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Unveiling novel contrasting photosynthetic responses in Medicago truncatula 
under combined drought stress and Phoma medicaginis infection
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Maria  Teresa Sanchez-Ballestae and Mounawer Badria 
alaboratory of extremophile Plants, centre of Biotechnology of Borj cedria, hammam-lif, tunisia; bfaculty of sciences of tunis, campus 
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south africa; dDsi-nrf centre of excellence in food security, university of the western cape, Bellville, south africa; elaboratory of 
Biotechnology and Postharvest Quality, institute of food science, technology and nutrition (ictan-csic), madrid, spain

ABSTRACT
Forage legumes face simultaneous abiotic and biotic stresses, causing substantial yield losses. This study 
explores the combined impacts of drought and Phoma medicaginis infection on the growth and 
photosynthetic activity of Medicago truncatula contrasting lines TN6.18 and F83005.5. The tolerant 
TN6.18 line exhibits superior tolerance to combined drought and P. medicaginis infection, manifesting in 
minimal leaf area reduction, the highest number of healthy leaves, increased carotenoids content, a 
consistently high and stable photosynthesis rate, and enhanced performance of photosystems PSI and 
PSII. On the contrary, the sensitive F83005.5 line shows pronounced leaf chlorosis, particularly under 
drought stress, and decreased pigment levels under the combination of drought and P. medicaginis 
infection stresses (combined stress). Moreover, the drought-stressed F83005.5, experiences reduced 
hydration and photosynthetic performance, linked to diminished gas exchange and chlorophyll 
fluorescence parameters. Chlorophyll fluorescence revealed more severe PSI impairment than PSII under 
combined stress. In conclusion, understanding the Pm8 infection-drought interaction enhances insights 
into M. truncatula resistance mechanisms to the combination of these stresses.

Introduction

Climate change induces various adverse environmental con-
ditions that detrimentally affect plant life (Farooq et  al. 2022). 
Among these challenges, drought stands out as a prominent 
abiotic stressor, up to 45% of the world’s agricultural land 
faces recurring water shortages, disrupting physiological and 
biochemical processes and ultimately reducing crop yields 
(Farooq et  al. 2022). Raza et  al. (2023) affirmed also that 
drought stress stands out as a particularly damaging natural 
threat affecting food security. It significantly impacts a large 
segment of the global population, especially those residing 
in arid and semi-arid regions.

Under drought stress, plants may become more suscepti-
ble to pathogen attacks. For instance, Parthenocissus quinque-
folia (L.) Planch. plants infected with Xylella fastidiosa, causing 
leaf scorch, in low moisture soil exhibited severe symptoms, 
including reduced leaf area, shoot length, leaf water poten-
tial, and stomatal conductance, compared to pathogen-infected 
plants in normal soil moisture conditions (McElrone et  al. 
2001; 2003; McElrone and Forseth 2004). Similarly, common 
bean (Phaseolus vulgaris L.) plants exposed to a combination 
of drought stress and the fungal pathogen Macrophomina 
phaseolina exhibited higher transpiration rates and leaf 

temperatures than plants subjected to drought stress alone 
(Mayek-PÉrez et  al. 2002). Hybrid poplar (Populus nigra L. × 
Populus maximowiczii Henry) exposed to both drought stress 
and infection by Septoria musiva developed larger cankers 
(Maxwell et  al. 1997), and red pines (Pinus resinosa Aiton) 
under moderate drought stress were vulnerable to Sphaeropsis 
sapinea (Fr.) Dyko & Sutton causing blight (Blodgett 
et  al. 1997).

Conversely, drought-stressed plants resist pathogens requir-
ing consistently wet conditions. For example, in tomato, 
Medicago sativa L., and Arabidopsis thaliana (L.) Heynh. plants, 
drought stress reduced infection by the fungal pathogen 
Botrytis cinerea by 50% and suppressed the spread of Oidium 
neolycopersici, responsible for powdery mildew, attributed  
to increased endogenous abscisic acid (ABA) levels. 
Drought-acclimated Nicotiana benthamiana Domin plants 
exhibited fewer disease symptoms when infected with 
Sclerotinia sclerotiorum and Pseudomonas syringae pv. tomato, 
compared to well-watered plants (Achuo et  al. 2006; Gupta 
et  al. 2016). Moreover, endophytic fungi improved gas 
exchange, chlorophyll content, photosynthesis, and chloroplast 
fluorescence in red oak and Sorghum bicolor (L.) Moench seed-
lings under to drought stress (Pandey et  al. 2017; Zhou 
et  al. 2021).
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The combined occurrence of drought stress and pathogen 
infection can have either positive or negative effects on 
plants, as demonstrated in various combinations of biotic 
and abiotic stresses (Mayek-PÉrez et  al. 2002; McElrone et  al. 
2003; Ramegowda et  al. 2013; Rejeb et  al. 2014). Efforts have 
been directed toward unraveling how plants respond to com-
bined stresses of drought and pathogen attack, which are 
crucial for enhancing crop production. Legume plants, vital 
as food sources, are substantially impacted by simultaneous 
biotic and abiotic stresses, necessitating the elucidation of 
mechanisms for developing climate-resilient varieties (Pandey 
et  al. 2017). However, economically important legumes pose 
challenges for in-depth genetic studies due to traits such as 
large genomes and complex polyploidies. Therefore, a simple 
model for legumes is essential, and Medicago truncatula 
Gaertn. an annual forage legume, serves this purpose with its 
small genome, short life cycle, self-pollination ability, and 
high genetic transformation efficiency (Castañeda and 
González 2021; Zhang et  al. 2022).

Uncovering the mechanisms of adaptation to dual con-
straints of drought and fungal stress in M. truncatula using 
physiological and photosynthetic responses is essential to 
enhance forage crop yield. Moreover, to our knowledge, 
there is a lack of available information regarding the 
responses underlying certain photosynthetic traits affected 
by combined stresses, particularly concerning the concurrent 
tolerances of P. medicaginis infection and drought stress in M. 
truncatula.

This study aims to understand the effects of infection with 
P. medicaginis on morphological, photosynthetic responses of 
two contrasting lines of M. truncatula (the tolerant TN6.18 
and the sensitive F83005.5) grown initially under drought 
stress compared to normal conditions.

Materials and methods

Fungal material

Phoma medicaginis was isolated from M. truncatula plants 
and identified as the reference strain Pm8 of P. medicaginis 
(Djebali 2013). Conidial suspensions were prepared from 
2-week-old cultures by adding 10 mL of distilled water to 
each plate and rubbing the surface of each culture with a 
spreader bar. Conidial suspensions were adjusted to 106 
conidia mL−1 following hemocytometer counts.

