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Abstract: Pathogen infection seriously affects plant development and crop productivity, sometimes
causing total crop failure. In this study, artificial stab inoculation was used to inoculate sugarcane
smut. The changes in leaf gas exchange, chlorophyll fluorescence variables, and related defense
enzyme activities were measured in sugarcane cultivar ROC22 after pathogen infection. The results
showed that the net photosynthetic rate (Pn), stomatal conductance (gs), and transpiration rate
(Tr) downregulated in the first three days after smut infection and upregulated on the fourth day;
intercellular CO2 concentration (Ci) increased in the first three days of smut infection and reduced
on the fourth day. The chlorophyll fluorescence parameters, i.e., Fo, Fm, Fv/Fm, Fs, and Fv′/Fm′

decreased at the initial stage of pathogen infection but increased rapidly up to 3 days after smut
infection. It can be seen that sugarcane seedlings showed a positive response to pathogen infection.
The correlation coefficient relationship between Pn, gs, and Tr reached above 0.800, showing a
significant correlation; Ci was positively correlated with Fv′/Fm′ and ΦPSII, reaching above 0.800
and showing a significant correlation; Fo positively correlated with Fv/Fm, Fs, and ETR; Fv /Fm was
positively correlated with Fv′/Fm′; Fs significantly correlated with Fv′/Fm′; and Fv′/Fm′ positively
correlated with ΦPSII. After inoculation with smut, the related defense enzymes, i.e., POD, SOD,
PPO, and PAL, were increased and upregulated; photosynthetic parameters can be associated with
an increase in enzymatic activities. The results of this study will help to further study of the response
mechanism to smut in the sugarcane growing period and provide a theoretical reference for sugarcane
resistance to smut breeding.
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1. Introduction

Sugarcane is an important bioenergy crop grown worldwide. Its sugar production
accounts for 80% of global sugar production and 92% of China’s total sugar production [1,2].
Disease is one of the main factors causing the loss of sugarcane yield and sugar content [3].
A variety of pathogens can infect sugarcane during the growth process. Pathogens can ac-
cumulate in the sugarcane germplasm, leading to variability, uneven growth, reduced stem
weight, sugar loss, and so on. Sugarcane in different countries has about 150 diseases, of
which, smut is the main disease and can cause a 20–50% loss of sugarcane production [4,5].
The most apparent symptom of sugarcane infection in the late stage of smut is the extraction
of smut whip at the tail of the cane, but there is no obvious morphological feature in the
early stage of infection. Studies have shown that pathogen infection can seriously affect
the photosynthetic physiological responses in crops [5,6]. There are various studies on
the changes in physiological traits of sugarcane after smut infection [7,8], but there are
no reports of the photosynthetic responses of sugarcane seedlings in the early stage of
smut infection.
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When pathogens infect plants, plant cells produce a series of physiological and bio-
chemical changes to prevent the infection. These changes include early defense reactions
after plant susceptibility such as thickening of the corpus callosum, changes in protective
enzyme activities, induction and accumulation of disease-related proteins, and hormonal
and metabolic disorders [5,9–11]. In these defense reactions, enzymatic activities are most
active and closely related to plant disease resistance. Under normal physiological con-
ditions, various enzymes in plants are generally in a dynamic equilibrium state. When
pathogens infect plant cells, a specific type of enzyme changes the action of the mechanisms,
thereby losing its original equilibrium state and harming the organism [5]. Therefore, it
is of great significance to study the resistance of the host to the disease when a particular
disease infects it. The enzymes involved in disease resistance include peroxidase (POD),
superoxide dismutase (SOD), polyphenol oxidase (PPO), and phenylalanine ammonia-
lyase (PAL) [5,12]. After studying the relationship between various physiological and
biochemical metabolic reactions of the host and plant disease resistance, it is concluded
that SOD, POD, and other related enzymes can resist the damage of reactive oxygen and
oxygen free radicals to the cell membrane system, while PAL and PPO can promote the
production of various secondary metabolites in plants, thereby preventing the invasion
and reproduction of pathogens [13,14].

In the present study, after inoculation with smut pathogen, changes in parameters
between sugarcane plant leaves, such as the intercellular CO2 concentration (Ci), net photo-
synthetic rate (Pn), transpiration rate (Tr), stomatal conductance (gs), initial fluorescence
(Fo), the maximum potential quantum efficiency of photosystem II (Fv/Fm), minimum
fluorescence under light (Fo′), non-photochemical quenching coefficient (qNP), maximum
light energy conversion efficiency (Fv′/Fm′), steady-state fluorescence (Fs), electron trans-
port rate (ETR), photochemical quenching coefficient (qP), and maximum fluorescence
under light (Fm′), were measured. The preliminary analysis of relationships with resistance
and the detection of POD, SOD, PPO, and PAL activities after smut infection, the effects
of smut infection on photosynthetic physiological changes, and resistance-related enzyme
activities and response mechanisms were explored, providing a theoretical basis for further
research on the resistance mechanism and disease management of sugarcane to smut.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Treatments

The sugarcane cultivar ROC22 was used in this experiment, the most prevalent variety
in China. The experiment was completed in the greenhouse of Guangxi University, Nan-
ning, Guangxi, China. The healthy single bud of the test material was disinfected with hot
water treatment and used for sowing in the sand. After the emergence of the seedlings, the
healthy seedlings with strong growth and consistency were strictly selected and planted
in plastic barrels (40 cm upper diameter, 30 cm lower diameter, and 40 cm height). The
controlled moisture content was 70% of the maximum water holding capacity in the field,
and the experiment was carried out when the seedlings had 6–7 true leaves. The smut
pathogen teliospores were collected from the sugarcane base of the Agricultural College
of Guangxi University, heated at 40 ◦C (1 h), stored in sterilized paper bags, and stored at
4 ◦C for further use.

