of
physiological variables were taken at 11:20–13:20 h UTC (Universal Time Coordinates), considering a
2-h window around the solar noon (13:20–15:20 h CET—Central European Time).

After the physiological measurements, the stems and leaves were excised from the root collar
and the root ball was extracted from each pot. A subsample of fine roots was collected for pathogen
isolation and, subsequently, the root ball was carefully washed with tap water on a 0.5-mm sieve,
avoiding the loss of fine roots [34]. The fine and very fine roots lost in this process were recovered
from the detached substrate using tweezers; subsequently, the root fraction was scanned in a Regent
LA1600+ densitometer (Regent Instruments Inc., Quebec, QC, Canada).

The plant biomass was estimated for the stem, leaves, and roots to assess biomass allocation
changes, using gravimetric methodology. The stems and leaves were dried immediately after excision
(85 ◦C for 48 h; JP Selecta Conterm, Barcelona, Spain), in paper bags of known weight. The root fraction
was dried after scanning, following the same procedure conducted for the aboveground biomass.
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All the dried samples were cooled in a desiccator at room temperature for 30 min prior to weighing.
All the biomass fractions were expressed as dry biomass (stem dry weight, SDW, leaves dry weight,
LDW, and root dry weight, RDW, in g).

2.4. Pathogen Isolation

To confirm the presence or absence of P. cinnamomi in the root system, a representative subsample
of fine roots was collected for each plant, prior to root-ball detachment. Fifty pieces of fine and very
fine roots (Ø < 2 mm), approximately 1 cm in length, were excised randomly from different regions
of the root-ball. They were surface-disinfected by immersion in 70% ethanol for 10 s, washed in
sterilized-deionized water, trimmed, and placed in 9-cm Petri dishes containing the PARPBH selective
medium [35]. They were stored at room temperature, in darkness, for 14 days and were assessed every
48 h.

The colonies that grew were sub-cultured and sown in selective PARPBH medium and Carrot
Agar (CA) to obtain axenic cultures. The colonies were observed under a microscope to identify the
genus or species according to their morphology, following the indications of Erwin and Ribeiro [36].
The pathogen P. cinnamomi was recovered and isolated from fine roots of all the samples of the
inoculation treatments and was not isolated from any of the studied roots from mock-inoculated plants.
No other oomycete species were isolated from the samples.

2.5. Data Analysis

The effects of the factors on the root variables were calculated, according to Olmo et al. [27], as the
ratio of the mean value of a root trait under the treatment to its mean value under control conditions.
A ratio greater than 1 means that the treatment increased the value of this trait and thus was considered
(+), and (−) for values between 0 and 1.

The scanned images of roots were analyzed with WinRHIZO Pro 2004a software (Regent
Instruments Inc., Quebec, QC, Canada) to estimate root traits, for plasticity index (Pi) calculation.
The Pi of each variable was calculated as described by Valladares and Sánchez-Gómez [37], through
the expression (1):

Pi =

[
n

∑
i=1

(Xi−max − Xi−min)/Xi−max

]
/n (1)

where Xi-max represents the maximum value of the variables avoiding statistically extreme outliers,
Xi-min represents the minimum value of the variables avoiding statistically extreme outliers, and n
represents the number of the variables used to calculate the Pi.

The Pi varies between 0 and 1. The mean root Pi was calculated as the average plasticity of all the
root variables, to compare treatments.

To represent the differences in stem biomass avoiding the influence of aboveground biomass
differences, SDW was divided by total aboveground biomass to calculate relative SDW proportion.
This operation resulted in a better understanding of stem biomass changes.

