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Abstract Blueberries (Vaccinium corymbosum L.)
are cultivated worldwide and represent an important
asset for the Portuguese economy. Pathogen infection
and water deficiency are known to affect crops pro-
ductivity worldwide, thus limiting plant yield or fruit
quality. Diaporthe is a cosmopolitan genus compris-
ing plant pathogens and endophytes, that may switch
their behavior to a pathogenic phase when the host is
under environmental stress (e.g., drought, precipita-
tion). Given the scarce physiological studies on blue-
berry plant- pathogen interactions, in this study we
aimed to evaluate the effect of Diaporthe amygdali
and D. eres on 9-month-old clonal blueberries under
two different water scenarios: well-watered (WW) and
water deficit (WD). Morphological (lesion length)
and physiological parameters (water status, leaf gas
exchange, photosynthetic pigments, proline, phenolic
compounds, flavonoids, starch, total soluble sugars,
and lipid peroxidation) were assessed. Our results
suggest that the irrigation regime applied was not suf-
ficient to cause severe stress to plants. Under WW
conditions, plants inoculated with D. eres may have
used malondialdehyde content (MDA) as a signal-
ing molecule. Although D. amygdali has caused plant
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mortality, this study shows that under WW conditions,
plants manage to deal with pathogen attack, maintain-
ing their physiological performance. This study also
demonstrates that the interaction between fungal path-
ogens and water limitation seems to stimulate plant
defense, through the accumulation of proline. Our
findings offer crucial insights to understand how blue-
berry plants cope with infection by species of Dia-
porthe, and how plants can adapt to climate changes in
the Mediterranean area (e.g., water scarcity).
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Introduction

Blueberries (Vaccinium corymbosum L.) are a
small-fruit crop largely cultivated and commer-
cialized due to their fruits’ health benefits (Silva
et al., 2020). In Portugal, blueberry production has
increased during the last 20 years, being currently
the 7" biggest producer worldwide (FAOSTAT,
2022), with a total planted area of 2,490 ha and a
production of 15,418 tons (INE, 2021). In Europe
the total blueberry production increased from
47,970 tons in 2010 to 168,472 tons in 2020
(FAOSTAT, 2022), due to efforts to develop new
genotypes more adapted to several climates, such as
the Mediterranean (Mazzoni et al., 2020).
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The reported decrease in rainfall has limited the
availability of water, which has proven to be a prob-
lem in crops from the Mediterranean region (del
Pozo et al., 2019). This situation is especially seri-
ous for the root-hair-less blueberry plants, which are
rapidly affected by water deprivation, leading to a
reduction in their growth and fruit quality (Jiménez-
Donaire et al., 2020). Because of this, this topic has
attracted the attention of researchers in recent years.
Recent studies have evaluated the response of blue-
berry plants to drought stress aiming to understand its
effect on yield and fruit quality (Ortega-Farias et al.,
2021), to select drought resistant cultivars (Balboa
et al., 2020), and to validate if propagation methods
have a role in the plants” response (Mazurek et al.,
2021). Although seldom explored, a few studies have
assessed blueberry fitness in response to water defi-
cit. These studies reported a decrease in shoot growth
(Mingeau et al., 2001), stomatal closure and reduc-
tion in gas exchange (Rho et al., 2012), lowered water
potentials (Lobos et al., 2018) and decreased chloro-
phyll concentration (Yu et al., 2015).

The dissemination of pathogens is another threat
causing severe economic losses in agriculture (Baldi
& Porta, 2020). Diaporthe is one of the most com-
mon genera of endophytic fungi or latent pathogens,
found in a wide range of hosts (Gomes et al., 2013;
Hilario et al., 2020). It is worth mentioning that this
“friendly” behavior may switch to a pathogenic stage
in situations in which the host fitness may be compro-
mised (e.g., excessive pruning, lack of rainfall) (Hry-
can et al., 2020). Most of the studies on the patho-
genicity on blueberry plants are solely based on the
evaluation of the symptoms and disease development
under optimal growth conditions (Cardinaals et al.,
2018; Guarnaccia et al., 2021; Hilario et al., 2020).
In a recent study, Hilario et al. (2021b) showed that
D. amygdali strain CAA958 was one of the most
aggressive species on blueberry plants, while Dia-
porthe eres strain CBS 160.32 (syn. D. vaccinii), no
longer listed as a quarantine organism (EU Regula-
tion 2019/2072), was confirmed as a cause of minor
symptoms. Although Roloff et al (2004) demon-
strated that photosynthetic rates on blueberry plants
decreased in the presence of the fungus Seproria
albopunctata, the interaction of the pathosystem V.
corymbosum/Diaporthe spp. is yet to be unveiled.

In the field, stresses rarely occur independently.
Drought stress can have different outcomes on plant
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performance such as an increase in the plant suscep-
tibility to pathogens thereby triggering disease out-
breaks (Ghanbary et al., 2021), can provide endur-
ance to some plants (Pandey et al., 2017) or even
reduce disease susceptibility (Swinfield et al., 2012).
The combination of both drought stress and fungal
infection results in a complex interaction of shared
and/or unique molecular and physiological responses
(Sinha et al., 2019) as reported for other abiotic com-
binations (Correia et al., 2018). The downregula-
tion of the photosynthetic machinery (e.g., stomatal
closure, turgor loss) (Hazrati et al., 2016; Morales
et al., 2013), the upregulation of stress-responsive
genes, and increased accumulation of osmoprotect-
ants (e.g., proline, carbohydrates) (Chen & Jiang,
2010) are some of the molecular responses common
to both stresses. These outcomes and the molecular
responses mentioned above depend on the order in
which drought and fungal infection are imposed, the
pathogen, and the timing and severity of drought,
which prevent solid conclusions being drawn on the
host—pathogen interactions (Hossain et al., 2019;
Ramegowda & Senthil-Kumar, 2015).