The test was carried out by the stab inoculation method, and the pathogen teliospores
germination rate was more than 95%. They were collected and diluted with sterile water
into a spore suspension with a concentration of 5 × 106 spores/mL using a sterile syringe.
The sterile syringe was stabbed four times into the sugarcane at the growing stage, and
then a 4-drop suspension (about 50 µL) was added along the leaf sheath. The control
group replaced the spore suspension with sterilized ddH2O. Inoculated once every day,
the photosynthetic physiological indexes of the sugarcane (+1) leaves inoculated for 1, 2,
3, and 4 days were uniformly measured up to the 4th day after inoculation. The enzyme
activity was measured 1, 3, 5, 7, and 9 days after smut inoculation.
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2.2. Measurement of Leaf Gas Exchange and Chlorophyll Fluorescence

Photosynthetic responses were measured from sugarcane cultivar ROC 22 1, 2, 3,
and 4 days after smut inoculation. The photosynthetic rate (Pn), stomatal conductance
(gs), transpiration rate (Tr), and internal CO2 concentration (Ci) were observed using a
portable photosynthesis system (Li-6400xt, LICOR, Lincoln, NE, USA) from a photosyn-
thetically fully mature leaf (+1). For each treatment and control, a minimum of five (n = 5)
measurements were recorded between 10:00–11:00 am. The photosynthetic photon flux
density ((PPFD) 1000 µmol m−2s−1), the leaf chamber temperature (35 ◦C), and the flow
rate (500 µmol s−1) were used while recording photosynthetic leaf gas exchange.

Chlorophyll fluorescence was measured by using an FMS-2 Modulate fluorometer
(Hansatech, UK). Dark-adapted leaf (30 min), initial fluorescence (Fo) with weak measure-
ment light, maximum fluorescence (Fm) with saturated pulsed light (9000 µmol m−2s−1),
and photochemical light (1200 µmol m−2s−1) were used to determine the steady-state fluo-
rescence (Fs), maximum (Fm′), and minimum fluorescence (Fo′) under the light. The PSII
maximum variable fluorescence (Fv = Fm − Fo), maximum variable fluorescence under
light (Fv′ = Fm − Fo′), maximum light energy conversion efficiency (Fv/Fm), actual light
energy conversion efficiency (ΦPSII = (Fm′ − Fs)/Fm′), maximum light energy conversion
efficiency (Fv′/Fm′) of the PSII reaction center under light adaptation, electron transport
rate (ETR), non-photochemical quenching coefficient (qNP), and photochemical quenching
coefficient (qP) were calculated by the chlorophyll fluorescence parameters. Each treatment
was replicated thrice (n = 3).

2.3. Enzyme Extraction

For the determination of antioxidative enzyme activities, 1 g of leaf samples were
homogenized in 5 mL of pre-cooled sodium borate buffer (pH 8.8) containing 1 mM EDTA,
5 mM β-mercaptoethanol, and 4% (w/v) PVP, incubated at 4 ◦C for 5 min. After incubation,
the homogenate was centrifuged (12,000× g) for 20 min at 4 ◦C, and the supernatant was
used for the subsequent estimation of POD, SOD, PPO, and PAL activities. The enzyme
activities were expressed as U g−1 FW.

2.3.1. Determination of Peroxidase and Superoxide Dismutase Activity

The peroxidase (POD) activity was assessed according to Nakano and Asada [15]
with slight modifications. The reaction mixture contained 0.1M phosphate buffer (pH 5.8)
and 18 mM guaiacol, mixed with the 50 µL of enzyme extract followed by the addition
of 2.5% H2O2 (v/v). The absorbance of the mixture was measured at 470 nm by a UV-
spectrophotometer. The specific POD activity was calculated by using the below formula
and expressed as U g−1 FW.

POD activity (U g−1 FW) = (∆A470 × Vt/(W × Vs × 0.01 × t)

where ∆A470 indicates the time for the change in absorbance, Vt is the total volume of the
reaction mixture, W is the sample fresh weight, Vs is the volume of the crude enzyme
extract, and t is the reaction time (min).

Superoxide dismutase (SOD) activity was determined in terms of its capacity for
50% inhibition of the photochemical reduction in NBT monitored at 560 nm as previously
described by Giannopolitis and Reis [16]. The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 13 mM methionine, 63 µM NBT, 1.3 µM riboflavin, and 0.1 mM EDTA
mixed with 0.5 mL of the enzyme solution. The specific SOD activity was calculated by
using the below formula and expressed as U g−1 FW.

SOD activity (U g−1 FW) = (∆A560 × Vt/(W × Vs × 0.05 × t)

where ∆A560 is the change in absorbance, Vt is the total volume of the reaction mixture,
W is the fresh weight of the sample, Vs is the volume of the crude enzyme, and t is the
reaction time (min).
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2.3.2. Quantification of Polyphenol Oxidase and Phenylalanine Ammonia-Lyase Activity

Polyphenol oxidase (PPO) activity was assayed as described by Zhang and Shao [17]
with minor modifications using a mixture (5 mL) containing 0.1 M sodium phosphate buffer
(pH 6.8), 0.02 M catechol, and crude enzyme extract. The enzyme extract was added to
start the reaction. A heat-killed crude enzyme was used in the control. The absorbance at
420 nm was observed for 3 min at 30-s intervals and the values per minute were calculated.
The results were presented as U g−1 FW.

Phenylalanine ammonia-lyase (PAL) was quantified by the procedure described by
Aoki et al. [18]. The reaction mixture (3 mL) consisted of 0.02 M L-phenylalanine (0.75 mL),
0.01 M borate buffer (2.15 mL, pH 8.8) and 0.1 mL of crude enzyme extract. Phenylalanine
conversion into cinnamic acid was estimated at 290 nm and expressed as U g−1 FW. The
samples were incubated at 30 ◦C for 1 h. In the control, the enzyme extract was replaced
with 1 mL of borate buffer. The reaction was stopped in an icebox. One activity unit was
defined as a change in absorbance of 0.01 at 290 nm.

2.4. Data Processing

The analytical data were analyzed using Microsoft Excel and SPSS 15.0 software, and
the significance test was performed using Duncan’s new complex range method.

3. Results
3.1. Effect of Smut Infection on Photosynthetic Leaf Gas Exchange

With the prolongation of the infection time of the smut pathogen, the photosynthesis
rate (Pn) of sugarcane seedlings showed a change of “rise-lower-rise”, which was signifi-
cantly decreased when compared with the control on the third day; it showed a substantial
increase on the fourth day after smut inoculation. It can be seen that the smut infection
attacked the normal photosynthesis of sugarcane seedlings and promoted photosynthetic
improvement. This may be the vital reason why it affects the early growth of sugarcane
seedlings (Table 1). The changing trend of stomatal conductance (gs) of sugarcane seedlings
is consistent with the changing trend of Pn, and there is a positive correlation between Pn
and gs. However, compared with the control, the changes in the gs of sugarcane seedlings
after pathogen infection were not apparent. It can be seen that stomatal factors do not
entirely control the changes in the Pn rate (Table 1).