The normality and homoscedasticity of the variables were assessed using the Shapiro-Wilk
and Levene tests, respectively. Variables that did not fit a normal distribution were transformed by
applying log(x) or 1/x [38], and the normality of the transformed variables was re-analyzed. After the
normality test, two-way Analysis of Variance (ANOVA) was carried out, considering inoculation and
watering as the independent factors. When no interaction between factors was detected in the two-way
ANOVA, the Student’s t test was used to study the effects of inoculation and watering on biomass
variables. Repeated measures ANOVA (RMANOVA) was carried out for the physiological variables
and θ, using dpi as the repeated measure and considering the watering and inoculation treatments as
between-subject factors. To avoid test failure due to noncompliance with the ANOVA assumptions,
Greisser-Greenhouse correction of the degrees of freedom was used for univariate within-subjects’
analysis. The post-hoc comparison of treatments, in all other cases, was carried out using Tukey’s High
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Significant Difference (HSD) test. Null hypotheses were rejected at the p < 0.05 level. All the statistical
analyses were performed using IBM SPSS Statistics 19 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Plant and Root Symptoms

Plants of the “Drought” and combined (“I × D”) treatments presented strong chlorosis and
wilting of the leaves at the end of the assay. In the “Inoculation” treatment (watered), the symptoms
were more variable—with chlorosis and partial wilting in several plants, while others had only slight
symptoms in the upper part of the stem. No plants from the “Inoculation” (watered) treatment were
dead after 30 days. No chlorosis or wilting was seen in plants from the “Control” treatment (Figure 1).
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Figure 1. Plant symptoms after 30 dpi. (a) Leaf symptoms for the different treatments (b) Detail of roots
showing root rot symptoms of inoculated plants in comparison to control. “I × D” = Pots non-watered
and inoculated with P. cinnamomi Rands.

The root system of plants from the “Drought” and combined (“I × D”) treatments exhibited
taproot necrosis and root frailty. The plants from the “Inoculation” treatment (watered) showed root
rot symptoms—consisting of dark-brown coloration, necrotic lesions in tips, and root softness—when
compared with control plants. Another important symptom was the lack of fine lateral roots on the
coarse roots (Ø > 2 mm).

3.2. Water Status

The RMANOVA showed significant differences in the volumetric water content of the substrate
(θ) regarding watering (F = 91.7; p < 0.001) and inoculation (F = 6.5; p < 0.05). Time (dpi) strongly
influenced θ (F = 373.8; p < 0.01) (Table 2, Figure 2a), with a significant effect of the interaction between
dpi and the watering treatment (dpi × D; F = 60.9; p < 0.001).
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Table 2. Repeated-measures ANOVA (RMANOVA) results for the effect of inoculation and water stress
on physiological variables and volumetric water content. The degrees of freedom (df), type III sum
of squares are shown for each variable. Geisser-Greenhouse adjusted probabilities were used for the
within-subject analysis. Values of sum of squares are highlighted in bold type when significant (* p <
0.05; ** p < 0.01; *** p < 0.001).

Factors df
Experimental Variable

A Gs QY θ

Between-subjects source
Inoculation (I) 1 31.531 *** 0.016 ** 0.183 ** 0.047 *
Drought (D) 1 86.041 *** 0.010 * 0.001 0.660 **

I × D 1 0.394 0.000 0.351 *** 0.002
Error 16 31.698 0.023 0.304 0.058

Within-subjects source
Days (dpi) 4 22.821 0.007 0.262 *** 0.901 ***

dpi × I 4 3.254 0.003 0.015 0.002
dpi × D 4 77.014 *** 0.007 0.162 ** 0.147 ***

dpi × I × D 4 8.279 0.001 0.051 0.001
Error 64 139.518 0.051 0.472 0.02
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Figure 2. Physiological characterization of Quercus ilex L. seedlings during the experiment.
(a) Volumetric water content (θ). (b) Net photosynthesis (A). (c) Stomatal conductance (Gs).
(d) Photosynthetic efficiency of Photosystem II (QY). Points with the same letter are not significantly
different for the analyzed dpi (p > 0.05). In sets of points where there were no significant differences for
dpi according to the ANOVA test, the letters are not presented. Differences between values of the same
days are represented only when significant at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
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The differences due to inoculation were not influenced by dpi. At the end of the experiment, water
stressed plants (“Drought” and “I × D” treatments) presented values of θ around 0.1 cm3 cm−3, and
midday water potential (Ψm) values equal or below −6 MPa, with differences only between watered
and non-watered plants (Supplementary Material, Table S1).

The root dry matter content (DMr) was influenced by a significant interaction between the
watering and inoculation treatments (Table 3). Although no significant differences in DMr due to
the inoculation factor were found at 30 dpi, plants of the “Inoculation” (watered) treatment had a
significantly lower value than “Control” plants, without differences between the “I × D” and “Drought”
treatments (Figure 3).