Considering the importance of blueberry, the expan-
sion of this crop into areas with water limitation (Bal-
boa et al., 2020), the cosmopolitan behaviour of species
in the genus Diaporthe (Dissanayake et al., 2020) and
the increase in plants susceptibility to Diaporthe infec-
tion (Hulke et al., 2019; Kim et al., 2015), it is essential
to understand the host physiological responses to these
environmental stimuli. This knowledge is important
to select additional cultivars displaying resistance to
drought and to fungal infection, to guarantee the sustain-
ability of the agriculture sector (Toscano et al., 2019).

Therefore, this study was designed to explore if
water limitation after inoculation changes disease
progression and host—pathogen interaction using two
fungal species with different levels of aggressiveness.
We aimed to evaluate the physiological performance
of V. corymbosum cultivar ‘Duke’ after infection with
D. eres strain CBS 160.32 and D. amygdali strain
CAA958 under well-watered (WW) and water defi-
cit conditions (WD). Symptom progression and key
morpho-physiological indicators of primary (growth)
and secondary metabolism (defense) such as the
water status content, leaf gas exchange related param-
eters, phenolic and flavonoids compounds, proline,
starch, total soluble sugars and malondialdehyde con-
tent were assessed.
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Material and Methods
Fungal isolates

Diaporthe amygdali CAA958 was obtained from V.
corymbosum plants sampled in a previous study on
the species of Diaporthe occurring in association with
this host in Portugal (Hilario et al., 2021b). Strain
CBS 160.32 (D. eres, syn. D. vaccinii) was obtained
from the Westerdijk Fungal Biodiversity Institute,
Netherlands. Diaporthe amygdali strain CAA958
was selected once it was shown to be one the most
aggressive species on blueberry plants, as described
by Hilério et al. (2021b). Diaporthe eres CBS 160.32,
formerly recognized as D. vaccinii (Hilario et al.,
2021a), and previously listed as a quarantine organ-
ism in Europe was also selected as it proved to be less
aggressive. Cultures were maintained in 15% glycerol
at—80 °C at the University of Aveiro (Portugal). When
needed these were grown on potato dextrose agar for
7 days at 25 °C (PDA, Merck, Germany).

Plant material

Blueberry plants from cultivar ‘Duke’ (one the most
widely cultivated in Portugal), were obtained from
micropropagation from the breeding program of Dei-
fil, Biotechnology (Braga, Portugal). After arrival but
before transplantation, plants were checked regarding
their health status. Well-formed leaves with uniform
color, a vigorous growth and a strong root system
were considered as criteria for plant quality. Plants
with chlorotic and decaying leaves, a low number of
leaves and stems with visible necrotic tissues were
excluded from the experiment. The selected plants
had heights ranging from 50 to 80 cm, and each plant
had approximately 10 to 15 leaves. Sixty 9-month-
old clonal plants were transplanted to 1L plastic
pots filled with 3:2 (w/w) peat:perlite mixture. Pot-
ted plants were subjected to a 20-day acclimation
period with a temperature of 25/20 °C and a 16/8 h
(day/night) photoperiod. During the acclimatation
period, plants were watered every 2 days to maintain
75% field capacity (FC) and fertilized two times on
the transplantation day and before the inoculation
day with a N:P:K nutrient solution (5:8:10; Frutifol
L12, Nufarm, Portugal). After the acclimation period,
plants were placed inside a climate chamber (Fito-
clima 1200, Aralab, Portugal), with a temperature

of 25/20 °C, a 16/8 h (day/night) photoperiod, a
steady relative humidity (RH) of 60/65% and a pho-
tosynthetic photon flux density (PPFD) of approxi-
mately 400 umol m~2 s™!. To minimize the effects
of environmental heterogeneity, pots were randomly
arranged and moved during the entire experiment.

Plant inoculation procedure

Plant inoculation was initiated by surface disinfec-
tion of the stem with 70% ethanol. A shallow wound
was made 5 cm above the soil surface using a sterile
scalpel, removing the bark, and exposing the cam-
bium. Mycelial plugs (5 mm diameter) from the
active margin of one-week-old fungal cultures grown
on PDA at 25 °C were placed into the wound with
the mycelial surface facing the cambium and sealed
with Parafilm® to prevent desiccation. Plugs of ster-
ile PDA were similarly applied into wounds on stems
of control plants. Ten replicate plants were randomly
assigned to each treatment.

Experimental design

For this experiment, three treatments were considered
for each one of the water conditions: well-watered
(WW) and water deficit (WD). For each water treat-
ment, ten plants were inoculated with D. amygdali
strain CAA958, ten inoculated with D. eres strain CBS
160.32 and ten mock-inoculated. The WW plants were
subjected to water supplied every evening until soil
water content reached around 75% FC. The WD regime
was established by withholding water supply until the
soil water content reached around 30% of FC (which
lasted 9 days) and thereafter kept at this target. Pots
from both water regimes were gravimetrically moni-
tored through daily weighing and watered to maintain
the soil water targeted (if necessary). Soil water con-
tent corresponding to 100% FC was previously deter-
mined by weighing soil-filled pots after full watering
(till runoff) and after drying for 3 days at 80 °C.