The intracellular CO2 concentration (Ci) after smut infection showed a trend of in-
creasing first and then reducing, as compared to control plants (Table 1). The enhancement
was the largest after the third day of smut inoculation, significantly different from the
control condition. This situation occurred when the difference in gs was not noticeable, and
the Pn was decreased. It is speculated that the photorespiration of sugarcane seedlings is
enhanced after smut infestation, which causes an increase in the Ci level.

The transpiration rate (Tr) of plants reflects the degree of water loss in the aboveground
part, which can be used to observe the ability of plants to regulate water. This index is
closely associated with multiple physiological and metabolic pathways and also indirectly
reflects the regulation of the plant’s photosynthesis. It can be seen from Table 1 that with
the prolongation of infection time, the Tr of sugarcane leaves decreased and then increased.
The treatment and control trends were consistent, but the difference between the treatment
and control did not increase significantly (Table 1).
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Table 1. The changes in photosynthetic responses, i.e., net photosynthetic rate (Pn), stomatal con-
ductance (gs), intercellular CO2 concentration (Ci), rate of transpiration (Tr), and photosynthetic
water-use efficiency (WUE) during the inoculation of smut pathogen in sugarcane cv. ROC22.

Photosynthetic Response Treatment Condition
Days of Smut Inoculation

S R
1 2 3 4

Pn
(µmol m−2 s−1) CK 14.9 ± 0.72 a 18.9 ± 0.10 a 15.4 ± 0.35 a 19.6 ± 0.62 b 2.331 0.978

T 15.9 ± 0.74 a 17.7 ± 0.18 b 10.7 ± 1.23 b 25.2 ± 0.92 a 7.233 0.837

gs
(mol m−2 s−1) CK 0.077 ± 0.005 a 0.133 ± 0.002 a 0.081 ± 0.003 a 0.128 ± 0.010 a 0.031 0.912

T 0.092 ± 0.008 a 0.127 ± 0.004 a 0.078 ± 0.006 a 0.130 ± 0.029 a 0.030 0.917

Ci
(µmol mol−1) CK 54.93 ± 2.93 a 108.33 ± 0.67 a 55.27 ± 8.03 b 100.53 ± 1.85 a 31.063 0.863

T 72.23 ± 11.15 a 113.33 ± 3.84 a 131.67 ± 7.69 a 97.06 ± 7.55 a 20.155 0.960

Tr
(mmol m−2 s−1) CK 2.410 ± 0.153 a 3.610 ± 0.063 a 2.523 ± 0.121 a 3.397 ± 0.271 a 0.623 0.952

T 2.950 ± 1.182 a 3.497 ± 0.029 a 2.367 ± 0.152 a 3.607 ± 0.711 a 0.689 0.944

PWUE
(µmol CO2 mmol H2O−1)

CK 6.185 ± 1.021 a 5.230 ± 0.801 a 6.104 ± 0.871 a 5.432 ± 0.832 a 1.601 0.901

T 5.391 ± 0.924 a 5.147 ± 1.023 a 4.472 ± 0.591 a 5.315 ± 1.201 a 1.623 0.867

Note: CK: inoculation with ddH2O, T: inoculation with smut pathogen. S: standard error, R: correlation coefficient.
The superscript letters represent a significant difference between different treatments (p < 0.05 LSD), n = 5.

Photosynthetic water use efficiency (WUE), the amount of CO2 fixed by plant consump-
tion per unit of weight water, usually uses Pn/Tr to indicate the level of plant water-use
efficiency. When the water supply to the plant is low, the plant generally tends to achieve a
higher WUE by adjusting the openness of the stomata while maintaining high Pn; when the
environmental water supply is especially insufficient, the plant can reduce the transpiration
rate to improve WUE. It can be seen from Table 1 that the smut infection reduced the WUE
of sugarcane plants, and the downregulation was most significant on the third day after
smut inoculation.

3.2. Effect of Smut Infection on Chlorophyll Fluorescence Variables

Minimal chlorophyll fluorescence (Fo) is the fluorescence yield of the photosystem II
(PS II) reaction center when it is completely open. The changes are closely interconnected
to the leaf chlorophyll concentration, showing the permanent damage of stress to PSII
in the plant leaves. The maximum fluorescence yield (Fm) reflects the electron transfer
through the PSII, which is the fluorescence yield when the PSII reaction center is completely
closed. The non-photochemical energy dissipation of PSII causes a loss in Fo. If reversible
deactivation or destruction occurs in the reaction center of PSII, it will increase Fo. Thus,
the intrinsic mechanism of this change can be reflected by changes in the initial fluorescence.
After being infected by smut, the Fo of the leaves of sugarcane seedlings showed a trend of
increasing first and then decreasing with the prolongation of infection time; Fm showed a
trend of reducing rather than increasing (Figure 1). The pathogen infection induced the
reversible inactivation or destruction of the PSII reaction center for the first day. The Fo
of the sugarcane leaves showed a downward trend with the infestation time, indicating
that the energy absorbed by the antenna pigment of the PSII of the sugarcane leaves was
dissipated in the form of fluorescence and heat. At the same time, the amount of flow to
photochemistry is reduced. It can be seen that the pathogen infection caused a certain
degree of damage to the photosynthetic apparatus of the sugarcane leaves.



Life 2022, 12, 1201 6 of 14

Life 2022, 12, x FOR PEER REVIEW 6 of 15 
 

 

tion time, indicating that the energy absorbed by the antenna pigment of the PSII of the 
sugarcane leaves was dissipated in the form of fluorescence and heat. At the same time, 
the amount of flow to photochemistry is reduced. It can be seen that the pathogen infec-
tion caused a certain degree of damage to the photosynthetic apparatus of the sugarcane 
leaves. 

 

 

 
Figure 1. The variation of minimum ((A), Fo), maximum ((B), Fm), and optimum chlorophyll flu-
orescence yield of PS II ((C), Fv/Fm) of sugarcane cv. ROC22 plant leaves in response to smut in-
oculation at different time periods. CK—control, T—smut inoculation. 

