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1 | INTRODUCTION

Cassava (Manihot esculenta) is one of the most widely grown tuber

crops and an important food security crop for smallholder farmers,

Abstract

Cassava common mosaic virus (CsCMV) is a potexvirus that causes systemic infec-
tions in cassava plants, leading to chlorotic mosaic and producing significant yield
losses. To date, the physiological alterations and the mechanism underlying biotic
stress during the cassava-CsCMV compatible interaction remains unknown. In this
study, we found that CsCMV infection adversely modified chloroplast structure and
had functional effects on chloroplasts in source leaves during the course of viral in-
fection. Extrusion of the chloroplast membrane with amoeboid-shaped appearance
and disorganized grana stacks were observed in infected mesophyll cells. These al-
terations were associated with up to 35% reduction of relative chlorophyll content,
and a decline of CO, fixation (13.5% and 24.2% at 90 and 210 days after planting,
respectively). The effects of CsCMV infection on the performance index on absorp-
tion basis dropped up to 37%. The analysis of chlorophyll a fluorescence showed a
progressive loss of both oxygen evolving complex activity and “connectivity” within
the tripartite system (core antenna-LHCII-reaction centre). Here, we report the latter
phenomenon for the first time in a viral infection. The oxidative stress process was
observed in CsCMV-infected plants (20.8% reduction of antioxidant capacity with
respect to noninfected plants). Other effects of the pathogen included reduction of
starch and maltose content in source leaves, and a significant increase (24.7%) of the
sucrose:starch ratio, which indicates an altered pattern of carbon allocation. Our re-
sults suggest that CsCMV induces chloroplast distortion associated with progressive
chloroplast function loss and diversion of carbon flux in source leaf tissue, leading to

the loss of cassava tuber yield.
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especially in low-income, food-deficit areas (FAO, 2013). Its storage
roots are the main organ, which are marketed as a feed resource and
feedstock for starch extraction, bioenergy production, and phar-

maceutical and textile industries. Accordingly, cassava is a widely
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recognized sustainable crop in the context of the global changing

climate (FAO, 2013; Marx, 2019). Its productivity is conditioned by

the starch accumulation from CO, fixation and the source-sink re-
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lationship (Yan et al., 2019). Because cassava is vegetatively prop-
agated, its yield is greatly restrained by viral diseases (Legg et al.,
2015). Among all reported cassava-infecting potexviruses (Lozano
et al., 2017), cassava common mosaic virus (CsCMV) has been iden-
tified as the only one able to cause disease in a single infection and
to produce significant yield losses (Venturini et al., 2016; Zanini et al.,
2020). This pathogen has been detected infecting cassava crops in
South America (Chaparro-Martinez and Trujillo-Pinto, 2003; Silva
et al., 2011; Calvert et al., 2012; Fernandez et al., 2017; Zanini et al.,
2018) and recently in China (Tuo et al., 2020).

The typical symptoms of CsCMV infection, known as cassava
common mosaic disease, vary in severity and include a wide range
of foliar chlorotic mosaic (light green chlorotic areas, interspersed
with dark green areas), sparsely distributed in the leaf blade of cas-
sava plants (Zanini et al., 2018). These kinds of symptoms might be
the consequence of chloroplast deformation and impairment in-
duced by the virus infection (Li et al., 2016a; Zhao et al., 2016). For
example, viruses interfere with photochemical reactions by reduc-
ing the abundance of key proteins involved in the photosynthetic
electron transport chain (Souza et al., 2019, and references therein).
In this context, alterations in electron transport might generate re-
active oxygen species (ROS), which affect the cellular redox state
(Rodriguez et al., 2010). A wide range of physiological and biochem-
ical disorders are triggered from cell infection, including relocation
of photoassimilates, redox imbalance, and premature senescence,
with significant economic losses (Rodriguez et al., 2010, 2012;
Souza and Carvalho, 2019). Viral infections lead to a decline in CO,
fixation, which could be directly related to a decrease in carbohy-
drate accumulation, reducing plant growth and development (Sade
et al., 2013; Nuwamanya et al., 2017). In contrast, other studies have
demonstrated that soluble sugars and starch accumulate in the in-
fected leaves, where photosynthesis is reduced (Rodriguez et al.,
2010; Andreola et al., 2019). Furthermore, abnormal accumulation
or depletion of starch in systemically infected tissues was reported
in cucumber mosaic virus (CMV)-marrow interaction (Técsi et al.,
1996). Therefore, the mechanisms associated with changes in carbo-
hydrate metabolism are specific to the plant-virus pathosystem. To
our knowledge, the effect of CsCMV infection on sugar and starch
content has not yet been studied.