Each treatment (inoculated and non-inoculated
plants) was sampled as soon as 50% mortality was
observed in one treatment (Fig. 1). Healthy leaves
from five plants (n=35) displaying typical disease
symptoms (dieback and stem necrosis) were selected
from each treatment, and immediately frozen in liquid
nitrogen and stored at — 80 °C for further analysis.
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Disease progression

During the entire experiment, the disease progression
was evaluated. The development of external symptoms
such as stem lesions, necrosis, foliar chlorosis, and wilt-
ing was assessed weekly. At the end of the experiment,
which lasted 21 days, the length of the internal lesions
was measured by removing the external bark. Pieces of
wood from the edges of lesions were immersed in 70%
ethanol for 1 min, rinsed in sterile distilled water and
blotted dry on sterile filter paper. Disinfected plant tis-
sue was placed on PDA and incubated at room tempera-
ture for one week to verify Koch’s postulates.

Water status

Relative water content (RWC) was measured accord-
ing to Smart and Bingham (1974). Three leaf discs of
11 mm diameter were obtained using a cork borer from
detached healthy leaves and weighed to obtain fresh
weight (FW). Discs were transferred to tubes with dis-
tilled water and maintained overnight in the dark at 4 °C.
After 24 h, the turgid weight (TW) was registered. Leaf
discs were then dried at 50 °C for one week to obtain the
dry weight (DW) and shoot water potential (Ymd, MPa)
was measured with a Scholander-type pressure chamber
(PMS Instrument Co., Corvallis, OR).

Leaf gas exchange measurements

Stomatal conductance (gs, mmol H,0 m™2 s, tran-
spiration rate (E, mmol H,O m~2 s_l), net CO, assim-
ilation rate (A, umol CO, m~2 s™!) and intercellular

Fig. 1 Experimental

design implemented to
evaluate the physiological
performance of blueberry
plants (cultivar ‘Duke’),
inoculated with two fungal
species and under different
water regimes: well-watered
(WW) at 75% field capacity
(FC) and water deficit (WD)
at 30% field capacity (FC)

CO, concentration content (Ci, ppm) were measured
in five plants per treatment using an LCpro-SD port-
able infrared gas analyzer (ADC BioScientific Ltd.,
UK) equipped with a broad photosynthesis chamber.
The following conditions were maintained inside the
chamber during all measurements: ambient CO, con-
centration and humidity; air flux: 200 pmol/s; block
temperature: 26.5+0.7 °C. To determine the satura-
tion light intensity A/PPFD (photosynthetic photon
flux density; light response curves of CO, assimila-
tion), response curves were performed with the fol-
lowing PPFD: 2000, 1500, 1000, 750, 500, 250, 100,
50 and 0 pmol m~2 s~!. After A/PPFD data analysis,
punctual measurements at saturation light intensity
were performed at 1000 pmol m~2 s~!. Data were
recorded when the measured parameters were stable
(8-10 min). Measurements were carried out in five
biological replicates per treatment and isolate used.

Biochemical parameters

Photosynthetic pigments, total soluble sugars, and
starch

Photosynthetic pigments, total soluble sugars and starch
were determined following the descriptions of Lépez-
Hidalgo et al. (2020). Briefly, 1 mL of cold (4 °C) 80%
ethanol was added to 70 mg frozen tissue and ground
for 30 s. Samples were centrifuged at 10,000 g for
10 min at 4 °C and the generated pellets (for starch
quantification) and supernatants (for photosynthetic
pigments and total soluble sugars quantification) were
separated and used for further quantifications.

Inoculation point

Well-Watered (75% FC)

Water-Stress (30% FC)

Acclimatization

20 days
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From the supernatant, 300 pl was diluted in 80%
cold ethanol (1:1) for photosynthetic pigment deter-
mination. Chlorophyll A, chlorophyll b and carot-
enoid contents were quantified and calculated accord-
ing to Lopez-Hidalgo et al. (2020). Briefly, 150 ul
of the diluted sample was transferred to a 96-well
microplate, and absorbances were measured at 470,
649 and 664 nm, in a microplate reader (Synergy HT,
BioTek Instruments, Winooski, VT, USA).

Both total soluble sugars and starch were deter-
mined using the anthrone method following the proce-
dure described by Loépez-Hidalgo et al. (2020). Sam-
ples were transferred to a 96-well microplate and the
absorbance was read at 625 nm, in a microplate reader.
Total soluble sugar content was calculated against a
D-glucose standard curve in 80% ethanol (1-0 mg/ml).
Starch content was calculated with a D-glucose in 30%
perchloric acid standard curve (1-0 mg/ml).

Malondialdehyde (MDA) content

Lipid peroxidation, estimated by the amount of
malondialdehyde (MDA), was quantified using the
method described by Heath and Packer (1968), with
minor modifications. Briefly, MDA was extracted
from 75 mg of frozen leaves, homogenized in 5 mL
of TCA (trichloroacetic acid) 0.1% (v/v) and centri-
fuged at 12,000 g for 15 min at 4 °C. Afterwards,
1 ml of supernatant was mixed with 4 ml of 0.5%
of thiobarbituric acid (TBA) in 20% TCA and incu-
bated at 95 °C for 30 min. The absorbance was
read at 532 and 600 nm. MDA content was deter-
mined applying the formula described by Heath and
Packer (1968).

Proline quantification

Proline content was determined as described by Bates
et al. (1973) with slight modifications. Plant tissue
(70 mg) from five biological replicates per treatment
was homogenized with 1.5 ml of sulphosalicylic
acid (3%, w/v). Following centrifugation (10 min,
10,000 g, 4 °C), 1 ml of supernatant was collected,
and 1 ml of ninhydrin acid and 1 ml of glacial ace-
tic acid were added. After incubation at 100 °C and
cooling, 2 ml of toluene were added to the solution
and absorbance was read at 520 nm. Free proline con-
tent was calculated against a D-proline standard curve
(0-0.5 mg/ml).