The maximum photochemical quantum yield (Fv/Fm) reflects the conversion effi-
ciency of the original light energy in the PSII reaction center. It is minimal in plant leaves 
under non-infected conditions, nearly 0.8. It can be seen from Figure 1 that the original 

40

50

60

70

80

90

100

110

120

Fo

CK TA

300

325

350

375

400

425

450

Fm

CK TB

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

1 2 3 4

FV
/ F

m

Days of treatment

CK TC

Figure 1. The variation of minimum ((A), Fo), maximum ((B), Fm), and optimum chlorophyll
fluorescence yield of PS II ((C), Fv/Fm) of sugarcane cv. ROC22 plant leaves in response to smut
inoculation at different time periods. CK—control, T—smut inoculation.
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The maximum photochemical quantum yield (Fv/Fm) reflects the conversion effi-
ciency of the original light energy in the PSII reaction center. It is minimal in plant leaves
under non-infected conditions, nearly 0.8. It can be seen from Figure 1 that the original light
energy conversion efficiency Fv/Fm shows a trend of decreasing first and then increasing
gradually with the treatment time. The difference between Fv/Fm and the control sug-
arcane seedling leaves reached a significant level, indicating that sugarcane was severely
affected 3–4 days after smut inoculation. The actual photochemical efficiency (ΦPSII) is the
effective quantum yield of PSII and a relative indicator of the rate of photosynthetic electron
transport in plants. This indicator can be directly measured under light conditions without
a dark-adapted leaf. It can capture the actual primary light energy of PSII when part of
the reaction center is closed. It can be seen from the change of PSII actual photochemical
efficiency (ΦPSII), with the prolongation of infestation time, that ΦPSII initially decreased
then increased (Figure 2).
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Figure 2. Effect of ΦPSII on sugarcane cv. ROC22 plants during smut inoculation. CK—control,
T—smut inoculation.

It can be seen from Figure 3 that the maximum light energy conversion efficiency
(Fv′/Fm′) of sugarcane seedlings showed decreasing trend initially and then increased as
compared to control plants. The overall performance of Fv′/Fm is an upward trend with
the infestation time, and the difference between the treatment and the control reached a
significant level. The changing trend of Fv′/Fm′ of the PSII reaction center in sugarcane
leaves under light adaptation conditions is consistent with the changing trend of Fv/Fm
after dark adaptation. Compared with the control, the steady-state fluorescence (Fs) of
the light showed an increasing pattern and then decreased; the maximum decrease was
observed when pathogen-infected for 4 days. As the pathogen infection time prolonged,
the overall trend gradually reduced.
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time periods. CK—control, T—smut inoculation.

3.3. Changes in Photochemical Quenching Coefficient and Non-Photochemical Quenching Coefficient

Fluorescence quenching includes photochemical (qP) and non-photochemical quench-
ing (qNP). Photochemical quenching can reflect the proportion of light energy absorbed
by the PSII in photochemical electron transport and indirectly reflect the degree of open-
ing and closing of the PSII reaction center and the ratio of the QA oxidation state. qNP
reflects the proportion of light energy absorbed by the PSII in the form of heat, which also
demonstrates the energization of the plant photosynthetic membrane. It can be seen from
Table 2 that the photochemical quenching coefficient (qP) of the pathogen decreased and
then increased as compared to control plants. The difference between the treatment and
control reached a significant level, and the increase in qP was the largest with three days
of pathogen infection. qNP is opposite to qP, i.e., with the prolongation of infection time,
qNP shows a trend of “rise-lower-rise”. Except for the 1-day infestation, the other time
treatments were significantly different from the control. The magnitude of qNP reduction
was most significant on the third day after being infected by pathogens. This indicates
that when sugarcanes were infected by smut, it caused an increase in the proportion of the
closed part of the PSII reaction center in the sugarcane leaves and hindered the electron
flow in the PSII (oxidation lateral reaction center), which further decreased the quantum
yield of electron transport.
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Table 2. The variation of qP and qNP characteristics during smut inoculation.

Fluorescence Parameters Treatment Days of Smut Inoculation Loss or Gain (%)

1 2 3 4

qP CK 0.959 ± 0.003 a 0.949 ± 0.003 a 0.903 ± 0.007 b 0.923 ± 0.008 b −0.04
T 0.948 ± 0.004 b 0.930 ± 0.004 b 0.956 ± 0.003 a 0.948 ± 0.002 a −0.01

qNP CK 0.253 ± 0.017 a 0.230 ± 0.019 b 0.321 ± 0.021 a 0.137 ± 0.020 b −0.46
T 0.245 ± 0.011 a 0.286 ± 0.011 a 0.167 ± 0.009 b 0.278 ± 0.017 a 0.13

Note: CK: inoculation with ddH2O, T: inoculation with smut pathogen. Means labeled by different letters are
significantly different at p < 0.05 using the LSD test.

3.4. Correlation Coefficient between Photosynthesis, Stomatal Conductance, Intercellular CO2
Concentration, Transpiration Rate, and Water-Use Efficiency

The correlation coefficients of Pn, gs, Ci, Tr, and WUE are shown in Table 3. The Pn
of sugarcane seedlings was positively correlated with gs, Tr, and WUE and negatively
correlated with Ci. It can be seen that gs, Tr, and WUE are the main factors affecting Pn.

Table 3. The correlation coefficient relationships between photosynthetic parameters.

Variable Pn gs Ci Tr WUE

Pn 1.000
gs 0.926 * 1.000
Ci −0.461 ** −0.093 1.000
Tr 0.984 ** 0.978 ** −0.295 1.000

WUE 0.838 ** 0.577 ** −0.864 ** 0.727 ** 1.000
Note: * and ** indicate significant difference at p < 0.05 (r = 0.3291), p < 0.01 (r = 0.4238).

3.5. Correlation Coefficient between Leaf Photosynthetic Parameters and Chlorophyll Fluorescence Variables

During smut inoculation, the Ci was significantly positively correlated with Fv′/Fm′

and ΦPSII; the initial fluorescence (Fo) positively correlated with Fv/Fm, Fs, and ETR;
Fv/Fm positively correlated with Fv′/Fm; Fs significantly positively correlated with
Fv′/Fm′; and Fv′/Fm′ positively correlated with ΦPSII. The results showed a close rela-
tionship between the photosynthetic responses and chlorophyll fluorescence variables of
sugarcane seedlings in response to smut infestation of sugarcane plants (Table 4).