Given the significant yield losses caused by CsCMV (from 30%
to 60%; Venturini et al., 2016; Zanini et al., 2020), it is imperative
to investigate the physiological basis underlying cassava-CsCMV
interplay, which remains unknown. Previous studies by Tascon et al.
(1975) described filamentous particles, of varied size and shape, in
the cytoplasm of CsCMV-infected cells in different plant species.
Accordingly, our previous results showed inclusion bodies of fi-
brous masses containing filamentous particles in the cellular cyto-
plasm near the chloroplast membrane (Zanini et al., 2014). Here, we
focused our research on chloroplast morphological and functional

alteration of cassava leaves. Taking into account the theoretical

background mentioned above, we hypothesized that CsCMV would
induce anomalies in the chloroplasts associated with reduced pho-
tosystem Il (PSIl) electron transport activity and redox imbalance.
We further proposed that because CO, fixation decreases, sugar
and starch content will be negatively affected. Therefore, the pres-
ent study provides, for the first time, information about chloroplast
structure and progression of cassava common mosaic disease on
chloroplast function in the compatible cassava-CsCMV interaction.

2 | MATERIALS AND METHODS
2.1 | Generation of plant material

Twenty in vitro-grown, healthy cassava cv. ICA Negrita (CM3306-
4) plants were used. Sixty days after acclimation, 10 plants were
graft-inoculated with budwood from CsCMV-affected cassava
plants (CsCMV isolate GenBank accession number KY445966) and
the other 10 were autografted to maintain their healthy condition.
Yellowing and blotchy mosaic symptoms were visible 20 days after
inoculation. These plants were analysed by double antibody sand-
wich (DAS)-ELISA specifically for CsSCMV detection (detailed below)
and then transplanted in the field for macropropagation and as a

source of stem cuttings for subsequent greenhouse trials.

2.2 | Experimental setup

Cassava plants were propagated clonally from segments with at
least six nodes (approximately 20 cm in length) of the plants men-
tioned above. The plants were grown individually in plastic pots (3 L)
containing a 3:1 mixture (vol/vol) of potting soil and sand mixture,
in a naturally illuminated greenhouse. All experiments were carried
out in summer (average temperature 28 + 5°C). A randomized design
was conducted with two treatments (healthy and CsCMV-infected
cassava plants) arranged in three blocks, with 10 replicates per block
and treatment (N = 60). These plants were used for the measure-
ments of all the parameters described below.

2.3 | Plant growth measurement

Measurements of number of nodes and number of leaves per bud
were taken in 30 noninfected (control) and 30 CsCMV-infected
plants at three ontological stages; 60, 75, and 90 days after plant-
ing (DAP) of cassava plants, encompassing the key stages of cas-
sava growth, from the young stage (cassava plants that start from
stem cuttings, until 60 DAP) to the formation of root system (until
110 DAP). Plant height was measured at 60, 75, 90, and 210 DAP
(cassava growth stage of starch maturity).

Leaf tissue samples, excluding petioles, were taken from the
fourth leaf (counting from the base to the top) of each plant at 90

DAP. They were immediately frozen in liquid nitrogen and stored at
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-80°C for subsequent biochemistry determinations. These leaves
represent a source organ.

2.4 | Serological virus detection

CsCMV was detected by DAS-ELISA performed in polystyrene
microtitre plates with anti-CsCMV-IgG as described Zanini et al.
(2018). All noninfected and CsCMV-infected cassava plants were
tested.

2.5 | Transmission electron microscopy and
immunogold labelling

Small tissue sections (0.2 cm wide x 0.5 cm long) sliced from the mid-
dle part of CsCMV-infected leaves were fixed in 2% paraformaldehyde
and 2% glutaraldehyde in 0.01 M phosphate buffer, pH 7.2, for 1 day.
Then, they were postfixed in 1% OsO, in the same buffer and em-
bedded in LRGold, as previously described (Maunsbach and Afzelius,
1998). Ultrathin sections (80 nm) were cut with a diamond knife using
an ultramicrotome and collected onto nickel grids. For transmis-
sion immunoelectron microscopy (TEM), sections mounted on nickel
grids were preincubated with 1% bovine serum albumin (BSA) in 1%
phosphate-buffered saline (PBS) overnight, and then treated with spe-
cific antiserum anti-CsCMV (Zanini et al., 2018) for 6 hr. The sections
were then exposed to gold-conjugated protein A of 5 nm in diameter
(Zymed). Sections from uninfected cassava leaves were used as addi-
tional controls in the immunolabelling experiments. They were exam-

ined under a JEM-1200 transmission electron microscope (JEOL).