Total phenolic content and flavonoids quantification

Extraction was conducted as described by Dinis et al.
(2012) with slight modifications. Briefly, 40 mg of
frozen leaves were homogenized in 1.5 mL of 70%
methanol and kept in an orbital shaker at 700 rpm for
1 h at 25 °C. Samples were centrifuged at 10,000 g
at 4 °C for 15 min and the supernatant was collected.
This process was repeated at least 4 times, until we
obtained a final volume of 6 ml. Samples were then
stored at— 80 °C for further quantification.

Total phenolic content was estimated by Folin—Ciocal-
teu’s method adapted from Singleton et al. (1999). A total
of 20 pL of supernatant, 90 uL of distilled water and 10
uL of Folin—Ciocalteau reagent solution were added to a
96-well microplate and left in the dark at room tempera-
ture for 6 min. Then, 80 uL. of 7% sodium carbonate solu-
tion were added to each well and incubated in the dark at
room temperature for 2 h. The absorbance was measured
at a wavelength of 750 nm. Gallic acid was used as a
standard to build a calibration curve (O—1 mg/mL).

Total flavonoid content was measured following
the aluminum chloride colorimetric assay adapted
from Chang et al. (2002). A total of 60uL of super-
natant 28 pL. of 5% sodium nitrite solution were
added to a 96-well microplate and left in the dark
at room temperature for 6 min. Then, 28 uL of 10%
aluminum chloride solution was added to each well
and incubated again for 6 min in the dark. After
that, 120 pL of 4% sodium hydroxide solution was
added to each well and gently shook. The absorb-
ance was measured at 370 nm. Catechin was used
as a standard to calculate the calibration curve
(0-0.5 mg/mL).

Statistical analysis

Prior to analysis, data were checked for normality with
the Shapiro—Wilk test. As data met ANOVA assump-
tions, a two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s multiple comparison tests was
employed to identify significant differences between
plants inoculated with D. eres CBS 160.32 and D.
amygdali CAA958 under WW and WD conditions
(»<0.05) (Table 1). Considering that plant response
was dependent on the inoculation (Table 2), data were
analyzed, and one-way ANOVA followed by a Tukey
test as a post-hoc multiple comparisons (p <0.05) was
performed to evaluate the fungal effect in each water
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treatment (Table 2). All analyses were performed using
SigmaPlot for Windows (Systat Software for Windows
v. 14.5 Systat Software Inc., Chicago, IL, USA).

RESULTS
Disease progression

Twenty-one days after inoculation, mortality rates
(50%) occurred only for plants inoculated with D.
amygdali under WD conditions (Fig. 2). Besides the
development of necrosis in the inoculation site, plants
showed wilting of leaves and discoloration of the
outer epidermis. The remaining plants that survived,
like in the other treatments, did not show any of these
symptoms, besides the development of lesions around
the inoculation point at the end of the experiment.
Diaporthe eres did not cause the death of any plant.

Necrosis length

Overall, D. amygdali produced larger lesion lengths
in both WW and WD conditions (Fig. 3) alongside
wilting of leaves and necrosis of the internal vascu-
lar tissues. Moreover, D. eres (1.0+0.3 cm) and D.
amygdali (1.4+0.3 cm) exhibited also significantly

larger necrosis under WD conditions, compared to the
WW treatment (0.8 +£0.3 cm, p=0.001; 1.2+0.6 cm,
p=0.043, respectively) (Fig. 3).

Water potential

No significant differences were observed within the
WD treatment (Fig. 4). Non-inoculated plants under
WD treatment displayed a decrease in water potential
(Ymd=-0.2 MPa), compared to those non-inoculated
under WW conditions (Ymd=-0.3 MPa). Moreover,
the inoculation with D. eres influenced that water
potential, since an increase was observed under WW
conditions (¥md=-0.4 MPa) (Fig. 4, Table 1).

Relative water content (RWC)

No significant differences of RWC were observed
within the WW treatment (Fig. 5). Under WD condi-
tions, inoculation with both fungal species induced a
significant decrease in RWC values, compared to the
non-inoculated plants.

Leaf gas exchange measurements

A negative impact of water treatment and inocula-
tion on leaf gas exchange parameters (Table 1) was

Table 1 Two-way

P Sig

WAXI WA I WAXI WA 1

Parameter F
ANOVA summary table
for morphological and WA
physiological parameters
considering two water Starch 1.87
availability scenarios (well- Total soluble sugars 1.84
watered and water deficit) MDA 19.68
and inoculation (Diaporthe .
eres, D. amygdali infection Proline 79.58
and mock inoculation) Chlorophyll A 0.54
as fixed factors. F value Chlorophyll b 2.03
and p-value are shown for Carotenoids 0.64
each source of variation .
(water availability — WA; Phenolic compounds 6.64
inoculation — I, and their Flavonoids 5.37
interaction (WA XI). NS, Gs 5.67
non-significant. *p <0.05. A 18.73
*##p <0.01. ***p <0.001
Ci 10.02
E 2.4
¥Ymd 6.69
Internal lesion 20.26
RWC 0.70
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379 5.180 0.190 0.044  0.018 NS * *
3.36 28.89 0.192  0.057 <0.001 NS NS #¥*
11.17  8.37 0.001 <0.001 0.003 ks sk wE
33.63 3648 <0.001 <0.001 <0.001 sk o
6.69 435 0.472  0.007 0.03 NS ** *
425 1.87 0.171 0.031 0.182 NS * NS
4.63 1.66 0434  0.024 0218 NS * NS
3.07 038 0.017  0.065 0.686 * NS NS
0.64 0.55 0.031 0.535 0.586 * NS NS
15.26  4.96 0.026 <0.001 0.016 * HE K
33.89 4.88 <0.001 <0.001 0.017 Hkk wwk
11.47  0.00 0.004 <0.001 0.997 #*  ##k NS
1142 4.89 0.128 <0.001 0.016 NS x** =
835 8.4 0.019  0.003 0.003 * R wRE
10.34  0.08 <0.001 0.005 0.786 *#* *%* NS
2,15 32 0410 0.138  0.059 NS NS NS
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Table 2 One-way ANOVA