Table 4. The correlation coefficient of photosynthetic and chlorophyll fluorescence parameters.

Variable Pn gs Ci Fo Fv/Fm Fs Fv′/Fm′ ΦPSII qP qNP ETR

Pn 1.000
gs 0.995 1.000
Ci 0.301 0.283 1.000
Fo 0.457 0.525 0.554 1.000

Fv/Fm −0.484 −0.537 −0.693 −0.984 1.000
Fs 0.360 0.416 0.714 0.971 −0.990 1.000

Fv′/Fm′ −0.265 −0.267 −0.978 −0.691 0.804 −0.834 1.000
ΦPSII −0.359 −0.345 −0.997 −0.603 0.736 −0.750 0.982 1.000

qP −0.757 −0.698 −0.662 −0.181 0.317 −0.241 0.533 0.677 1.000
qNP 0.062 −0.020 0.706 −0.191 0.012 0.009 −0.554 −0.667 −0.699 1.000
ETR 0.114 0.211 0.091 0.846 −0.744 0.756 −0.290 −0.137 0.352 −0.634 1.000

p < 0.05 (r = 0.3291), p < 0.01 (r = 0.4238).

3.6. Effects of Smut Infection on Enzymatic Activities in Sugarcane Plants

The results of POD activity determination after inoculation with smut are shown in
Figure 4A. The POD activity was increased after inoculation with smut, and the POD
activity showed a bimodal trend; the activity reached peaks I and II, respectively. On the
third and seventh days after smut inoculation, peak II was more significant than peak I.
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Compared with the control plants, the POD activity of peak I and II of ROC22 increased by
45.9 and 51.9%, respectively, and the difference reached a significant level (p < 0.01).
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Figure 4. Effect of smut infection on peroxidase ((A), POD), superoxide dismutase ((B), SOD),
polyphenol oxidase ((C), PPO), and phenylalanine ammonia-lyase ((D), PAL) activities in sugarcane
cv. ROC22 plants at specific time intervals.

Figure 4B shows that the SOD activity in sugarcane plant leaves increased after
inoculation, and SOD activity peaks were generated or tended to reach the activity peak I
and II on the third and seventh days after inoculation, respectively. Compared with the
control, ROC22 activity peaks I and II increased by 7.3 and 4.6%, respectively, but the
difference was insignificant (p < 0.05). It can be seen from Figure 4C, that PPO activity was
enhanced after smut inoculation, and reached peak I and peak II activity on the third and
seventh days. Peak II was more significant than peak I, respectively. Compared with the
control, the activity peak I and II of ROC22 increased by 36.5 and 26.9%, respectively, with
a significant difference (p < 0.05). As shown in Figure 4D, PAL activity was higher than that
of the control during the inoculation period, and increased initially and then decreased,
with the peak activity on the third day after inoculation. PAL activity was significantly
higher (36.5%) than the control after the third day of smut inoculation.

4. Discussion

The influence of sugarcane smut pathogens on sugarcane seedlings is multi-faceted
and multi-layered. Green plants synthesize organic matter and gain energy through pho-
tosynthesis. Pathogen stress can affect the activity of enzymes related to photosynthetic
electron transport and dark reactions in plants, and it can also cause direct damage to
the photosynthetic apparatus system. Therefore, the impact of pathogens on plant pho-
tosynthesis is multifaceted [5,19]. In this study, the photosynthesis rate of sugarcane
seedlings showed a “rising-lowering-liter” change after the artificial stab inoculation of
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smut pathogens. The photosynthetic rate was observed to have significant reductions on
the second and third days after smut infection, and a more significant increase began to
occur on the fourth day. Leaf gas exchange in plants between in vivo and in vitro condi-
tions is mainly done through stomata, so changes in gs affect plant Tr and Pn. Plants can
regulate the concentration of CO2 and the loss of water in plants by changing the opening
and closing of their pores or the size of the pores. Therefore, the gs can directly reflect
changes in the physiological activity of the plant. The study found that the changes in gs
of sugarcane seedlings after smut infection were insignificant. It is considered that there
are two main reasons for the decline of Pn; stomatal and non-stomatal factors are mainly
affected by the regulation mechanism [2,5,20].

It is speculated that the changes in the Pn of sugarcane seedlings are caused by non-
stomatal factors during smut infection. In addition, the study also found that the Ci level
in sugarcane plants increased after smut infection. This result may be due to the increase in
photorespiration of sugarcane seedlings caused by the infection of the pathogen, decreasing
the photosynthetic capacity of leaves, which made the supply capacity of CO2 exceed the
ability of the photosynthetic mechanism to assimilate. In addition, the obstruction of the
photosynthetic product transport leads to the accumulation of photosynthetic products in
leaves, an important reason for the decrease in Pn. It is speculated that the proliferation
of pathogen in the early stage of smut infection inhibits the output of leaf photosynthetic
products, which is another possible reason for the decrease in the Pn of sugarcane plants.
When the pathogens multiply in the sugarcane plants, they stimulate the excessive Pn
of the sugarcane seedlings, eventually leading to excessive nutrient consumption and
pre-existing length. Yu et al. [21] found that the trend of Pn and Tr infected with acne
scars was consistent with this study. The chlorophyll degradation in leaves is caused by
pathogen infection [21].

The change of chlorophyll fluorescence is closely related to the photosynthetic per-
formance. The chlorophyll fluorescence kinetic changes can reflect the effects of stress on
the different processes of plant Pn. Therefore, chlorophyll fluorescence parameters can be
used to evaluate the function of the plant photosynthetic system and analyze the effects
of environmental stress on plants and the extent of damage and the degree of damage
in the photosynthetic structure during the adversity. Schnettger et al. [22] suggested that
the destruction of the PSII reaction center led to an increase in Fo and a decrease in Fv,
Fm, and ΦPSII, which was consistent with the results of the study on sugarcane seedlings
1 and 2 days after smut infection. It can be seen that the infection of smut pathogens
caused severe damage to the active center of the PSII in the leaves of sugarcane seedlings,
inhibiting the original reaction process and also affecting the photosynthetic electrons
from the reaction center of the PSII to the plastids and electron acceptors A and B. In the
transmission process, the invasion of pathogens causes photoinhibition in plants. The smut
infection causes the decrease in ΦPSII in the sugarcane leaves, indicating that the disease
stress reduces the number of electrons involved in CO2 fixation and the open ratio of the
reaction center in PSII, which leads to the weakening of photosynthetic electron transport
ability, the obstruction of the dark reaction of sugarcane leaves, and the slow conversion of
light energy captured by photosynthetic pigment into chemical energy [5,23].