2.6 | Chlorophyll content, chlorophyll a
fluorescence, and gas exchange measurements

2.6.1 | Chlorophyll content

The relative chlorophyll (Chl) content was determined with a SPAD
meter (Hansatech chlorophyll content meter CL-01), using dual
wavelength optical absorbance measurements (620 and 940 nm).
The measurements were taken simultaneously with chlorophyll a
fluorescence (ChlF), as described below. The SPAD index and ChIF
were measured on the fourth leaf (counting from the base to the top)
in 30 noninfected and 30 CsCMV-infected cassava plants, at three
ontological stages (60, 75, and 90 DAP). These measurements are
widely used for rapid and nondestructive estimation of chlorophyll

content and chloroplast function, respectively, in plant leaves.

2.6.2 | Chlorophyll a fluorescence transient

ChIF emission was measured with a Pocket-PEA fluorometer (Plant

Efficiency Analyzer, Hansatech Instruments Ltd). The polyphasic OJIP
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fluorescence kinetics was used to evaluate the PSII activity in CsSCMV-
infected and noninfected cassava plants. Before the ChIF measure-
ment was taken, the fourth developed leaves were dark-adapted using
leaf clips for at least 30 min in order to allow full oxidation of the reac-
tion centres (RC), to obtain the minimum fluorescence (F, or O step)
at approximately 50 ps. Then, an actinic 1-s light pulse of 3,500 pmol
photons ms™* was applied to reach the maximum fluorescence emis-
sion (F,, or P step), at about 300 ms. The intermediate steps, called J
and |, were recorded at 2 and 30 ms, respectively. The OJIP parameters
were calculated using the Pocket-PEA manufacture software, follow-
ing Strasser et al. (2004). The parameters are described in Table S1.
Changes in the oxygen evolving complex (OEC) activity and in
the connectivity at PS Il were calculated according to Chen et al.
(2016). To reveal changes in OEC (Kband), fluorescence curves were
normalized from the O to the J step, rendering W, curves. Next,
W, curves from control plants were subtracted from treated ones
(WOJ(Treated) - WOJ(Contmn) to disclose the K bands (AW)). Positive
values in these bands denote damage to the OEC. To detect L bands,
curves were normalized between O and 300 ps, and plotted as W,

curves. The subtraction between WOKmeated) - Wo+<( was plot-

Control)
ted to obtain AW, curves, which allowed us to visualize L bands.
The positive values of AW, curves are proportional to the loss of

connectivity at PS I1.

2.6.3 | Net photosynthesis rates

Net CO, assimilation rates were measured in the fourth fully ex-
panded leaves of 30 noninfected and 30 CsCMV-infected cassava
plants at 90 DAP, and 20 noninfected and 20 CsCMV-infected cas-
sava plants at 210 DAP, with a portable photosynthesis system
LI-6400 XT equipped with an LED leaf cuvette (Li-Cor). The con-
centration of CO, inside the chamber was kept at 400 pmol CO,/
mol. The light source was set at saturating incident photosynthetic
photon flux density (PPFD) of 1,500 pmol m2s™ (90% of red and
10% of blue light) and the temperature was maintained at 25°C.

2.7 | Determination of the effect of CsCMV on
cassava carbohydrate

2.7.1 | Ethanolic leaf extract

Frozen tissue (75 mg) from source leaves of 30 noninfected and
30 CsCMV-infected cassava plants was ground with liquid nitro-
gen and cold homogenized with 750 ul 80% ethanol. The extract
was poured into a previously cooled microtube and centrifuged at
12,000 x g at 4°C for 10 min. The samples were kept on ice and
aliquots were separated to measure the total antioxidant capac-
ity using ferric reducing ability of plasma (FRAP). The remaining
extract was resuspended by vortex and incubated in a thermal
bath at 80°C for 20 min. The samples were then centrifuged at
12,000 x g at 4°C for 10 min and aliquots were separated from the
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supernatant to measure total sugars. The insoluble fraction was
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used for quantification of starch content.