; ; Parameter Diaporthe eres Diaporthe amygdali

analysis for morphological

and physiological F P Sig F p Sig

parameters considering the

inoculation of Diaporthe Starch 1.12 0.326 NS 5.81 0.047 *

eres and D. amygdali, under Total soluble sugars 17.98 0.005 30.44 0.003

well-watered and water MDA 53.52 0001  *x 0.18 0686 NS

deficit conditions. NS, X s ren

non-significant. *p <0.05. Proline 129.22 <0.001 76.54 <0.001

*#p<0.01. #*#*p <0.001 Chlorophyll a 4.15 0.097 NS 0.59 0.466 NS
Chlorophyll b 15.46 0.011 * 0.00 0.984 NS
Carotenoids 6.76 0.048 * 0.14 0.716 NS
Phenolic compounds 0.44 0.525 NS 3.97 0.081 NS
Flavonoids 2.51 0.164 NS 0.51 0.499 NS
Gs 1.41 0.269 NS 3.52 0.097 NS
A 0.10 0.758 NS 6.57 0.034 *
Ci 2.35 0.164 NS 3.93 0.083 NS
E 292 0.126 NS 3.48 0.099 NS
¥Ymd 4.98 0.067 NS 1.13 0.349 NS
Internal lesion 25.04 0.001 Hokok 5.78 0.043 *
RWC 1.84 0.211 NS 1.88 0.208 NS

evident. Under WW conditions, CO, assimilation rate
(A) (Fig. 6A), stomatal conductance (gs) (Fig. 6C)
and transpiration rate (E) (Fig. 6D), were affected
after inoculation with both D. eres and D. amyg-
dali. An increase in intercellular CO, concentration
(Ci) was observed upon inoculation with D. eres
(Fig. 6B). Under WD conditions, plants showed a
similar response profile. Inoculated plants presented
higher Ci values in the WD treatment, compared to
the non-inoculated plants, whereas A, gs and E rates

Fig. 2 Blueberry mortal- 50 4

ity after inoculation with

Diaporthe amygdali and 0 |

D. eres under WD (water

deficit) and WW (well- =

watered) treatments. Day 1 €30 ;

corresponds to the inocula- g

tion day 250 |
10 A

were negatively affected by both fungal species. Non-
inoculated plants showed a decrease in A under WD
conditions (3.1+1.2 umol CO, m~2 s71), compared
to the WW conditions (5.3 + 1.6 umol CO, m~2s7h.
Additionally, plants inoculated with D. amygdali and
exposed to WD showed a significantly lower rate
of the foliar CO, assimilation (1.4+0.4 umol CO,
m~2 s~!) when compared to the respective treatment
under WW conditions (2.6 +1.0 umol CO, m~2 s
p=0.034).

0 1 oo nnmmncameenn e o onmmemmnmners s o o 5 eecsoms ameness s s o 6 6 e e e s e

1 2 3 4 5

seeooD amygdali eeeeeD. eres

6

7 8 9 10 M1 12 13 14 15 16 17 18 19 20 21 22

days post inoculation (dpi)

D. amygdali s eeeeD.eres

WD Www
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Fig. 3 Internal lesion
lengths caused by Dia-
porthe eres and D. amygdali
under well-watered (WW)
and water deficit (WD) con-
ditions. Data are presented
as mean + SD. Capital and
lowercase letters indicate
differences between inocu-
lated plants within each
water treatment (p <0.05).
The asterisks indicate dif-
ferences between WW and

(cm)
CoOO0OO0O=_ =
OV BROODODON B ®

*k%

WD for a given treatment
(*p<0.05. ***p <0.001)

Internal Lesion Length

E

Non
inoculated

D. eres D. amygdali

SV >

D.amygdali | D. amygdali

WD

WW

WD
Non

inoculated

0.0

-0.1

-0.2

a)

Q03
=
0.4

Water Potential

-0.5
-0.6

Fig. 4 Shoot water potential of blueberry plants (¥md) under
well-watered (WW) and water deficit (WD) conditions and
inoculated with Diaporthe eres and D. amygdali. Data are pre-
sented as mean + SD. Capital and lowercase letters indicate dif-

ferences between inoculated plants within each water treatment
(p<0.05). The asterisk indicates differences between WW and
WD for a given treatment (*p <0.05)

Fig. 5 Relative water - a A
content (RWC) of blueberry % 90 a
plants under well-watered € 80 )
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Fig. 6 Foliar net CO, assimilation rate (A) (A), intercellular
CO, concentration (Ci) (B), stomatal conductance (gs) (C)
and transpiration rate (E) (D) of blueberry plants under well-
watered (WW) and water deficit (WD) conditions and inocu-
lated with Diaporthe eres and D. amygdali. Data are presented

Photosynthetic pigments content

Under WW conditions, no significant differences
were found in chlorophyll b (Fig. 7B) and carotenoid
(Fig. 7C) content in inoculated plants, regardless of
the fungal species. However, Diaporthe inocula-
tion produced an effect on chlorophyll a (Table 1).
This pigment was significantly smaller in plants
inoculated with D. eres (3.4 +0.5 nmol gFW‘l) and
D. amygdali (4.9+1.9 nmol gFW™!), than in non-
inoculated plants (7.8 + 0.8 nmol gFW'l) (Fig. 7A).
In plants under WD conditions, no significant dif-
ferences in chlorophyll a were observed (Fig. 7A).
Additionally, the interaction between the two fac-
tors (inoculation and water regime) had a negative
impact on chlorophyll b and carotenoid content.
Plants inoculated with D. eres under WW condi-
tions had significantly higher contents of chloro-
phyll b (4.6+0.4 nmol gFW™!) and carotenoids