The ΦPSII and Pn decreases, which will be detrimental to the formation of the final
yield of sugarcane. The chlorophyll fluorescence parameters of sugarcane leaves also
changed with the duration of pathogen infection. It was found that the smut affected
the chlorophyll fluorescence of sugarcane plants. The present findings also found that on
the third and fourth day, Fo decreased, and Fv, Fm, and ΦPSII increased after pathogen
infection. It can be seen that sugarcane seedlings responded positively by self-regulation in
the early stage of smut pathogen infection and reduced their loss.

After smut inoculation, the Fv/Fm value increased initially and then decreased. It is
inconsistent with the loss of Fv/Fm value caused by tobacco mosaic virus infection [23].
This may be due to the period of measurement of the initial stage of smut infection, and that
sugarcane seedlings have more resistance and regulation to the invasion of the pathogen.
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The loss of Fv′/Fm′ of sugarcane seedlings on the first and second day after pathogen
infection was more significant than that of Fv/Fm, indicating that the rate and efficiency of
the original light energy converted into chemical energy were caused by pathogen infection.
The energy of light was not as sufficient as that of control, which may be another reason
for the decreased photosynthetic rate caused by the smut infection. qP reflects the share of
light energy absorbed by the PSII for photochemical electron transport, which also reflects
the reduction state of the PSII primary electron acceptor QA. The larger the qP, the more
electron transfer activity of the PSII [24]. The qP value of sugarcane seedlings decreased
during the first 2 days after smut infestation and reduced power consumption caused by the
acyclic electron transfer process was lower, which also indicated that the reduction degree
of QA was higher, the proportion of the open part of the PSII reaction center decreased, and
the balance of the closed position of the reaction center increased. Stable charge separation
cannot be completed when the PSII reaction center is closed. Therefore, it is impossible
to realize the ordered linear transfer process of photosynthetic electrons [25]. The qP
value increased rapidly on the third and fourth days after infestation, reflecting that the
sugarcane seedlings responded positively to the invasion of smut pathogens and reduced
their damage.

The activity of POD and SOD in sugarcane was increased after smut infection. Under
normal conditions, the reactive oxygen removal system in the plant, such as SOD, POD,
etc., keeps the reactive oxygen metabolism in low dynamic equilibrium. Still, the pathogen
infects the host and causes the sudden onset of reactive oxygen species (ROS) in the infected
parts of the plants. The accumulation of ROS in sugarcane caused by smut led to increased
SOD and POD activity which indicated that the sugarcane could reduce the injury to
sugarcane by improving SOD and POD activity. PPO is mainly involved in the oxidation of
phenols to form strontium and the polymerization of lignin precursors. PAL is an important
and rate-limiting enzyme in the phenylpropanoid metabolic pathway. The roles of these
two enzymes, mainly PPO and PAL, promote the production of phenolic compounds with
antibiotic properties, killing the host’s cells while killing the infected pathogens. PPO and
PAL are involved in the synthesis of lignin, while lignin itself is toxic to germs and has an
antimicrobial effect. PPO and PAL activities were enhanced after smut infection, indicating
involvement in the process of sugarcane response to smut [5,19].

In addition, photoinhibition occurred in the early stage of infection, and photosyn-
thetic capacity increased on the third day, which might be related to increased enzyme
activity. Under natural conditions, when plants are subjected to various environmental
stresses, the photosynthesis ability of plants is reduced, resulting in inevitably generating
excess excitation energy [26]. Plants have developed a series of protective mechanisms
during long-term evolution, such as heat dissipation, light respiration, etc., which depend
on the xanthophyll cycle. Among them, the Mehler reaction is also considered to play a
role in excess light energy dissipation [27,28]. It is speculated that its role may be reflected
in two aspects: direct consumption of excess excitation electrons and the establishment
of a transmembrane proton gradient to initiate heat dissipation [29]. It showed apparent
photoinhibition on the first and second day and recovered on the third day; additionally,
the activity of SOD and POD increased, which may be the result of the start of the Mehler
reaction. The Mahler reaction is the process by which O2 is reduced to O2

− as an excited
single electron acceptor [30]. The O2

− produced by this reaction converts harmful super-
oxide radicals into H2O2 by SOD. Although hydrogen peroxide is still toxic to the body,
the body’s CAT and POD immediately break it down into completely harmless water. The
three enzymes form a complete antioxidant chain [19,31].

Quinone can intervene in the reaction of photosynthesis. PPO only exists in those
chloroplasts that produce high-level oxygen and is related to chloroplasts with a high
ratio of chlorophyll. While the strong-offset PPO preparation of KCN can significantly
improve the release of oxygen in photosynthesis, the broad bean PPO and the PSII protein
are co-separated. The first 15 amino acids of the N-terminus of spinach PPO were identical
to those of the PSII light-harvesting complex (LHCII) [32]. Therefore, PPO may act as a
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metal oxidoreductase, regulating the redox level in the cytoplasm, binding to oxygen, and
delivering molecular oxygen to regulate the harmful photooxidation reaction rate in the
chloroplast, participate in the electron transfer, and function as an energy conversion [33,34].