Plant material and experimental conditions

Two contrasted M. truncatula lines were utilized in our study 
including the tolerant Tunisian line TN6.18 and the sensitive 
French line F83005.5 to drought stress and to Pm8 strain 
infection (Limami et  al. 2014; Haddoudi et  al. 2021; Maiza 
et  al. 2021). The seeds from both lines were subjected to 
scarification using q60 sandpaper and then kept in darkness 
at 4 °C for 72 h. Afterward, they were transferred to a tem-
perature of 21 °C for 24 h to promote germination. The germi-
nated seeds were sown into black pots with a 1-liter capacity, 
and filled with a mixture of sand and peat (3:1, v/v). For con-
trolled growth, the plants were cultivated in a growth 

chamber under specific conditions, including a temperature 
of 25/18 °C (day/night), a relative humidity of 60–80%, and a 
photoperiod of 16/8 h (light/dark). Regular irrigation was car-
ried out every two days using the Fåhraeus nutritive solution 
(Fåhraeus 1957).

The plants were cultivated under three treatments: (i) con-
trol conditions (100% field capacity (FC)), (ii) drought stress 
(40% FC), and (iii) a combination of drought stress (40% FC) 
and Pm8 strain of P. medicaginis infection. The water deficit 
(40% FC) was applied after six weeks of cultivation of the 
plants under control conditions (100% FC) and watered with 
a Fåhraeus nutritive solution. Fourteen days after the start of 
the water deficit treatment, plants were inoculated with the 
Pm8 strain and were harvested at 14 days post-inoculation 
(dpi). Five replicates were used per line and treatment.

Inoculum production and inoculation tests

After 2 weeks of drought stress (40% FC), drought-stressed 
plants were separated into two groups: the first group was 
sprayed on the leaves with 20 mL of H2O (non-inoculated 
plants) in leaves, while the second group was spray-inoculated 
on the leaves with 20 ml of the conidial suspension at a con-
centration of 106 conidia per mL of the Pm8 strain until 
run-off (inoculated plants) as described by Maiza et  al. (2021). 
The inoculated plants were covered with transparent plastic 
bags to maintain an atmosphere saturated with humidity to 
promote infection. They were then placed in the dark for 48 h 
at 25 °C. The experimental design consisted of two treatments, 
four blocks, and five plants per block (one plant per pot).

Morphological traits measurement

Measurement of the parameters on the plants was carried 
out at harvest after 14 days post-inoculation. The measured 
parameters were the number of healthy leaves (NHL), the 
number of chlorotic leaves (NCL) and leaf area.

The measurements of leaf area were conducted for each 
line. We selected five regular-shaped leaves for the three 
treatments. Each leaf lamina was sandwiched in a clear file 
folder (310 mm × 220 mm) and placed on a white clipboard 
(Koyama 2023). Immediately after the photography proce-
dure, we sampled the same five leaves per species. The adax-
ial surface of the leaf laminas was then scanned using a 
digital scanner. Individual leaf area is defined as the area of 
one side of each leaf lamina. For images obtained using 
scanner, the area of the leaves was measured using the 
EPSON scanner.

Photosynthetic gas exchange parameters and water 
status

The determination of photosynthetic gas exchange parame-
ters was conducted using an infrared gas analyzer (LCi porta-
ble photosynthesis system, ADC BioScientific Ltd., Hoddesdon, 
Herts, UK). The following parameters were recorded at satu-
rating light: Photosynthesis rate (A), stomatal conductance 
(gs), and transpiration rate (E). The water use efficiency (WUE) 
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was estimated using the following formula: WUE = A/E 
(Hatfield and Dold 2019). All measurements were performed 
in fully expanded leaves (the same leaf stage from the bot-
tom). Values of the above-mentioned parameters were taken 
after the stabilization of the photosynthetic levels.

Photosynthetic pigment concentrations

The extraction of photosynthetic pigments was done using 
the method of Lichtenthaler (1987). Fresh leaf discs (50 mg) 
were introduced into vials containing 3 ml of 80% acetone. 
The vials were then placed in the dark at 4 °C for 7 d. The 
absorbance of the extracts was determined at 470, 646, and 
663 nm for Chl. a, Chl. b, and total carotenoid assays, using a 
UV-visible spectrophotometer (Specord 210 Plus, Analytik 
Jena, Germany). Chl (a and b) and carotenoid contents were 
calculated according to the following formulas:

 Chl gml A A1. . .a µ × ×−  = ( )−( )12 21 2 81663 646  

 Chl gml A A. . . ,b µ ×−  − ×( )− ( )1

646 66320 13 5 03  

Carotenoids [μg ml−1] = (1,000 × A470 − 3.27 [Chl. a] − 104 [Chl. 
b])/227, where A470, A646, and A663 represent extract absor-
bance at 470, 646, and 663 nm, respectively.

PSI and PSII activities

PSI and PSII activities were assessed following the procedures 
outlined by Klughammer and Schreiber (2008a,2008b) using 
a Dual-PAM-100 fluorometer (Heinz Walz, Effeltrich, Germany) 
on M. truncatula leaves that were preadapted to darkness for 
30 min before measurements. Operational photochemical effi-
ciency and energy dissipation of PSII were also investigated.

To determine the minimal fluorescence yield of the 
dark-adapted state (F0), low-intensity light was applied, allow-
ing all reaction centres of PSII to be open and minimizing flu-
orescence. Subsequently, a flash of saturating light induced 
the closure of all PSII reaction centres, resulting in a maximal 
fluorescence yield of the dark-adapted state (Fm) and a reduc-
tion in overall photochemical efficiency. Following this, leaves 
were exposed to actinic light with varying intensities (0, 6, 12, 
21, 56, 107, 146, 257, 412, 652, and 1,017 μmol (photon) m−2 
s−1) to initiate electron transport between photosystems, 
enabling the recording of the quantum yield of photochemi-
cal energy conversion in PSII [y(II)], the non-photochemical 
quenching (NPQ), and quantum yield of non-regulated non-
photochemical energy dissipation in PSII [y(NO)].

For PSI absorbance, P700 dual-wavelength emitter-detector 
units (830 and 875 nm) were employed, following the meth-
odology of Klughammer and Schreiber (2008b). Measurements 
for this photosystem included the quantum yield of photo-
chemical energy conversion in PSI [y(I)], the quantum yield of 
non-photochemical energy dissipation in reaction centres 
limited by acceptor side [y(NA)], and the quantum yield of 
non-photochemical energy dissipation in reaction centres 
limited by donor side [y(ND)].

Statistical analysis

The statistical analyses were conducted using the SPSS soft-
ware (version 17.0, SPSS Inc., Chicago, IL, USA). To compare 
the means of the measured parameters, Duncan’s multiple 
range test at a 5% significance level was employed. PCA was 
carried out using XLSTAT software, version 2014 (https://
www.xlstat.com), utilizing the means of the lines.