B
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as mean+SD. Capital and lowercase letters indicate differ-
ences between inoculated plants within each water treatment
(p<0.05). The asterisk indicates differences between WW and
WD for a given treatment (*p <0.05)

(2.4+0.1 nmol gFW™!), compared to the respec-
tive treatment under WD conditions (chlorophyll
b: 3.1+0.6 nmol gFW‘l, p=0.011; carotenoids:
1.8 +£0.5 nmol gFW‘l, p=0.048, Fig. 7B, Table 2).

Malondialdehyde (MDA) content

Inoculation with D. eres under WW conditions influ-
enced the MDA content (Fig. 8, Table 2). Significant
differences were found in D. eres inoculated plants
under WW conditions, exhibiting higher MDA con-
tent (60.1+7.3 nmol gFW~') when compared to the
WD scenario (22.2+6.4 nmol gFW_l, p=0.001)
(Fig. 8, Table 2). Moreover, a significant interac-
tion between the factors was found (Table 1). Under
WW  conditions, plants inoculated with D. eres
showed significantly higher MDA content when
compared to those inoculated with D. amygdali
(23.5+12.2 nmol gFW™!) and to the non-inoculated
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Fig. 7 Chlorophyll a, b, and carotenoids content of blueberry
plants under well-watered (WW) and water deficit (WD) con-
ditions and inoculated with Diaporthe eres and D. amygdali.
Data are presented as mean+SD. Capital and lowercase let-

plants (26.4 +10.6 nmol gFW™1). No significant dif-
ferences were observed in WD treatments.

Phenolic compounds and flavonoids content

Under WW conditions, the phenolic content of plants
inoculated with D. eres (38.6 mg gFW™!) and D.

Fig. 8 MDA content of

ters indicate differences between inoculated plants within each
water treatment (p <0.05). The asterisk indicates differences
between WW and WD for a given treatment (¥p <0.05)

amygdali (35.1 mg gFW") was significantly smaller,
compared to the non-inoculated plants (43.2 mg
gFW™!) (Fig. 9B). No significant differences were
observed in the flavonoid content within each treat-
ment (Fig. 9A). Additionally, the availability of water
also had an effect on the antioxidant content of blue-
berries (Table 1). In non-inoculated plants and under
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WW conditions, the content of phenolic compounds
(43.2+7.4 mg gFW™1) and flavonoids (27.4+6.8 mg
gFW!) were significantly higher compared to the non-
inoculated plants under WD conditions (34.3+5.7 mg
gFW™!, p=0.017; 20.9+4.9 mg gFW~!, p=0.031)
respectively (Fig. 9B, Table 2).

Proline

The water treatment did not affect the proline content,
whereas an interaction was evident between inocula-
tion and the leaf gas exchange parameters (Table 1).
Regarding the WW treatment, no significant differ-
ences were observed for proline content (Fig. 10) in
inoculated and non-inoculated plants. Proline content
was significantly higher in WD treated plants inocu-
lated with D. eres (105.3+4.0 mg g~', p<0.001)
and D. amygdali (104.0+10.7 mg g~', p<0.001)
(Table 2). However, WD non-inoculated plants main-
tained the same profile as WW plants.

Total soluble sugars and starch content

The inoculation with D. amygdali showed a nega-
tive effect on the total soluble sugar content
(Table 2). Plants inoculated with this fungus under
WW conditions showed lower content of soluble
sugars (0.6+0.1 mg gFW™!), compared to the non-
inoculated plants (0.9 +0.09 mg gFW~"). Moreover,
a significant interaction was observed between the
inoculation and water regime factors. Plants under
WD conditions and inoculated with D. amygdali

_1) >

SO NNWWA RO

Phenolic Compounds
(mg GA eqivalents gFW

s

Non D.eres D.amygdali Non D.eres D.amygdali

inoculated inoculated
WD

Fig. 9 Phenolic compounds (A) and flavonoids (B) content of
blueberry plants under well-watered (WW) and water deficit
(WD) conditions and inoculated with Diaporthe eres and D.
amygdali. Data are presented as mean+ SD. Capital and low-

exhibited higher total sugar content (1.2+0.1 mg
gFW™!), compared to those exposed to WW
(0.6+0.1 mg gFW~!, p=0.003), while plants inoc-
ulated with D. eres showed lower sugars content
(0.6 +0.03 mg gFW™') compared to the respective
WW condition (1.0+0.2 mg gFW~!, p=0.005).

Regarding the starch content, no significant differ-
ences were observed in starch content within plants
under WW conditions (Fig. 11B). Nevertheless, the
starch content in plants exposed to the WD treatment
was significantly affected after inoculation with D.
amygdali only. Additionally, a significant interaction
between water and inoculation was found (Table 2).
Inoculated plants with D. amygdali exhibited a sig-
nificant increase in starch content (1.3+0.5 mg
gFW™1), compared to the respective WW treatment
(0.7+0.4 mg gFW™!, p=0.047 (Fig. 11).

Discussion

To our knowledge, this is the first study to explore the
pathosystem V. corymbosum/Diaporthe spp., under
two water regimes. Our results indicate that although
D. eres and D. amygdali were able to colonize host
tissue, infected blueberry plants responded differently
to the two pathogens. This study also highlights the
role of water availability in infection of blueberry
plants by Diaporthe that seems to occur in a pathogen
type-dependent manner.