5. Conclusions

This study can help to understand the effects of sugarcane smut pathogens on the pho-
tosynthesis, chlorophyll fluorescence, and related defense enzymes of sugarcane seedlings.
The Pn, gs, and Tr rates of sugarcane seedlings decreased on the first three days after smut
infection and increased on the fourth day. Intercellular CO2 concentration increased in
the first three days after smut infection and decreased on the fourth day. The chlorophyll
fluorescence parameters Fv, Fm, ΦPSII, Fv/Fm, and Fv′/Fm′ decreased at the initial stage
of pathogen infection but increased rapidly on the third day after infection. It can be seen
that sugarcane seedlings showed a positive response to pathogen infection. Correlation
analysis showed that the correlation coefficient between Pn, gs, and Tr reached above 0.800,
indicating a significant positive correlation; Ci was significantly positively correlated with
Fv′/Fm′ and ΦPSII; Fo positively correlated with Fv/Fm, Fs, and ETR; Fv /Fm significantly
positively correlated with Fv′/Fm′; Fs positively correlated with Fv′/Fm′, and Fv′/Fm′

significantly positively correlated with ΦPSII. After inoculation, the related defense en-
zymes POD, SOD, PPO, and PAL were increased and were associated with the sugarcane
response to the smut. The upregulation in photosynthetic capacity may be interconnected
to the increase in enzymatic activities.

Author Contributions: X.S. and Y.-R.L. designed the experiment. X.S., F.M., M.Y., X.Z., B.Z., X.H.,
D.H., Y.P. and K.K.V. performed the literature search, experiment, and data analysis. The original
draft was written by X.S. and K.K.V. and Y.-R.L. critically revised the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the Youth Program of the National Natural Science
Foundation of China (31901594), Guangxi Natural Science Foundation (2021GXNSFAA220022),
Guangxi characteristic crop experimental station (GTS2022022), Fund for Guangxi Innovation Teams
of Modern Agriculture Technology (nycytxgxcxtd-2021-03), Natural Science Foundation of China
(31960521), and Fund of Guangxi Academy of Agricultural Sciences (2021YT011/2021YT007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are very thankful to the Guangxi Academy of Agricultural Sciences, Nanning,
Guangxi, China for providing the necessary facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Su, Y.; Wang, Z.; Xu, L.; Peng, Q.; Liu, F.; Li, Z.; Que, Y. Early selection for smut resistance in sugarcane using pathogen

proliferation and changes in physiological and biochemical indices. Front. Plant Sci. 2016, 7, e84426. [CrossRef]
2. Verma, K.K.; Song, X.P.; Yadav, G.; Degu, H.D.; Parvaiz, A.; Singh, M.; Huang, H.H.; Mustafa, G.; Xu, L.; Li, Y.R. Impact of

agroclimatic variables on proteogenomics in sugar cane (Saccharum spp.) plant productivity. ACS Omega 2022, 7, 22997–23008.
[CrossRef] [PubMed]

3. Que, Y.; Su, Y.; Guo, J.; Wu, Q.; Xu, L. A global view of transcriptome dynamics during Sporisorium scitamineum challenge in
sugarcane by RNA-seq. PLoS ONE 2014, 9, e106476. [CrossRef] [PubMed]

4. Wang, B. The occurrence status and the research progress of sugarcane disease in China. Sugar Crops China 2007, 3, 48–51.
5. Rajput, M.A.; Rajput, N.A.; Syed, R.N.; Lodhi, A.M.; Que, Y. Sugarcane smut: Current knowledge and the way forward for

management. J. Fungi 2021, 7, 1095. [CrossRef]
6. Sun, G.; Wang, W. Effects of leaf mosaic infection on photosynthesis and transpiration of papaya leaves. Acta Phytophylacica Sin.

1985, 15, 230–234.
7. Pinon, D.; de Armas, R.; Vicente, C.; Legaz, M.E. Role of polyamines in the infection of sugarcane buds by Ustilago scitaminea

spores. Plant Physiol. Biochem. 1999, 37, 57–64. [CrossRef]

http://doi.org/10.3389/fpls.2016.01133
http://doi.org/10.1021/acsomega.2c01395
http://www.ncbi.nlm.nih.gov/pubmed/35847309
http://doi.org/10.1371/journal.pone.0106476
http://www.ncbi.nlm.nih.gov/pubmed/25171065
http://doi.org/10.3390/jof7121095
http://doi.org/10.1016/S0981-9428(99)80067-9


Life 2022, 12, 1201 14 of 14

8. De Armas, R.; Santiago, R.; Legaz, M.-E.; Vicente, C. Levels of phenolic compounds and enzyme activity can be used to screen for
resistance of sugarcane to smut (Ustilago scitaminea). Australas Plant Path. 2007, 36, 32–38. [CrossRef]

9. Kim, Y.C.; Kim, S.Y.; Choi, D.; Ryu, C.-M.; Park, J.M. Molecular characterization of a pepper C2 domain-containing SRC2 protein
implicated in resistance against host and non-host pathogens and abiotic stresses. Planta 2008, 227, 1169–1179. [CrossRef]

10. Torres, M.A.; Jones, J.D.; Dangl, J.L. Reactive oxygen species signaling in response to pathogens. Plant Physiol. 2006, 141, 373–378.
[CrossRef]

11. Wawrzynska, A.; Christiansen, K.M.; Lan, Y.; Rodibaugh, N.L.; Innes, R.W. Powdery mildew resistance conferred by loss of the
enhanced disease resistance1 protein kinase is suppressed by a missense mutation in keep on going, a regulator of abscisic acid
signaling. Plant Physiol. 2008, 148, 1510–1522. [CrossRef]

12. Hao, L.; Wang, L.; Ma, C.; Yan, Z.F.; Wang, J.B. Research advances in interaction between pathogenic fungi and plant host. J. Hebei
Agric. 2001, 5, 73–77.

13. Girousse, C.; Faucher, M.; Kleinpeter, C.; Bonnemain, J.L. Dissection of the effects of the pea aphid Acyrthosiphon pisum feeding on
assimilate partitioning in Medicago sativa. New Phytol. 2003, 157, 83–92. [CrossRef] [PubMed]

14. Li, C.X.; Li, P.; Su, Y.F.; Zheng, P.Q.; Zhang, F.Q.; Zhang, Y. Effect of salicylic acid on permeability of plasma membrane and
activities of protect enzymes of maize (Zea mays L.) seedlings under cadmium stress. Plant Physiol Comm. 2006, 45, 882–884.

15. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-sepecific peroxidase in spinach choloroplasts. Plant Cell
Physiol. 1981, 22, 867–880.

16. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: I occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]
[PubMed]

17. Zhang, X.; Shao, X. Characterisation of polyphenol oxidase and peroxidase and the role in browning of loquat fruit. Czech J. Food
Sci. 2016, 33, 109–117. [CrossRef]

18. Aoki, S.; Araki, C.; Kaneko, K.; Katayama, O. Occurrence of L-phenylalanine ammonia-lyase activity in peach fruit during growth.
Agric. Biol. Chem. 1971, 35, 784–787. [CrossRef]

19. Song, X.P.; Verma, K.K.; Tian, D.D.; Zhang, X.Q.; Liang, Y.J.; Huang, X.; Li, C.L.; Li, Y.R. Exploration of silicon functions to
integrate with biotic stress tolerance and crop improvement. Biol. Res. 2021, 54, 19. [CrossRef] [PubMed]

20. Lal, A.; Ku, M.; Edwards, G.E. Analysis of inhibition of photosynthesis due to water stress in the C3 species Hordeum vulgare
and Vicia faba: Electron transport, CO2 fixation and carboxylation capacity. Photosynth. Res. 1996, 49, 57–69. [CrossRef]

21. Yu, W.Y.; Pan, T.G.; Ke, Y.Q. Studies on photosynthesis of sweet potato under the stress of sweet potato scab. Chin. J. Eco-Agric.
2006, 14, 161–164.

22. Schnettger, B.; Critchley, C.; Santore, U.J.; Graf, M.; Krause, G.H. Relationship between photoinhibition of photosynthesis, D1
protein turnover and chloroplast structure: Effects of protein synthesis inhibitors. Plant Cell Environ. 1994, 17, 55–64. [CrossRef]

23. Song, X.P.; Mo, F.; Verma, K.K.; Wei, J.; Zhang, X.; Yang, L.; Li, Y.R. Effect of sugarcane smut (Ustilago scitaminea Syd.) on
ultrastructure and biochemical indices of sugarcane. Biomed. J. Sci. Tech. Res. 2019, 17, 12546–12551.

24. Wang, K.; Xu, C. The effects of water stress on some in vivo chlorophyll: A fluorescence parameters of wheat flag leaves. Acta
Biophys. Sin. 1997, 13, 273–278.

25. Fu, D.Y.; Hong, J.; Chen, J.S.; Wu, J.X. Accumulation of coat protein of turnip mosaic virus in host chloroplasts and its effect on
PSII activity. J. Plant Physiol. Mol. Biol. 2004, 30, 34–40.

26. Feng, Y.; Zhang, Y.; Zhu, C. Relationship between photo-inhibition of photosynthesis and reactive oxygen species in leaves of
poplars suffering root osmotic stress. Chin. J. Appl. Ecol. 2003, 14, 1213–1217.

27. Tao, Z.Y.; Zou, Q. Roles of mehler reaction in dissipating excess light energy in soybean leaves. Acta Phytophysiol. Sin. 2001,
27, 66–72.

28. Zou, Q.; Xu, C.; Zhao, S.; Meng, Q. The role of SOD in protecting the photosynthetic apparatus of soybean leaves from midday
high light stress. Acta Phytophysiol. Sin. 1995, 21, 397–401.

29. Chen, H.X.; Gao, H.Y.; An, S.Z.; Li, W.J. Dissipation of excess energy in Mehler-peroxidase reactioin in Rumex leaves during salt
shock. Photosynthetica 2004, 42, 117–122. [CrossRef]

30. Mehler, A.H. Studies on reactions of illuminated chloroplasts. I. Mechanism of the reduction of oxygen and other Hill reagents.
Arch. Biochem. Biophys. 1951, 33, 65–77. [CrossRef]

31. Song, R.; Ding, Y.; Gong, C.; Xu, G.; Han, X. Research advances in relationship between tobacco resistance and protective enzymes
activity. Chin. Agric. Sci. Bull. 2007, 23, 309–314.

32. Wang, M.L.; Hu, Z.L.; Zhou, M.Q.; Song, Y.C. Advances in research of polyphenol oxidase in plants. Chin. Bull. Bot. 2005,
22, 215–222.

33. Trebst, A.; Dep, K.B. Polyphenol oxidase and photosynthesis research. Photosynth. Res. 1995, 46, 414–432. [CrossRef]
34. Huang, M.; Peng, S. Progress on polyphenol oxidases in plants. J. Guangxi Norm. Univ. 1998, 16, 66–70.

http://doi.org/10.1071/AP06077
http://doi.org/10.1007/s00425-007-0680-2
http://doi.org/10.1104/pp.106.079467
http://doi.org/10.1104/pp.108.127605
http://doi.org/10.1046/j.1469-8137.2003.00659.x
http://www.ncbi.nlm.nih.gov/pubmed/33873699
http://doi.org/10.1104/pp.59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/16659839
http://doi.org/10.17221/384/2014-CJFS
http://doi.org/10.1080/00021369.1971.10859991
http://doi.org/10.1186/s40659-021-00344-4
http://www.ncbi.nlm.nih.gov/pubmed/34238380
http://doi.org/10.1007/BF00029428
http://doi.org/10.1111/j.1365-3040.1994.tb00265.x
http://doi.org/10.1023/B:PHOT.0000040579.37842.ca
http://doi.org/10.1016/0003-9861(51)90082-3
http://doi.org/10.1007/BF00020414

	Introduction 
	Materials and Methods 
	Plant Materials, Growth Conditions, and Treatments 
	Measurement of Leaf Gas Exchange and Chlorophyll Fluorescence 
	Enzyme Extraction 
	Determination of Peroxidase and Superoxide Dismutase Activity 
	Quantification of Polyphenol Oxidase and Phenylalanine Ammonia-Lyase Activity 

	Data Processing 

	Results 
	Effect of Smut Infection on Photosynthetic Leaf Gas Exchange 
	Effect of Smut Infection on Chlorophyll Fluorescence Variables 
	Changes in Photochemical Quenching Coefficient and Non-Photochemical Quenching Coefficient 
	Correlation Coefficient between Photosynthesis, Stomatal Conductance, Intercellular CO2 Concentration, Transpiration Rate, and Water-Use Efficiency 
	Correlation Coefficient between Leaf Photosynthetic Parameters and Chlorophyll Fluorescence Variables 
	Effects of Smut Infection on Enzymatic Activities in Sugarcane Plants 

	Discussion 
	Conclusions 
	References