2.7.2 | Total soluble sugars

Quantification of total soluble sugars was adjusted to a final reaction
of 200 ul in polystyrene plates. Ethanolic leaf extract and anthrone
reagent (1 ul each) were placed in each well. The blank contained
water and anthrone reagent (Fales, 1951). The mixture was incu-
bated at 4°C for 10 min, then at 80°C for 30 min, and subsequently
allowed to cool for 20 min at room temperature. Glucose was used
as standard to measure the total soluble sugars content, expressed
as mg of glucose per g of fresh weight (FW).

2.7.3 | Starch content

Starch content was determined in the pellet, from reducing sug-
ars released after hydrolysis with the enzyme a-amyloglucosidase
(Sumner and Somers, 1944), using glucose as a standard. Starch con-
tent in the source organs was expressed as mg per g of FW of plant

material.

2.7.4 | Sugar determination

Frozen source leaf samples (0.1 g FW) of 20 noninfected and 20
CsCMV-infected cassava plants were ground to a fine powder with
liquid nitrogen, homogenized, and suspended in 0.9 ml hot 80% etha-
nol, and kept at 80°C for 2 hr. Then, 0.9 ml distilled water was added to
each sample; samples were incubated at 99°C for 10 min and centri-
fuged at 12,000 x g for 5 min. The supernatant was filtered using a ni-
trocellulose filtration membrane (0.22 um pore size). Sucrose, glucose,
fructose, and maltose were determined by high-performance liquid
chromatography (HPLC; Shimadzu) using an amine column, isocratic
acetonitrile:water (81:19) flow (1 ml/min), at 30°C. Sugars were identi-
fied by their retention times and quantified according to standards.

2.7.5 | ADP-glucose pyrophosphorylase activity

The assay was performed in the reverse direction using phospho-
glucomutase and glucose-6-phosphate dehydrogenase to couple
glucose-1-phosphate formation in real time to NADP* reduction
and then measured by spectrophotometer. The crude extracts
were obtained from a total of 21 noninfected and 21 CsCMV-
infected source leaves of cassava plants (the number of samples
analysed per treatment and per block was seven leaves, one per
plant) as described by Li et al. (2016b). Briefly, 0.1 g of fresh tis-
sue was fully homogenized on ice in a 0.3 ml precooled solution
composed of 100 mM HEPES-NaOH at pH 7.4, 8 mM MgCl,, 2 mM
EDTA, 12.5% (vol/vol) glycerol, 5% (vol/vol) polyvinylpyrrolidone,

and 50 mM B -mercaptoethanol. Then, a 20 pl aliquot of the crude
enzyme extract was used to start the assay, as detail by Li et al.
(2016b). Absorbance values at 340 nm of the reaction solution
were normalized by absorbance values at 340 nm resulting from
the control. The ADP-glucose pyrophosphorylase (AGPase) activ-
ity was then estimated with the normalized absorbance values
and was expressed in enzyme units per mg of protein, calculated
according to Kulichikhin et al. (2016). Protein content was deter-
mined in leaf extracts by the Bradford (1976) assay.

2.8 | Determination of total antioxidant capacity
(FRAP)

The FRAP assay was used to determine the total antioxidant capacity
of the samples (Benzie and Strain, 1996); the protocol was adjusted for
performance in a final reaction of 200 pl in polystyrene plates. In each
well, 2 ul of ethanolic extract solution (see ethanolic leaf extract) were
placed to react with FRAP reagent in the dark at room temperature for
20 min and the absorbance at 600 nm was recorded. Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid; Sigma-Aldrich) solu-
tions of known concentration, within in the range of 12.5 and 87.5 uM,
were used for calibration. Total nonenzymatic antioxidant activity was
measured on source leaves of 30 noninfected and 30 CsCMV-infected
cassava plants and was expressed as pmol per g of FW.

2.9 | Statistical analysis

Experiments were performed in a randomized design with two treat-
ments: noninfected and CsCMV-infected cassava plants, arranged
in three blocks, with 10 replicates per block and treatment (N = 60).
Mixed linear model was performed using InfoStat (Di Rienzo et al.,
2019). Mean separation was accomplished using Fisher's least sig-

nificant difference (LSD) test at the 95% confidence level.