Table 3. Two-way ANOVA results for variables measured 30 dpi. Values of F statistic are highlighted
in bold type when significant (* p < 0.05; ** p < 0.01; *** p < 0.001; n/s, not significant). R2 represents
corrected ANOVA model adjustment. (+) or (−) mean that the factor has a positive or negative
effect, respectively.

Factors

Variable Inoculation (I) Drought (D) I × D R2

Ψm 2.4 6763.7 *** (−) 2.4 0.99 ***
DMr 0.0 25.1 *** (+) 8.0 ** 0.61 ***
RDW 0.7 4.3 * (+) 0.0 0.24 **
SDW 5.0 * (−) 3.3 5.5 * 0.46 ***
RMF 10 ** (−) 41.7 *** (+) 0.0 n/s 0.76 ***
SMF 5.0 * (−) 12.4 ** (−) 7.6 ** 0.61 ***
LMF 18.8 *** (+) 8.8 ** (−) 3.9 n/s 0.66 ***
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Figure 3. Mean volumetric water content (θ) of soil (points) and mean dry matter of roots (columns) at
30 dpi. Treatments with the same letter for each variable are not significantly different (p > 0.05).

3.3. Photosynthesis

At 30 dpi, only the watering treatment had a significant effect on the net photosynthesis rate (A)
and Gs (Figure 2b,c; Supplementary Material, Table S1), while QY differed significantly only between
the “Control” and “I × D” treatments (Figure 2d). However, significant effects of both inoculation and
watering on A and Gs were found when the time-trend was analyzed (RMANOVA, Table 2). The time
after inoculation did not influence A or Gs, but A varied significantly among the dpi depending on the
water stress level, as shown by the significant interaction between dpi and the watering factor for this
variable. No significant differences in A were found between treatments until day 22, when the value
was lower for the “I × D” plants, coinciding with the lower values of Gs. At this time, a significant
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change in the trend was found in all physiological variables for the “Inoculation” treatment (inoculated
and watered plants) (Figure 2). The QY was not affected significantly by the watering treatment, but it
was by the inoculation and the interaction between factors, being significantly influenced by dpi and,
as in the case of A as well, by the interaction between dpi and drought. The QY values for the “I × D”
treatment at 15 and 22 dpi were significantly lower than those of the “Drought” treatment, for which
QY and Gs did not decrease until the end of the experiment, when the substrate showed values of θ

around 0.1 cm3 cm−3.

3.4. Growth and Biomass Allocation

The root biomass (RDW) was higher in water-stressed plants (t = 2.2, df = 28, p < 0.05) but did
not differ significantly when inoculation was considered (Figure 4a; Table 3). However, despite a lack
of statistical significance, inoculation gave the lowest values of RDW, for both watering treatments
(Figure 4a; Supplementary Material, Table S1).
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Figure 4. Plant biomass analysis (a) Biomass distribution per treatment. Upside mean aboveground
(Stem and leaves) biomass. Downside mean belowground (root) biomass. (b) Relative stem biomass with
respect to total aboveground biomass, per treatment. (c) Plant fractions for each treatment. LMF = Leaf
mass fraction. SMF = Stem mass fraction. RMF = Root mass fraction. (d) Average plasticity index for
each treatment. Error bars show ±SE. Bars with the same letter are not significantly different (p > 0.05).
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Aboveground biomass (leaves plus stem) did not differ significantly among treatments, but the
factor inoculation had a negative influence on SDW, with a significant interaction between the two
experimental factors (Table 3). The relative proportion of SDW, regarding aboveground biomass
(Figure 4b), was lower for the “I × D” treatment, SDW representing, on average, 45.6% of the
total aboveground biomass in mock-inoculated plants (“Control” and “Drought”) and 27.2% for
the inoculated ones. For the plants of the “I × D” treatment, on average, both SDW (F = 4.6; p < 0.01)
and relative SDW (F = 3.6; p < 0.01) were significantly lower than for the “Drought” treatment plants.