Results

Assessment of morphological parameters under drought 
or combined stresses

The morphological parameters were assessed, including the 
number of healthy leaves (NHL) (Figure 1(A)), chlorotic leaves 
(NCL) (Figure 1(B)) and leaf area (Figure 1(C)). The results 
revealed a significant decrease in NHL and an increase in NCL 
under both stresses in both lines, with this effect being par-
ticularly evident in the sensitive line F83005.5 compared to 
the control. Moreover, the most substantial reduction in NHL 
occurred under combined stresses compared to only-drought 
stress with a 35% of reduction in TN6.18 compared to an 
80% of reduction in F83005.5, while the highest NCL was 
observed when plants experienced drought stress (Figure 
1(A, B)).

In contrast, the sensitive line F83005.5 exhibited a greater 
leaf area than the tolerant line under all treatment condi-
tions, with the most notable decrease in this parameter 
observed under combined stress (22%) in comparison to 
drought conditions. Otherwise, TN6.18 showed a higher 
decrease in leaf area under combined drought and P. medi-
caginis infection compared to only-drought stress (48.5%) 
(Figure 1(C)).

Photosynthetic gas exchange determinations

The imposition of drought stress had a notable impact on the 
photosynthetic gas exchange parameters, as depicted in Table 
1. In the sensitive line F83005.5, both photosynthesis rate (A) 
and water use efficiency (WUE) decreased by 78% and 84% 
respectively, under drought stress, accompanied by an 
increase in transpiration rate (13%). However, when subjected 
to combined drought and P. medicaginis infection, the tolerant 
line TN6.18 showed a reduction in WUE (45%) and increase in 
transpiration rate (E) (21%) and stomatal conductance (gs) 
(62%), although it did not show any significant difference in 
all parameters under drought stress alone. In addition, gs 
peaked under the combined stresses in the F83005.5 line, 
compared to only-drought stress (85%). (Table 1).

Pigments content

Chlorophyll a (Chl. a), chlorophyll b (Chl. b), total chlorophylls 
(Chl. a + b), and carotenoids content exhibited notable differ-
ences between the lines under various treatments. However, 
under drought stress, no significant effects were observed on 
Chl. b content in both lines and Chl. a + b in TN6.18 when 
compared to the control (Figure 2(B, C)). In contrast, the 

https://www.xlstat.com
https://www.xlstat.com
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sensitive-F83005.5 showed a significant 10% decrease in total 
Chl. a + b compared to the control under drought stress.

Infection with the Pm8 strain significantly affected pig-
ment content in both drought-stressed lines. Specifically, the 
impact of strain Pm8 was more pronounced on the 
drought-stressed F83005.5, resulting in a 34%, 47%, and 42% 
reduction in chl. a, chl. b and chl. a + b, respectively, compared 
to a 24%, 22%, and 18% reduction, respectively, in the 
drought-stressed TN6.18 (Figure 2(A–C)). However, a signifi-
cant 16% increase in carotenoids was observed in 
drought-stressed TN6.18 due to P. medicaginis infection, 
restoring the levels to those of the control. In contrast, the 
drought-stressed F83005.5 exhibited a higher increase of 32% 
in carotenoids due to P. medicaginis infection. (Figure 2(D)).

Principal component analysis
To consolidate our findings, Principal Component Analysis 
(PCA) was conducted on all assessed parameters characteriz-
ing the response of contrasting lines of M. truncatula to 
drought stress and combined drought and P. medicaginis 
infection. PC1 and PC2 accounted for 77.93% and 26.41% of 

Figure 1. effects of drought on the number of healthy leaves per plant (nhl) (a), number of chlorotic leaves per plant (ncl) (B) and leaf area (c) in two 
Medicago truncatula lines tn6.18 and f83005.5. these lines were cultivated under control conditions (c), drought stress (Dh), and a combination of drought 
stress and infection with the Phoma medicaginis Pm8 strain (Dh + Pm8). means denoted by the same letter(s) are not significantly different among the studied 
lines for each trait, based on Duncan’s test at the 5% significance level. Values are averages of five replicates. the error bars correspond to standard errors.

Table 1. comparison of the mean values of measured traits across both 
Medicago truncatula lines under various conditions: control, drought stress, 
and a combination of drought stress and infection with the Phoma medicag-
inis Pm8 strain.

E gs A WUE

control

tn6.18 4.76 ± 0.17 abc 0.29 ± 0.02 c 6.78 ± 0.56 b 1.42 ± 0.07 b
f83005.5 3.82 ± 0.63 c 0.32 ± 0.01 c 13.06 ± 1.47 a 3.48 ± 0.18 a
f 2.04 2.00 15.00 103.00
P 0.000 0.000 0.016 0.001

Drought

tn6.18 4.40 ± 0.11bc 0.33 ± 0.01c 6.96 ± 0.2 b 1.60 ± 0.11 b
f83005.5 5.34 ± 0.11ab 0.20 ± 0.02 c 2.82 ± 0.04c 0.53 ± 0.01d
f 14 47 409 83
P 0.019 0.002 0.000 0.001

Drought + Pm8 infection

tn6.18 5.55 ± 0.29 a 0.86 ± 0.16b 4.92 ± 0.54 bc 0.88 ± 0.087 c
f83005.5 5.35 ± 0.28 ab 1.28 ± 0.25 a 2.89 ± 0.03 c 0.54 ± 0.035 d
f 0.000 2.01 13.00 13.00
P 0.000 0.000 0.021 0.022

mean ± standard Deviation (sD), f is the snedecor-fisher coefficient, indicating 
significance at p ≤ 0.05. the measured parameters include transpiration rate (E), 
stomatal conductance (gs), photosynthesis rate (A), and water use efficiency 
(WUE). Different letters indicate significant differences between both lines for 
the same parameter treatments under each treatment according to the Duncan 
test at 5%. Values are averages of five replicates.
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biological variability, respectively (Figure 3). According to PC1, 
DH + Pm8–TN6.18, DH + Pm8- F83005.5, and DH-F83005.5 were 
separated from the rest of the treatments C-F83005.5, C-TN6.18, 
and DH-TN6.18. Most analyzed parameters positively correlated 
with PC1, except for transpiration rate (E), stomatal conduc-
tance (gs), and the number of chlorotic leaves (NCL), all of 
which showed a positive correlation with the F83005.5 line 
under both drought and combined stress conditions (Figure 3).

Under drought stress, TN6.18 exhibited the highest levels of 
photosynthesis rate (A), water use efficiency (WUE), and chlo-
rophyll a and b content. The separation of inoculated plants 
from all other treatments confirms our previous findings that 
fungal attack was more deleterious than drought stress.