Water deficit conditions impacted plant physi-
ological performance. Some studies have shown that

B
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Fig. 10 Proline content of
blueberry plants under well-
watered (WW) and water
deficit (WD) conditions and po
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under 45-50% of FC, blueberry plants suffer moder-
ate water stress, which negatively affects their physio-
logical and biochemical characteristics (Balboa et al.,
2020; Chen et al., 2017). For instance, Chen et al.
(2017) showed that the chlorophyll content of blue-
berry decreased, while the MDA content increased
under drought stress conditions. Additionally, Bal-
boa et al. (2020) demonstrated that proline content
increased in all cultivars tested under WD conditions.
Rho et al. (2012) proved that cultivar ‘Bluecrop’ was
highly sensitive to WD, given the observed rapid
stomatal closure and reduced gas exchange. Lobos
et al. (2018) also demonstrated that under severe WD
conditions, cultivar ‘Brigitta’ displays water poten-
tials ranging from —0.9 MPa to —1.2 MPa. However,
our results indicate that although we have applied a
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Fig. 11 Total soluble sugars (A) and starch (B) content of
blueberry plants under well-watered (WW) and water deficit
(WD) conditions and inoculated with Diaporthe eres and D.
amygdali. Data are presented as mean=+ SD. Capital and low-
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Starch

stricter water regime (30% FC), this was not sufficient
for plants of cultivar ‘Duke’ to reflect severe changes
at physiological and biochemical levels, given for
instance the observed high values of water potential
(ranging from —0.2 MPa to —0.4 MPa).

One of the main effects of the water regime
applied was a decrease in phenolic compounds and
flavonoids. Although the flavonoid and phenolic com-
pound content can accumulate in plants under abiotic
stresses, such as drought, (Laoué et al., 2022; Naikoo
et al., 2019), environmental stress can also cause a
decrease in the content of phenols (Krdl et al., 2014).
Therefore, it is suggested that the antioxidant sys-
tem component was not activated, and thus was not
involved in plant defense as a strategy to cope with
water limitation. Moreover, the leaf gas exchange
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was negatively affected by the water regime applied
through the decrease in gs, E, A rates which might be
considered as a water saving strategy (Bertolino et al.,
2019; Morato de Moraes et al., 2020). Such results
might explain the ability of cultivar ‘Duke’ to adapt
to water-stress conditions (Molnar et al., 2022).
Under WW conditions, blueberry plant responses
depend on the pathogen inoculated. Based on the
lesion lengths observed in this study, D. amygdali
CAA958 was the most aggressive, while D. eres CBS
160.32 caused minor symptoms as previously demon-
strated by Hilario et al., (2021a, 2021b), suggesting
that strain CBS 160.32 does not seem to pose a threat
to blueberry plants. One of the plant responses to
pathogen infection is the imbalance of photosynthe-
sis (Rojas et al., 2014). The results showed that plants
inoculated with both D. eres and D. amygdali under
WW conditions exhibited a decrease in A, gs and
E, and an increase in Ci. The increase of Ci may be
caused by a reduction in the activity of photosynthetic
machinery components that limited CO, assimilation
probably due to oxidative stress (Munné-Bosch &
Pefiuelas, 2004). This may suggest that D. eres and
D. amygdali were able to negatively affect the pho-
tosynthetic apparatus of blueberries as reported for
other pathosystems (Amaral et al., 2019). Moreover,
Roloff et al. (2004) showed that infection of blueberry
plants by Septora albopunctata had a significant neg-
ative effect on photosynthesis, with net assimilation
rate decreasing as disease severity increased. Further-
more, the observed decrease in chlorophyll a after D.
eres and D. amygdali infection may also help explain-
ing the decrease in photosynthetic performance.
Chlorophylls are the main pigments in the plant pho-
tosynthetic apparatus, responsible for energy absorp-
tion and the transfer of electron chains (ETR) (Gu
et al.,, 2017). The decrease in chlorophyll a content
may lead to a lower capacity to absorb energy, thus
causing a decrease in the net CO, assimilation rate,
as observed in our study. The photosynthetic capacity
of maize leaves is inhibited by infection with Colle-
totrichum musae and Fusarium moniliforme and is
accompanied by a decrease in chlorophyll content
(Costa Pinto et al., 2000). Another aspect to consider
is that the production of phytotoxins by fungi (e.g.,
alternariol), may have an impact on the photosyn-
thetic apparatus (Demuner et al., 2013). Therefore, as
suggested by Linaldeddu et al. (2009), the decrease in
the net photosynthetic rate and the total chlorophyll,

regardless of the lesion size observed, could be
explained by the production of diffusible toxins.

Stress usually leads to oxidative stress induced
by increased reactive oxygen species (ROS) produc-
tion, which is indicated by the accumulation of MDA
(Xu & Zhou, 2006). However, it is important to note
that lipid peroxidation can also result from increased
lipoxygenase activity, caused by a pathogen inva-
sion (Morales & Munné-Bosch, 2019). In fact, in this
study we observed an increase in MDA content in
plants under WW conditions and inoculated with D.
eres. Besides the minor symptoms and the null mor-
tality observed, it is suggested that MDA might have
acted as a signaling molecule rather than a response
to lipid peroxidation (Morales & Munné-Bosch,
2019) in plants inoculated with D. eres.