The biomass fractions (RMF, SMF, and LMF) were significantly influenced by both inoculation
and watering, but the interaction between them was only significant for SMF (Table 3). The RMF
decreased due to the effect of inoculation (t = −2.7, df = 38, p < 0.05) and increased due to water
stress (t = 5.4, df = 38, p < 0.001), while LMF increased significantly due to inoculation (t = 3.4, df = 38,
p < 0.01). The graphical comparison of fractions and treatments (Figure 4c) shows different trends in
the aboveground (SMF, LMF) and root (RMF) fractions. All the biomass allocation parameters differed
between the “Drought” and “I × D” treatments. The “Drought” treatment gave the maximum value
of RMF (0.73 ± 0.02) and the minimum value of LMF (0.13 ± 0.01).

The minimum value of RMF occurred in the “Inoculation” treatment (0.56 ± 0.01), but without
differences from the “Control” treatment. The values of RMF and SMF for the “I × D” treatment
were lower than those of the “Drought” treatment, the plants of the “I × D” treatment showing a
clear decrease in SMF (F = 8.3; p < 0.001). The average Pi for all the studied variables shows that the
roots of watered plants had lower plasticity (t = 4.5, df = 110, p < 0.001). When the means of the Pi
were compared for each of the four treatments in a one-way ANOVA, significant differences appeared
(F = 7.87; p < 0.001), the mean Pi of the “Inoculation” treatment having the lowest value (Figure 4d).

4. Discussion

Although previous authors have proposed this idea as a hypothesis [16,18,21], to the best of our
knowledge this is the first work to evidence differences in the physiological response of Quercus ilex to
the stress of combining P. cinnamomi and drought, in comparison with each stress applied separately.
All the studied variables responded to the experimental conditions, showing differences between both
factors. The main changes on physiology presented different trends due to water stress induction in
inoculated plants. The seedlings inoculated with P. cinnamomi recovered if no additional stress was
induced. The differential responses of physiological parameters, growth, and biomass allocation were
influenced by inoculation and water supply, without an interaction between them in most cases.

General Symptoms and Stress Indicators

The plant symptoms as a result of P. cinnamomi inoculation described here were similar to those
reported for leaves [11,17] and roots [14,16] of holm oak seedlings in previous work. The root rot
symptoms were differentiated from water stress damage in roots mainly by the color and general
aspect of the root ball, the aboveground symptoms being less specific (i.e., chlorosis and wilting)
(Figure 1).

Regarding water balance, θ was increased in inoculated pots where the infected (damaged) roots
were less able to take up water. Time-trend analysis showed this significant effect, but only non-watered
plants underwent water stress. Previous works have reported the early accumulation of pectidic and
mucilaginous materials in xylem vessels of fine Q. ilex roots as a result of P. cinnamomi infection,
and also the invasion of pathogenic structures in xylem cells in advanced stages of infection [14],
this obstruction of conductive vessels causing the reduction of xylem conductance. In small plants,
when water availability alternates between low and high, blocked vessels display the two stages
characteristic of active vessels, alternating between embolism due to evaporative stress and refill by
reverse osmosis [39]. In well-irrigated plants, the refill of blocked vessels in coarse roots is related to
higher Ψ, and could be the cause of a high moisture content in root tissue [40], the blockage of vessels
causing different effects in water stressed plants, in which reverse osmosis did not occur. However,
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the high DMr of the “I × D” treatment plants seems to be in conflict with this hypothesis (Figure 3),
which might be a consequence of the combined effect of acute drought, inducing root growth.

Leaf water potential (Ψ) is often used as a water stress indicator [41]. This variable was only
affected significantly by drought in our study (Tables 2 and 3), agreeing with Turco et al. [21]—who
found that Ψ in Q. ilex seedlings was not changed by P. cinnamomi inoculation. Holm oak is considered
an isohydric species [42], the detection of the first drought stress symptoms resulting in quick stomatal
closure. However, in this work, inoculated seedlings responded to the root rot with early partial
stomatal closure and a reduction in their photosynthetic activity at 7 dpi, at which time the pathogen
would not have invaded to a significant extent the xylem vessels [14]. At this time, growth cessation and
loss of root uptake ability due to root rot occurred [14,16]. This imbalance might be related to alterations
in plant osmoregulation, and thus to the increase in root tissue water content in the “Inoculation”
treatment plants, agreeing with previous studies in other species [43]. Oßwald et al. [16] indicated
that the infection of woody plants by Phytophthora spp. could trigger a generalized dysfunction in
plant water status related to hormonal changes, with an alteration in the balance between abscisic acid
(ABA) and other plant hormones involved in stomatal regulation.