Chlorophyll fluorescence determinations

PSI and PSII activities in dark test

The dark test revealed a significant increase in the maximal 
quantum yield of PSII photochemistry (Fv/Fm) in TN6.18 
under drought and combined drought and P. medicaginis 

infection, with a more pronounced increase in the latter case 
(0.86 compared to the control’s 0.79) (Figure 4). Conversely, in 
F83005.5, Fv/Fm decreased, particularly under drought condi-
tions (0.708 compared to the control’s 0.768). In the sensitive 
F83005.5, similar patterns were observed for oxidized PSI 
(P700ox) and maximal fluorescence yield of dark-adapted 
sample with all PSI centres closed (P700m). However, the lev-
els of P700ox and P700m decreased by 33.5% and 34.6%, 
respectively, under drought stress in F83005.5 compared to 
the control, but they returned to control levels under com-
bined stress conditions. While, in the tolerant TN6.18, there 
was no significant difference in P700ox and P700m under the 
treatments.

PSI and PSII activities in light test

Concerning the light test, our overall analysis indicates that 
drought stress led to a more pronounced reduction in the 
operational photochemical yield (y) and the electron transfer 
rate (ETR) in PSI and PSII in the sensitive line F83005.5 com-
pared to TN6.18 which showed an increase in y and ETR in 

Figure 2. mean values of chlorophyll a content (a), chlorophyll b content (B), total chlorophylls content (c), and carotenoids content (D) in two Medicago trun-
catula lines tn6.18 and f83005.5 cultivated under control conditions (c), drought stress (Dh), and the combination of drought and infection with the Phoma 
medicaginis Pm8 strain (Dh + Pm8). means denoted by the same letter(s) is not significantly different among the studied lines for each trait, based on Duncan’s 
test at the 5% significance level. the Duncan test was performed for each pigment for both lines separately. Values are averages of five replicates. the error bars 
correspond to standard errors.
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Figure 3. two-dimensional plots generated by principal component analysis (Pca) using all morphological and photosynthetic parameters in both lines of 
Medicago truncatula. c represents plants grown without drought stress and inoculation, Dh represents plants grown under drought stress, and Dh + Pm8 rep-
resents plants grown under drought conditions and infested with the Phoma medicaginis Pm8 strain.

Figure 4. effects of drought and combined drought and Phoma medicaginis infection on fluorescence parameters of Psii for dark-adapted leaves (dark test) in 
both lines of Medicago truncatula, tn6.18 and f83005.5. fv/fm represents the maximal quantum yield of Psii photochemistry (a), P700ox represents oxidized 
Psi (B), and P700m represents the maximal fluorescence yield of the dark-adapted sample with all Psi centers closed (c). c indicates plants grown without 
drought stress and without inoculation, Dh indicates plants grown under drought stress, and Dh + Pm8 indicates plants grown under drought conditions and 
infested with the Phoma medicaginis Pm8 strain. Values are averages of five replicates, and the error bars correspond to standard errors.
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both PSI and PSII compared to control (Figures 5 and 6 (A), 
(B), (G), and (H)). The combined effects of drought and P. 
medicaginis were more evident in PSI and PSII across both 
lines. Notably, these results highlight that PSII was more 
adversely affected by both drought stress and combined 
drought and P. medicaginis infection.

The quantum yield of regulated non-photochemical 
energy dissipation [y(NPQ)] increased proportionally to the 
rise in PAR. However, an antagonistic effect was observed 
under drought stress in both lines, with y(NPQ) values being 
lower in TN6.18 and higher in F83005.5 than those of the 
control, respectively (Figure 5(C) (D)). Drought stress also ele-
vated the quantum yield of non-regulated non-photochemical 
energy dissipation [y(NO)] in TN6.18 (Figure 5(E)) and 
decreased it in F83005.5 (Figure 5(F)). When P. medicaginis 
infection coincided with drought, it further increased this 
unregulated energy loss, reaching values even higher than 
those of the control.

The quantum yield of non-photochemical energy dissipa-
tion in reaction centres limited by the acceptor side [y(NA)] 
increased in both lines, whether subjected to drought stress 
alone or to combined stresses (Figure 6(E) (F)). In contrast, an 
increase in the quantum yield of non-photochemical energy 
dissipation in reaction centres limited by the donor side 
[y(ND)] was recorded in F83005.5 under both treatments 
compared to the control. However, in the tolerant line TN6.18, 
a decrease in y(ND) was observed under drought stress, with 
a subsequent lesser increase following P. medicaginis infec-
tion (Figure 6(C)). Drought stress adjusted the yields of both 
types of energy dissipation to levels even better in the toler-
ant TN6.18 [higher y(NO) and lower y(ND)] compared to the 
control. However, P. medicaginis infection in both 
drought-stressed lines resulted in higher energy dissipation, 
particularly more pronounced in the TN6.18 line than in 
F83005.5.

Drought and combined drought and P. medicaginis infec-
tion also induced a significant reduction in both P700ox (oxi-
dized PSI) and P700m’ (maximal fluorescence yield of an 
illuminated sample with all PSI centres closed) in both lines 
compared to control and to drought-stressed plants. However, 
the decrease was more pronounced in TN6.18 (Figure 7(A) 
(C)) than in F83005.5 (Figure 7(B) (D)). This indicates that 
drought and combined stresses contributed to a reduction in 
PSI oxidation (Figure 7). Interestingly, an attenuation of this 
negative behavior was observed in the tolerant line TN6.18.

Discussion

Phoma medicaginis infection poses a significant constraint on 
various Medicago species cultivated in subarid conditions 
(Badri et  al. 2023). Utilizing model plants like M. truncatula 
can enhance our comprehension of the effect of P. medicagi-
nis infection on morphological and photosynthetic responses 
in two drought-stressed lines of Medicago truncatula known 
for their differing tolerance levels (Limami et  al. 2014; 
Haddoudi et  al. 2021; Maiza et  al. 2021; Badri et  al. 2023).

Our research indicates that the drought-tolerant TN6.18 line 
employs a morphological defense strategy under drought 
and combined drought and P. medicaginis infection 

characterized by a significant reduction in leaf area, a higher 
number of healthy leaves and a lower number of chlorotic 
leaves compared to the sensitive F83005.5. This aligns with 
studies demonstrating that under drought stress, plants 
exhibit a defense strategy by limiting the surface available for 
pathogen attachment and reproduction, ultimately protect-
ing overall plant health and survival (Fang and Xiong 2015). 
Similar reductions in leaf size have been observed in various 
plant species, emphasizing its role as an indicator of resis-
tance (Tribulato et  al. 2019; Martins et  al. 2020). In contrast, 
the sensitive F83005.5 line exhibits the higher leaf area com-
pared to the tolerant TN6.18. These outcomes may be 
attributed to the decline in photosynthetic activity induced 
by drought stress and P. medicaginis infection, which disrupts 
leaf development, and leaf senescence (Pandey et  al. 2017; 
Tribulato et  al. 2019; Raza et  al. 2023).