3 | RESULTS
3.1 | Symptoms of CsCMV infection

CsCMV-infected plants used in the experiments exhibited the typical
symptoms of cassava common mosaic disease, such as foliar chlorotic
mosaic and mild leaf distortion (Figure 1) with the appearance of the
first leaf. Furthermore, those plants that were self-grafted remained
symptomless and were used as control plants. Moreover, symptom-
less healthy control and systemic spread of the virus in leaves were
confirmed by DAS-ELISA (data not shown). Even though viral infec-
tion showed conspicuous foliar mosaic, no differences in the fully ex-
panded leaf area were observed between healthy (56.77 + 4.56 cm?)
and CsCMV-infected (58.96 + 4.44 cm?) plants at 90 DAP (Figure S1).
Yet growth analysis showed that viral infection significantly affected

(p < .05) the absolute and relative elongation rate (AER and RER,
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respectively, Figure S2). Indeed, the analysis of AER of infected plants
showed a rapid stimulation of plant height (75-90 DAP; slope average
of +0.27 in infected plants and +0.08 in noninfected ones), and subse-
quent decrease of the rate over the days with respect to noninfected
plants (90-210 DAP; slope average of -0.17 for infected plants and
+0.05 for control plants; Figure S2). The number of nodes and leaves
per node increased over time; however, no significant differences were
observed between plants of different sanitary conditions (Figure S3).

3.2 | CsCMV infection and chloroplast
ultrastructure

Differences between CsCMV-infected and control cells were com-
pared and analysed in ultrathin sections of cassava leaves (Figure 2;
Figure S4). The ultrathin sections of CsCMV-infected leaves re-
vealed cytopathological effects on the chloroplast ultrastructure,
which included dramatic chloroplast malformations, such as extru-
sion of the chloroplast membrane (stromule) with amoeboid-shaped
appearance, irregular outer membrane structures, and small vesi-
cles or vacuoles in the stroma. Moreover, partially destroyed and

deformed chloroplasts with disorganized grana stacks and irregular
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arrangement of stroma lamellae was the most frequent feature of
CsCMV-infected cells with respect to the healthy control (Figure 2).
The noninfected chloroplasts exhibited regularly arranged grana
stacks within chloroplasts (Figure S4).

Furthermore, CsCMYV, as a potexvirus member, has flexuous fil-
amentous particles of 470-580 nm in length, which were observed
accommodated in inclusion bodies of fibrous masses, running more
or less parallel to each other but not in a definite arrangement, in the
cellular cytoplasm near the chloroplast membrane (Figure 2).

3.3 | Photosynthetic activity in CsCMV-
infected leaves

Fast ChlF kinetics analyses reflected alteration in the function of
the PS Il electron transport chain induced by CsCMV infection
in cassava plants. The value of the OJIP parameters affected by
CsCMV, at the three ontological stages (60, 75, and 90 DAP), were
normalized to their respective control ones and plotted in a radar
graph to deploy a global view of the structure and function of PS Il
electron transport (Figure 3b; Table S2). Accordingly, the maximum

quantum efficiency F /F_ was negatively affected as the disease

FIGURE 1 Plant material. (a, b) Healthy cassava plants (control). (c) Argentinian field-collected cassava plant showing cassava common
mosaic disease symptoms. (d, e) CsCMV-infected cassava plants 90 days after planting (DAP), showing mosaic leaf symptoms with
alternating green and yellow patches. Representative plants were used for pictures
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FIGURE 2 Ultrastructure of chloroplasts from CsCMV-infected mesophyll cassava cells. Transmission electron micrographs of a small
sample (0.2 cm wide x 0.5 cm long) slice from the middle part of leaf tissues from CsCMV-infected cassava plants. Leaf samples were
prepared for transmission electron microscopy and the capsid protein immunogold labelling of CsCMV was performed as described in
Section 2. (a, c¢) Capsid protein gold particle deposits (white head arrows) were located in cytoplasm around chloroplasts (Chl), where virus
particles (VP) were present. CW, cell wall; Cyt, cytoplasm. (a, b) Black arrows indicated chloroplast malformations, such as small vesicles or

vacuoles in stroma. Bar = 500 nm (a, b) and 200 nm (c)