It is recognized that sugars play a key role in
plant defense, supplying energy for cellular defense
against pathogens (Nabavi et al., 2020). Neverthe-
less, either a decrease or an increase may happen in
the level of sugars in infected tissues (Berger et al.,
2007). Our results show that the total soluble sugar
content decreased in those plants under WW condi-
tions and infected with D. amygdali. Considering that
this pathogen was shown to be the most aggressive,
it is plausible that the enhanced sugar metabolism
from the plant to cope with fungal infection may have
caused changes in the composition of carbohydrates,
thus causing a reduction of their content (Morkunas
& Ratajczak, 2014).

Water deficit conditions may change pathogen
behavior impacting plant responses. Previous stud-
ies have shown that low water availability results
in physiological and metabolic changes in several
agricultural crops, weakening the host defense and
increasing disease susceptibility (Ghanbary et al.,
2021). Such changes can cause oxidative dam-
age to membrane lipids and decreases in stomatal
conductance, photosynthetic rate, and chlorophyll
concentration (Ghanbary et al., 2017; Yang & Luo,
2021). Although investigations into the effects of
stress scenarios on disease development caused
by Diaporthe are limited, stress of the host plant
(e.g., transplant shock, excessive pruning, freeze
injury) may affect the transition from the endo-
phytic to pathogenic phase (Hrycan et al., 2020).
Hulke et al. (2019) found that increases in average
precipitation led to enhanced disease incidence of
Phomopsis stem blight of sunflowers caused by D.
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helianthi. Moreover, Kim et al. (2015) found that
severe frost and frequent wind events increased the
susceptibility of Citrus trees to D. citri infection. In
the present study, under WD conditions, D. amyg-
dali CAA958 not only caused larger lesions than D.
eres, but also caused 50% plant mortality. Thus, it is
suggested that water availability may be considered
a key factor that enhances the pathogenicity of D.
amygdali. Moreover, the mortality observed might
also have been caused by the presence of phytotox-
ins such as the Fusicoccin, identified in D. amygdali
and recently detected on the genome of D. amygdali
strain CAA958 (Hilario et al., 2022). Although this
toxin induces opening of stomata and uncontrolled
transpiration (Marra et al., 2021), we observed sto-
matal closure through the decrease of gs and E in
plants inoculated with D. amygdali. However, this
hypothesis cannot be overlooked, and further stud-
ies should be considered to evaluate the effect that
Fusicoccin may pose to blueberry plants. Despite
the differences in aggressiveness, inoculated plants
with both pathogens under WD conditions showed a
decrease in A, gs and E, and an increase in Ci when
compared to WD non-inoculated plants, revealing
stomatal limitations and impacts at metabolic level.
For instance, plants inoculated with D. amygdali
CAA958 reflected an increase in proline, starch, and
total soluble sugars content, whereas plants inocu-
lated with D. eres CBS 160.32 showed a decrease in
total soluble sugar content.

Under abiotic or biotic stresses, plants remobilize
starch to provide energy and carbon, when photosyn-
thesis may be limited (Thalmann & Santelia, 2017).
According to our results, under WD conditions, plants
inoculated with D. amygdali CAA958 seem to invest
their photo-assimilated energy (total soluble sug-
ars and starch) to maintain cell turgor and to protect
them against oxidative stress and membrane injury
(Chen & Jiang, 2010). Proline accumulation has been
reported as a key metabolite, functioning as a com-
patible osmolyte and a signaling molecule that con-
tributes to cellular osmotic adjustment, ROS detoxi-
fication and protection of membrane integrity (Hayat
et al., 2012; Kavi Kishor & Sreenivasulu, 2014). Our
results showed high levels of proline in plants inocu-
lated under WD conditions. Such a result is corrobo-
rated by Balboa et al. (2020), who also showed the
same trend in different blueberry cultivars, under
WD stress. This suggests that proline may act more
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as a signaling molecule rather than an osmoprotect-
ant after pathogen infection and under water limita-
tion (Hayat et al., 2012). Although MDA content was
lower in plants inoculated with D. amygdali CAA958
and D. eres CBS 160.32 under WD conditions, this
does not imply that an increase in ROS production
did not occur: 1) the presence of scavenging enzymes
in fungal pathogens are determinant in detoxification
of ROS to ensure a successful infection, as already
reported in the fungus Magnaporthe oryzae (Apel
& Hirt, 2004; Huang et al., 2011, 2019); 2) proline
accumulation may act as an antioxidant to scavenge
intracellular ROS (Hossain et al., 2014).

Conclusions

The study of the pathogens and plants as an interact-
ing system, coupled with experimental systems with
stresses combinations, is essential to unveil how plants
cope with a pathogen attack or global change scenar-
ios. The present study is the first to explore the patho-
system V. corymbosum/Diaporthe spp., under WW and
WD conditions. Our study evidenced that D. eres CBS
160.32, previously regarded as a quarantine organism,
was the least aggressive species and therefore may not
be a major threat to blueberry plants. Nevertheless, our
results highlighted that D. eres CBS 160.32 was able to
alter practically all parameters analyzed, on both WD
and WW treatments, which may eventually impact the
health of the plants. Therefore, this suggests that lesion
size is not related to physiological alterations, and thus
cannot be considered as the main measure of patho-
gen aggressiveness. Our findings also support that D.
eres CBS 160.32 and D. amygdali CAA958 may act as
latent pathogens, given the minor symptoms and null
mortality rates under WW conditions. Nevertheless, as
plants inoculated with D. amygdali CAA958 showed
50% mortality under WD conditions, it is suggested
that water availability may be a key factor for the path-
ogenicity of this species.

Furthermore, future studies including RNA sequenc-
ing (RNA-Seq) technology should be conducted to
unveil blueberry defense mechanisms upon fungal
infection and water availability. This approach coupled
with more physiological studies, may support the selec-
tion of resistant traits to design innovative plant protec-
tion strategies under global change scenarios that may
hamper agriculture sustainability.
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