At the photosynthetic level, Plants respond to combined 
drought stress and P. medicaginis infection by adjusting water 
deficiency, directly influencing assimilation and transpiration 
leaves (Tribulato et  al. 2019) to protect their organs from the 
negative effects of both water deficit stress and infections 
caused by P. medicaginis (Omidvari et  al. 2022). Our results 
unveiled that drought stress doesn’t affect the gas exchange 
parameters in the tolerant TN6.18. However, due to P. medi-
caginis infection, the drought-stressed TN6.18 line maintained 
the same level of photosynthesis rate (A) but showed an 
increased transpiration rate (E) and increased stomatal con-
ductance (gs), resulting in decreased water use efficiency 
(WUE). The increase in transpiration could be an adaptive 
mechanism to combat the pathogen and to increase the 
uptake of CO2. However, this adaptation comes at the cost of 
using more water by opening its stomata, thereby decreasing 
water use efficiency. In fact, TN6.18 line managed to maintain 
its photosynthesis rate (A) despite the combined stresses of 
drought and fungal infection (Liu et al. 2015; Sinha et al. 2019).

The sensitive line F83005.5 demonstrated a similar 
decrease in photosynthetic rate (A), and water use efficiency 
(WUE) under drought stress and drought+ P. medicaginis 
infection compared to the control which may indicate that 
drought stress did not intensify the negative effects of dark 
stem pathogen (Pm8) on the gas-exchange parameters 
beyond the reductions seen in the drought-only treatment 
indicating no synergistic effects of drought and pathogen 
attack (Ghanbary et  al. 2021). The decrease in photosynthesis 
rate (A) and water use efficiency (WUE) may be attributed to 
the accumulation of reactive oxygen species (ROS). According 
to yang and Luo (2021), the inhibition of photosynthesis pro-
motes ROS production and accumulation.

Leaf pigment content, including chlorophyll and carot-
enoids, serves as a crucial indicator of plant physiological con-
dition and can be utilized to assess photosynthetic performance 
(Havaux 2014; Ramegowda and Senthil-Kumar 2015; 
Gómez-Sagasti et al. 2023). Both abiotic and biotic stresses fre-
quently lead to a decrease in chloroplast numbers and the 
degradation of chlorophyll, resulting in chlorosis and necrosis 
in leaves, as observed in the present study (Dinis et  al. 2011; 
Ramegowda and Senthil-Kumar 2015; Dikilitas et  al. 2016; 
Martins et  al. 2020; Ghanbary et  al. 2021). Similar responses 
have been observed in different wheat varieties and Pinus 
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Figure 5. means of fluorescence parameters of Psii from the light test for both lines of Medicago truncatula, tn6.18 and f83005.5 (f83), under control conditions 
(c), drought stress (Dh), and a combination of drought and infection with the Phoma medicaginis Pm8 strain (Dh + Pm8). y(ii) represents the quantum yield of 
photochemical energy conversion in Psii (a, B); y(nPQ) represents the quantum yield of regulated non-photochemical energy dissipation in Psii (c, D); y(no) 
represents the quantum yield of non-regulated non-photochemical energy dissipation in Psii (e, f); and etr represents the electron transfer rate (g, h) respectively 
in tn6.18 and f83005.5 (f83). Par indicates photosynthetically active radiation. Values are averages of five replicates, and the error bars correspond to standard 
errors.
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Figure 6. means of fluorescence parameters of Psi for light-adapted leaves (light test) for both lines of Medicago truncatula, tn6.18 and f83005.5 (f83), under 
control conditions (c), drought stress (Dh), and a combination of drought and infection with the Phoma medicaginis Pm8 strain (Dh + Pm8). y(i) represents the 
quantum yield of photochemical energy conversion in Psi (a, B); y(nD) represents the quantum yield of non-photochemical energy dissipation in reaction centers 
limited by the donor side (c, D); y(na) represents the quantum yield of non-photochemical energy dissipation in reaction centers limited by the acceptor side (e, 
f); and etr represents the electron transfer rate (g, h) respectively in tn6.18 and f83005.5 (f83). Par indicates photosynthetically active radiation. Values are 
averages of five replicates, and the error bars correspond to standard errors.
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tabulaeformis Carr. under drought stress and pathogen infec-
tion (Mikaberidze and McDonald 2020; Zhou et  al. 2021).

Conversely, the reduction in chlorophyll content was 
accompanied by an increase in carotenoid content in the tol-
erant TN6.18 line under combined drought and P. medicaginis 
infection compared to control. This increase may be linked to 
the plant’s resistance to drought and pathogens, indicating 
an adaptive response to mitigate oxidative damage, protect 
the photosynthetic machinery, and maintain cellular homeo-
stasis under adverse conditions (Havaux 2014; Ramegowda 
and Senthil-Kumar 2015; Martins et  al. 2020; Gómez-Sagasti 
et  al. 2023).

Our chlorophyll fluorescence results showed that the over-
all capacity of photosynthesis was significantly inhibited 
under combined drought and P. medicaginis infection com-
pared to only-drought stress, impacting PSI and PSII activity 
(Nisar et  al. 2015). The decrease in y(I) and y(II) in plants 
under combined drought and P. medicaginis infection indi-
cate a more severe impact on photosynthetic activity com-
pared to drought stress alone. The decrease in yII, ETR, and 

increase in NPQ were attributed to stomatal closure, reducing 
CO2 supply, and protecting PSII from stress-induced photoin-
hibition. Chlorophyll fluorescence parameters, except y(NPQ), 
were less affected in TN6.18, highlighting its resilience.