Physiological Changes

Water stress produced significant reductions in A, Gs, and QY at the end of the experiment,
agreeing with the expected response of Q. ilex to water stress [42], but analyzing time-trend, inoculated
plants responded in a different way, without influence of inoculation in photosynthetic efficiency
(QY), when the influence of time (dpi) was eliminated (Table 2). The early reduction in photosynthetic
activity as a result of inoculation, supported by the results of RMANOVA, might be related to the
lower values of root biomass and root proportion in inoculated plants and agrees with other results
which evidenced an early cessation of root growth, only 24 h after inoculation [14]. Also, it must
be considered that A represents net CO2 assimilation. A high QY accompanied by low rates of A
could result from the increase of secondary metabolism activity, which increased intracellular leaf CO2

concentration [44].
At 15 dpi, Inoculated plants had recovered their photosynthetic activity, their Gs and QY being

equal to those of “Control” plants at 30 dpi, but plants of the “I × D” treatment did not exhibit
photosynthetic activity after 22 dpi. Other works obtained similar results when inoculated plants
were not subjected to acute water stress, without important changes in physiology, nor mortality of
seedlings [15,19,45]. Turco et al. [21] did not find changes in the final physiological status of Q. ilex
seedlings due to P. cinnamomi infection under slight drought conditions. In their work, inoculated plants
(both watered and water-stressed) recovered their water status after 14 dpi, only being water-stressed
after 42 days.

Root rot caused by P. cinnamomi intensifies the damage resulting from physiological stress [15].
The plant responses detected in previous works as a result of P. cinnamomi inoculation [14], should
be linked to changes in the secondary metabolism, agreeing with the suggestions of other authors
about the involvement of secondary metabolites in stomatal closure or osmotic imbalance [16,46].
These changes might be related with the reduction of carbon compounds storage in roots under water
stress [47]. However, when the normal metabolism of plants was only altered by pathogen infection,
the responses detected in roots [14,48] could be considered as evidence of a set of physiological and
morphological changes which led to a recovery of our seedlings after 15 days, time in which the first
infection cycle is completed [14].

The effects of P. cinnamomi root rot are not homogeneous throughout the root system; they depend
on root diameter distribution [49] and other factors such as availability of inoculum. In infected
plants, some functional roots could still be active, or new fine roots could grow as a response to root
uptake reduction [45], taking up water and preventing total stomatal closure in well-irrigated plants.
Previous work with Q. ilex described the maintenance of root growth independently of soil moisture
and the ability to increase the growth of smaller-diameter fractions, leading to a tendency towards a
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thinning of roots, as a response to water deficiency in the plant [50]. All this evidence might explain the
recovery of plants receiving the “Inoculation” treatment in our experiment at 15 dpi. According to our
physiological data (A, Gs, and QY), the alterations of plant physiology produced by the “Inoculation”
treatment were uncoupled from water stress; this indicates that root rot by itself was not enough to
seriously disturb the functionality of the vascular system in our infected and well-watered seedlings,
at least up to 30 dpi.

Biomass allocation

The root volume and biomass increments of Q. ilex seedlings in response to water stress are
consistent with other results [51,52], increasing total root biomass and root mass fraction. These changes
in response to drought are considered an adaptative response of drought tolerant plants [22,24,27],
such as holm oak [21]. Hence, if we consider that root rot due to P. cinnamomi infection reduces water
uptake as a consequence of fine roots loss [11,16], a response to water stress similar to the one triggered
by drought could be expected in inoculated plants—increasing fine root turnover and root biomass in
secondary roots. But, if no water stress signaling was triggered, the fine root “rot/growth” rate would
have altered this response in inoculated plants.