Moreover, the tolerant line TN6.18 exhibited a higher 
decrease of P700ox and P700m, P700m’ under combined 
stresses compared to control and only-drought stress, sug-
gesting a protective role against photo-oxidative damage to 
PSI. This reduction in PSI oxidation may contribute to safe-
guarding the photosynthetic apparatus in TN6.18 challenged 
with combined stresses (Shimakawa and Miyake 2018). 
Additionally, an increase in the Fv/Fm ratio suggests an 
improvement of the efficiency of photosystem II under stress 
conditions (Signorelli et  al. 2013; Umar et  al. 2019; 
Borisova-Mubarakshina et  al. 2020). In our case, the tolerant 
line TN6.18 exhibits a higher Fv/Fm ratio when subjected to 
both drought stress and pathogen attack compared to con-
trol conditions. This could indicate that the tolerant line is 
better able to maintain the functionality of PSII and cope 
with the combined stresses, suggesting a more adaptive 

Figure 7. means of fluorescence parameters of Psi for light-adapted leaves (light test) for both lines of Medicago truncatula, tn6.18 and f83005.5 (f83), under 
control conditions (c), drought stress (Dh), and a combination of drought and infection with the Phoma medicaginis Pm8 strain (Dh + Pm8). P700ox represents 
oxidized Psi (a, B); P700m represents the maximal fluorescence yield of the dark-adapted sample with all Psi centers closed; and P700m’ represents the maximal 
fluorescence yield of the illuminated sample with all Psi centers closed (c, D). Values are averages of five replicates, and the error bars correspond to standard 
errors.
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response to the simultaneous challenges of drought and 
pathogen attack (Guidi et  al. 2019; Pérez-Bueno et  al. 2019). 
In contrast, the sensitive line F83005.5 demonstrated a reduc-
tion of photosystem II (PSII) efficiency, evidenced by lower 
levels of yII, ETRII, and FV/FM, along with increased y(NPQ), 
which led to a reduced photosynthesis rate (Pérez-Bueno 
et  al. 2019).

Divergent behavior between PSI and PSII implies that 
these two photosystems respond differently to the combined 
stress of drought and pathogen attack. It suggests that, 
under the influence of both drought stress and pathogen 
attack, one photosystem may be more affected to a lesser 
extent compared to the other (Borisova-Mubarakshina et  al. 
2020; Tan et  al. 2020). In our results, PSII was more sensitive 
to combined drought and pathogen attack under the moder-
ate light than PSI in M. truncatula lines because of a higher 
energy dissipation (loss) in PSII than in PSI.

Conclusion

In conclusion, our study reveals that drought stress adversely 
affects the water status, photosynthetic activity, and gas 
exchange parameters in the sensitive line of M. truncatula 
(F83005.5). These negative effects are even more pronounced 
when drought-stressed plants are inoculated with P. medicag-
inis. In contrast, the drought-stressed TN6.18 line shows supe-
rior physiological performance and a greater ability to 
mitigate fungal attacks. This resilience is likely due to mor-
phological and physiological strategies such as reduced leaf 
area, chlorophyll degradation, increased carotenoid content, 
enhanced PSI and PSII performance, and lower oxida-
tive damage.

The F83005.5 line is more affected by P. medicaginis, exhib-
iting a greater reduction in healthy leaves, an increase in 
chlorotic leaves, higher PSI oxidation, and higher energy dis-
sipation in both PSI and PSII. Interestingly, PSI performance 
under combined drought and pathogen attack shows lower 
damage compared to PSII.

These findings highlight the potential of the TN6.18 line to 
withstand combined drought and fungal stress, making it a 
promising candidate for cultivation in Mediterranean regions. 
This could offer significant socio-economic benefits by 
enhancing crop resilience and yield under challenging envi-
ronmental conditions.

Acknowledgments

This study received support from the Tunisian Ministry of Higher 
Education and Scientific Research (LR15 CBBC02) and the Tunisian-South 
African project (2019-2024). We extend our gratitude to Prof. Naceur 
Djébali from the Laboratory of Bioactive Substances at the Centre of 
Biotechnology of Borj Cedria, who kindly provided us with the Pm8 
strain of P. medicaginis. We also thank the technical staff of the Crop 
Adaptation and Improvement for Stressful Environments team in the 
Laboratory of Extremophile Plants for their valuable assistance.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Mounawer Badri  http://orcid.org/0000-0001-9492-7373

References

Achuo EA, Prinsen E, Höfte M. 2006. Influence of drought, salt stress and 
abscisic acid on the resistance of tomato to Botrytis cinerea and 
Oidium neolycopersici. Plant Pathol. 55(2):178–186. doi: 10.1111/j.1365- 
3059.2006.01340.x.

Badri M, Ayadi A, Mahjoub A, Benltoufa A, Chaouachi M, Ranouch R, 
Cheikh NB, Abdelguerf A, Laouar M, Abdelly C, et  al. 2023. Variability 
in responses to Phoma medicaginis infection in a Tunisian collection of 
three annual Medicago species. Plant Pathol J. 39(2):171–180. doi: 
10.5423/PPJ.OA.09.2022.0134.

Blodgett JT, Kruger EL, Stanosz GR. 1997. Sphaeropsis sapinea and water 
stress in a red pine plantation in central Wisconsin. Phytopathology®. 
87(4):429–434. doi: 10.1094/PHyTO.1997.87.4.429.

Borisova-Mubarakshina MM, Vetoshkina DV, Naydov IA, Rudenko NN, 
Zhurikova EM, Balashov NV, Ignatova LK, Fedorchuk TP, Ivanov BN. 
2020. Regulation of the size of photosystem II light harvesting anten-
na represents a universal mechanism of higher plant acclimation to 
stress conditions. Funct Plant Biol. 47(11):959–969. doi: 10.1071/
FP19362.

Castañeda V, González EM. 2021. Strategies to apply water-deficit Stress: 
similarities and disparities at the whole plant metabolism level in 
Medicago truncatula. Int J Mol Sci. 22(6):2813. doi: 10.3390/
ijms22062813.

Dikilitas M, Karakas S, Hashem A, Abd Allah EF, Ahmad P. 2016. Oxidative 
stress and plant responses to pathogens under drought conditions. In: 
Ahmad P, editor. Water stress and crop plants. 1st ed. Hoboken, NJ: 
Wiley. p. 102–123. doi: 10.1002/9781119054450.ch8.

Dinis L-T, Peixoto F, Zhang C, Martins L, Costa R, Gomes-Laranjo J. 2011. 
Physiological and biochemical changes in resistant and sensitive chest-
nut (Castanea) plantlets after inoculation with Phytophthora cinnamo-
mi. Physiol Mol Plant P. 75(4):146–156. doi: 10.1016/j.pmpp.2011.04.003.

Djebali N. 2013. Aggressiveness and host range of Phoma medicaginis 
isolated from Medicago species growing in Tunisia. Phytopathol 
Mediterr. 52(1):3–15. doi: 10.14601/Phytopathol_Mediterr-10512.

Fåhraeus G. 1957. The infection of clover root hairs by nodule bacteria 
studied by a simple glass slide technique. Microbiol. 16(2):374–381. 
doi: 10.1099/00221287-16-2-374.

Fang y, Xiong L. 2015. General mechanisms of drought response and 
their application in drought resistance improvement in plants. Cell 
Mol Life Sci. 72(4):673–689. doi: 10.1007/s00018-014-1767-0.

Farooq MS, Uzair M, Raza A, Habib M, Xu y, yousuf M, yang SH, Ramzan 
Khan M. 2022. Uncovering the research gaps to alleviate the negative 
impacts of climate change on food security: a review. Front Plant Sci. 
13:927535. doi: 10.3389/fpls.2022.927535.

Ghanbary E, Fathizadeh O, Pazhouhan I, Zarafshar M, Tabari M, Jafarnia S, 
Parad GA, Bader MK-F. 2021. Drought and pathogen effects on surviv-
al, leaf physiology, oxidative damage, and defense in two Middle 
Eastern Oak species. Forests. 12(2):247. doi: 10.3390/f12020247.

Gómez-Sagasti MT, López-Pozo M, Artetxe U, Becerril JM, Hernández A, 
García-Plazaola JI, Esteban R. 2023. Carotenoids and their derivatives: 
a “Swiss Army knife-like” multifunctional tool for fine-tuning 
plant-environment interactions. Environ Exp Bot. 207:105229. doi: 
10.1016/j.envexpbot.2023.105229.

Guidi L, Lo Piccolo E, Landi M. 2019. Chlorophyll fluorescence, photoinhi-
bition and abiotic stress: does it make any difference the fact to be a 
c3 or c4 species? Front Plant Sci. 10:174. doi: 10.3389/fpls.2019.00174.

Gupta A, Dixit SK, Senthil-Kumar M. 2016. Drought stress predominantly 
endures Arabidopsis thaliana to Pseudomonas syringae infection. Front 
Plant Sci. 7:808. doi: 10.3389/fpls.2016.00808.

Haddoudi L, Hdira S, Hanana M, Romero I, Haddoudi I, Mahjoub A, Ben 
Jouira H, Djébali N, Ludidi N, Sanchez-Ballesta MT, et  al. 2021. 
Evaluation of the morpho-physiological, biochemical and molecular 

https://doi.org/10.1111/j.1365-3059.2006.01340.x
https://doi.org/10.1111/j.1365-3059.2006.01340.x
https://doi.org/10.5423/PPJ.OA.09.2022.0134
https://doi.org/10.1094/PHYTO.1997.87.4.429
https://doi.org/10.1071/FP19362
https://doi.org/10.1071/FP19362
https://doi.org/10.3390/ijms22062813
https://doi.org/10.3390/ijms22062813
https://doi.org/10.1002/9781119054450.ch8
https://doi.org/10.1016/j.pmpp.2011.04.003
https://doi.org/10.14601/Phytopathol_Mediterr-10512
https://doi.org/10.1099/00221287-16-2-374
https://doi.org/10.1007/s00018-014-1767-0
https://doi.org/10.3389/fpls.2022.927535
https://doi.org/10.3390/f12020247
https://doi.org/10.1016/j.envexpbot.2023.105229
https://doi.org/10.3389/fpls.2019.00174
https://doi.org/10.3389/fpls.2016.00808


1104 N. MAIZA ET AL.

responses of contrasting Medicago truncatula lines under water deficit 
stress. Plants (Basel). 10(10):2114. doi: 10.3390/plants10102114.

Hatfield JL, Dold C. 2019. Water-use efficiency: advances and challenges 
in a changing climate. Front Plant Sci. 10:103. doi: 10.3389/
fpls.2019.00103.

Havaux M. 2014. Carotenoid oxidation products as stress signals in 
plants. Plant J. 79(4):597–606. doi: 10.1111/tpj.12386.

Klughammer C, Schreiber U. 2008a. Complementary PS II quantum yields 
calculated from simple fluorescence parameters measured by PAM flu-
orometry and the Saturation Pulse method. PAM Application Notes. 
1:27–35.

Klughammer C, Schreiber U. 2008b. Saturation Pulse method for assess-
ment of energy conversion in PS I. PAM Appl Notes. 1:11–14.

Koyama K. 2023. Leaf area estimation by photographing leaves sand-
wiched between transparent clear file folder sheets. Horticulturae. 
9(6):709. doi: 10.3390/horticulturae9060709.

Lichtenthaler HK. 1987. [34] Chlorophylls and carotenoids: pigments of 
photosynthetic biomembranes. In Methods in enzymology. Vol. 148: 
San Diego, CA: Elsevier; p. 350–382. doi: 10.1016/0076-6879(87)48036-1.

Limami A, Ricoult C, Planchet E, González E, Ladrera R, Larrainzar E, 
Arrese-Igor C. 2014. Response of Medicago truncatula to flooding 
stress.

Liu T, Sheng M, Wang Cy, Chen H, Li Z, Tang M. 2015. Impact of arbus-
cular mycorrhizal fungi on the growth, water status, and photosynthe-
sis of hybrid poplar under drought stress and recovery. Photosynt. 
53(2):250–258. doi: 10.1007/s11099-015-0100-y.

Maiza N, Jabri C, Zaidi N, Rafik K, Khiari B, Djébali N, Teresa 
Sánchez-Ballesta M, Badri M. 2021. High diversity of responses among 
Medicago truncatula lines to Phoma medicaginis infection. J Oasis Agric 
Sustain Dev. 3(3):52–57. doi: 10.56027/JOASD.spiss082021.

Martins D, Araújo SDS, Rubiales D, Vaz Patto MC. 2020. Legume crops 
and biotrophic pathogen interactions: a continuous cross-talk of a 
multilayered array of defense mechanisms. Plants. 9(11):1460. doi: 
10.3390/plants9111460.

Maxwell DL, Kruger EL, Stanosz GR. 1997. Effects of water stress on col-
onization of poplar stems and excised leaf disks by Septoria musiva. 
Phytopathology®. 87(4):381–388. doi: 10.1094/PHyTO.1997.87.4.381.

Mayek-PÉrez N, GarcÍa-Espinosa R, LÓpez-CastaÑeda C, Acosta-Gallegos 
JA, Simpson J. 2002. Water relations, histopathology and growth of 
common bean (Phaseolus vulgaris L.) during pathogenesis of 
Macrophomina phaseolina under drought stress. Physiol Mol Plant P. 
60(4):185–195. doi: 10.1006/pmpp.2001.0388.

McElrone AJ, Forseth IN. 2004. Photosynthetic responses of a temperate 
liana to Xylella fastidiosa Infection and Water Stress. J Phytopathol. 
152(1):9–20. doi: 10.1046/j.1439-0434.2003.00794.x.

McElrone AJ, Sherald JL, Forseth IN. 2001. Effects of water stress on 
symptomatology and growth of Parthenocissus quinquefolia infected 
by Xylella fastidiosa. Plant Dis. 85(11):1160–1164. doi: 10.1094/
PDIS.2001.85.11.1160.

McElrone AJ, Sherald JL, Forseth IN. 2003. Interactive effects of water 
stress and xylem-limited bacterial infection on the water relations of 
a host vine. J Exp Bot. 54(381):419–430. doi: 10.1093/jxb/erg046.