Detailed evaluation of the aboveground biomass showed a decrease in the proportion of stem,
relative to the overall aboveground biomass, and a lack of differences in leaf biomass, confirmed by the
effects of the combined treatment (“I × D”) (Figure 4b,c). Evaluating the plant fractions, it might be
considered that the main effects of the treatments were observed in roots—the aboveground biomass
not being sensitive to the effects of either treatment, except in the case of stem growth decline, which
agreed with the lower SMF in “I × D” plants. Jönsson [53] reached a similar conclusion for Quercus
robur L. infected with Phytophthora quercina T.Jung & T.I. Burgess and Phytophthora cactorum (Lebert
& Cohn) J. Schröt. since the aboveground biomass showed no significant response to the fine root
loss produced.

One of the main symptoms associated with the root rot caused by P. cinnamomi is the lack of lateral
fine roots [13,14,49,54–57], as described in this work. However, our data do not show a significant
reduction of fine roots or effects on related traits in the inoculation treatments (“Inoculation” and
“I × D”). One of the main objectives of our work was to assess biomass allocation differences in plants,
since we recovered all the fine roots found in the substrate. We considered that 30 days is too short
a time for the significant disappearance of excised or rotted roots in the pot substrate, neither with
controlled watering (without flooding) nor without watering. Nevertheless, root rot symptoms and
lateral root excisions were clearly identified in the “Inoculation” treatment, which might explain the
significant increment in the number of tips in coarse roots (roots of >2 mm Ø, data not shown).

The Pi is frequently calculated to assess differences in the tolerance of stress factors between species or
phenotypes, and to indicate the variability of different root traits in limiting conditions [27,37]. In our case,
Pi might explain some of the differences in the root changes, agreeing with the idea of the reduction
of the plant’s ability to explore the soil due to P. cinnamomi infection. The “Inoculation” treatment
gave lower Pi values, statistically different from the rest, with the maximum value corresponding
to “Drought” (Figure 4d). High plasticity levels are correlated with tolerance of stress factors;
Bongers et al. [22] found, for functional traits correlated with a drier climate and stress conditions,
that greater phenotypic plasticity was related to traits associated with rapid recovery and growth
after drought. Stress caused by P. cinnamomi inoculation provoked lower plasticity of root traits than
water stress, agreeing with the high susceptibility of Q. ilex to P. cinnamomi [12] and the high tolerance
of this species to hydric stress [42]. Thus, it can be hypothesized that, without additional stressors,
the strategy of our seedlings in the face of root rot was to reduce the biomass increment and reallocate
resources to the equilibration of osmotic and hormonal imbalances, enabling them to recover their
physiological status after the first infection cycle. On the other hand, changes in physiology and
decreases in root plasticity caused by root infection could reduce the drought tolerance of Q. ilex plants,
this being another possible cause of tree decline.
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5. Conclusions

This work shows that the responses of Q. ilex to P. cinnamomi infection and water stress are
different. P. cinnamomi root rot altered mainly the growth patterns of plants, while the plants could
not recover from the physiological effects of infection only when the root rot coincided with water
stress. It must be considered that the experiment showed the response of plants growing in ideal
conditions, subjected to acute stress, being possible that plants adapted to drought in field conditions
respond in a different way. In addition, no long-term impact in plant survival could be deduced from
our results. However, we demonstrated the existence of underlying mechanisms of plant responses
different to the one that they show against water stress, which could drive the plant recovery after one
cycle of infection.

The differing responses of the roots to drought and infection were reflected in the early reduction
of photosynthetic activity and relative changes in biomass allocation under water deprivation; the
effects of the pathogen, without additional stress, focused on the reduction of plant growth and of the
ability of the root system to explore the substrate, confirmed by the low Pi.

The infection of Q. ilex seedlings by P. cinnamomi was not enough, in this case, to kill the plants
or to cause permanent damage to their physiological status. The differing degrees of susceptibility
among provenances [29] should be considered as one of the causes of this observation, but, doubtless,
the pathogen aggravated the consequences of hydric stress, since the results provide no evidence to
support the induction of acute water stress by root rot.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/10/634/s1,
Table S1: Means of all the studied variables with standard error at 30 dpi, Table S2: Statistics of Repeated
Measures ANOVA.
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