Mikaberidze A, McDonald BA. 2020. A tradeoff between tolerance and 
resistance to a major fungal pathogen in elite wheat cultivars. New 
Phytol. 226(3):879–890. doi: 10.1111/nph.16418.

Nisar N, Li L, Lu S, Khin NC, Pogson BJ. 2015. Carotenoid metabolism in 
plants. Mol Plant. 8(1):68–82. doi: 10.1016/j.molp.2014.12.007.

Omidvari M, Flematti GR, you MP, Abbaszadeh-Dahaji P, Barbetti MJ. 
2022. Temperature and soil moisture drive coumestrol concentration 
in annual Medicago spp. in the presence but not absence of Phoma 
black stem and leaf spot (Phoma medicaginis). Agron. 12(8):1863. doi: 
10.3390/agronomy12081863.

Pandey P, Irulappan V, Bagavathiannan MV, Senthil-Kumar M. 2017. 
Impact of combined abiotic and biotic stresses on plant growth and 
avenues for crop improvement by exploiting physio-morphological 
traits. Front Plant Sci. 8(8):537. doi: 10.3389/fpls.2017.00537.

Pérez-Bueno ML, Pineda M, Barón M. 2019. Phenotyping plant responses 
to biotic stress by chlorophyll fluorescence imaging. Front Plant Sci. 
10:1135. doi: 10.3389/fpls.2019.01135.

Ramegowda V, Senthil-Kumar M. 2015. The interactive effects of simulta-
neous biotic and abiotic stresses on plants: mechanistic understand-
ing from drought and pathogen combination. J Plant Physiol. 176:47–
54. doi: 10.1016/j.jplph.2014.11.008.

Ramegowda V, Senthil-Kumar M, Ishiga y, Kaundal A, Udayakumar M, 
Mysore K. 2013. Drought stress acclimation imparts tolerance to 
Sclerotinia sclerotiorum and Pseudomonas syringae in Nicotiana benth-
amiana. Int J Mol Sci. 14(5):9497–9513. doi: 10.3390/ijms14059497.

Raza A, Mubarik MS, Sharif R, Habib M, Jabeen W, Zhang C, Chen H, 
Chen Z, Siddique KHM, Zhuang W, et  al. 2023. Developing drought‐
smart, ready‐to‐grow future crops. Plant Genome. 16(1):e20279. doi: 
10.1002/tpg2.20279.

Rejeb I, Pastor V, Mauch-Mani B. 2014. Plant responses to simultaneous 
biotic and abiotic stress: molecular mechanisms. Plants (Basel). 
3(4):458–475. doi: 10.3390/plants3040458.

Shimakawa G, Miyake C. 2018. Oxidation of P700 ensures robust photo-
synthesis. Front Plant Sci. 9:1617. doi: 10.3389/fpls.2018.01617.

Signorelli S, Casaretto E, Sainz M, Díaz P, Monza J, Borsani O. 2013. 
Antioxidant and photosystem II responses contribute to explain the 
drought–heat contrasting tolerance of two forage legumes. Plant 
Physiol Biochem. 70:195–203. doi: 10.1016/j.plaphy.2013.05.028.

Sinha R, Irulappan V, Mohan-Raju B, Suganthi A, Senthil-Kumar M. 2019. 
Impact of drought stress on simultaneously occurring pathogen infec-
tion in field-grown chickpea. Sci Rep. 9(1):5577. doi: 10.1038/
s41598-019-41463-z.

Tan S-L, yang y-J, Liu T, Zhang S-B, Huang W. 2020. Responses of photo-
system I compared with photosystem II to combination of heat stress 
and fluctuating light in tobacco leaves. Plant Sci. 292:110371. doi: 
10.1016/j.plantsci.2019.110371.

Tribulato A, Toscano S, Di Lorenzo V, Romano D. 2019. Effects of water 
stress on gas exchange, water relations and leaf structure in two or-
namental shrubs in the Mediterranean area. Agronomy. 9(7):381. doi: 
10.3390/agronomy9070381.

Umar M, Uddin Z, Siddiqui ZS. 2019. Responses of photosynthetic appa-
ratus in sunflower cultivars to combined drought and salt stress. 
Photosynt. 57(2):627–639. doi: 10.32615/ps.2019.043.

yang H, Luo P. 2021. Changes in photosynthesis could provide important 
insight into the interaction between wheat and fungal pathogens. 
IJMS. 22(16):8865. doi: 10.3390/ijms22168865.

Zhang X, Sun y, Qiu X, Lu H, Hwang I, Wang T. 2022. Tolerant mechanism 
of model legume plant Medicago truncatula to drought, salt, and cold 
stresses. Front Plant Sci. 13:847166. doi: 10.3389/fpls.2022.847166.

Zhou XR, Dai L, Xu GF, Wang HS. 2021. A strain of Phoma species im-
proves drought tolerance of Pinus tabulaeformis. Sci Rep. 11(1):7637. 
doi: 10.1038/s41598-021-87105-1.

https://doi.org/10.3390/plants10102114
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.1111/tpj.12386
https://doi.org/10.3390/horticulturae9060709
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1007/s11099-015-0100-y
https://doi.org/10.56027/JOASD.spiss082021
https://doi.org/10.3390/plants9111460
https://doi.org/10.1094/PHYTO.1997.87.4.381
https://doi.org/10.1006/pmpp.2001.0388
https://doi.org/10.1046/j.1439-0434.2003.00794.x
https://doi.org/10.1094/PDIS.2001.85.11.1160
https://doi.org/10.1094/PDIS.2001.85.11.1160
https://doi.org/10.1093/jxb/erg046
https://doi.org/10.1111/nph.16418
https://doi.org/10.1016/j.molp.2014.12.007
https://doi.org/10.3390/agronomy12081863
https://doi.org/10.3389/fpls.2017.00537
https://doi.org/10.3389/fpls.2019.01135
https://doi.org/10.1016/j.jplph.2014.11.008
https://doi.org/10.3390/ijms14059497
https://doi.org/10.1002/tpg2.20279
https://doi.org/10.3390/plants3040458
https://doi.org/10.3389/fpls.2018.01617
https://doi.org/10.1016/j.plaphy.2013.05.028
https://doi.org/10.1038/s41598-019-41463-z
https://doi.org/10.1038/s41598-019-41463-z
https://doi.org/10.1016/j.plantsci.2019.110371
https://doi.org/10.3390/agronomy9070381
https://doi.org/10.32615/ps.2019.043
https://doi.org/10.3390/ijms22168865
https://doi.org/10.3389/fpls.2022.847166
https://doi.org/10.1038/s41598-021-87105-1

	Unveiling novel contrasting photosynthetic responses in Medicago truncatula under combined drought stress and Phoma medicaginis infection
	ABSTRACT
	Acknowledgments
	ORCID