progressed. Such changes occurred due to the reduction of maxi-
mum (Fm) ChIF emission, which showed negative changes at the
three stages (17%, 9%, and 11% at 60, 75, and 90 DAP, respec-
tively). Indeed, a significant decrease in the F /F_ ratio was found
at the late stage (13%). The energy flow taking place at the reac-
tion centres (RC) was also altered by the CsCMV infection. Such
event begins at light absorption (ABS) by PS Il antenna pigments
and ends at reduction of the end electron acceptors at the pho-
tosystem | (PS 1) electron acceptor side (RE) driven by PS I. Then,
changes in the size of the antenna complex (ABS_/RC) and energy
capture (TR /RC) took place in infected plants with respect to con-
trol ones. Indeed, ABS_/RC increase started at 60 DAP (13%) and
rose to an average of 20% at 75 and 90 DAP. Moreover, TR /RC
increased by 16% throughout all the stages in the infected plants
(Figure 3). In turn, energy loss as latent heat (DI _/RC) progressively
increased, ranging from 26% at 60 DAP to 39% at 90 DAP. PS |
electron acceptor side (RE_/RC) showed a tendency to increase,
which was not significant (10% to 15%). The performance index
on absorption basis (Pl,, ) of infected plants reduced on average
by 33% with respect to noninfected plants at 75 and 90 DAP.
Likewise, regarding the total performance index (Pltotal), the effect
of the virus was already observed at 60 DAP (34%). The variable

fluorescence at the J stage (Vj, occurring at 2 ms) of the induction
curve increased significantly at 60 and 90 DAP (11%), whereas the
area above the induction curve (Area) showed differences from
the control at the three stages (15.3%, 16.7%, and 6.4% at 60, 75,
and 90 DAP, respectively). Chlorosis symptoms in cassava-infected
leaves were assessed by the SPAD index. The SPAD value showed
a 35% decrease at 60 DAP, 31% at 75 DAP, and 28% decrease at 90
DAP in CsCMV-infected plants with respect to noninfected ones
(Figure 3b; Table S2). As a consequence of chloroplast damage and
the energetic imbalance at the PS Il electron transport, reducing
power for photosynthesis was reduced. This result may explain the
reduction of the photosynthetic rate observed 90 and 210 DAP
(13.5%-24.2%, respectively; Figure 3a).

The differences of the normalized ChIF curves (AWOK and
AW,,) revealed the appearance of hidden steps, such as the K
and L bands (OLKJIP). Positive bands (K band) occurring at about
300 ps are considered to denote failure at the OEC during 60, 75,
and 90 DAP in CsCMV-infected plants (inset Figure 3c). Moreover,
the fluorescence rise during the first 150 ps (Lband) is attributed
to the loss of energetic connectivity between PS Il units (Kalaji
et al., 2016). Here, the appearance of L band increased from 60 to
90 DAP (inset Figure 3d).
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FIGURE 3 PSllactivity and CO, fixation in CsCMV-infected
leaves. (a) Photosynthetic rates of noninfected (control) and
CsCMV-infected cassava plants at two growth stages, 90 and

210 days after planting (DAP). (b) Radar plot showing OJIP test
parameters in cassava control plants and CsCMV-infected plants.
Measurements were carried out at 60 (blue), 75 (red), and 90
(black) DAP. Parameter abbreviations are described in Table S1.

(c) Changes in the oxygen evolving complex (OEC, K band) and (d)
energetic connectivity of PS Il units (L band) in noninfected (empty
icons) and CsCMV-infected cassava plants (filled icons). (c, inset
panel) WOJ: normalized fluorescence kinetics from O (50 ps) to J
step (2 ms). AWOJ = WOJ(Treated) - WOJ(Contml), kinetics difference
between treated and control plants, revealing the K band. (d, inset
panel) WOK; normalized fluorescence kinetics from O (50 ps) to

K step (300 ps). AWOK = WOKmeated) - WOK(Contml); kinetics
difference between treated and control plants, revealing the Lband
at 60 (blue), 75 (red), and 90 (black) DAP

3.4 | CsCMV infection and redox imbalance in

The FRAP assay offers a putative index of antioxidant or reducing
state. An indirect estimation of the total nonenzymatic antioxidant
content of the extract showed significant differences between the
means of CsCMV-infected plants (27.94 + 5.17 umol/g FW) and the
control plants (35.3 + 5.47 pmol/g FW; Figure 4). The reduction of
the antioxidant capacity was about 20.8% in virus-infected plants.
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3.5 | Effects of CsCMV infection on
carbohydrate and starch accumulation

Starch content in infected cassava source leaves decreased sig-
nificantly with respect to the control (Figure 5a). The mean value
of starch content for control plants was 32.31 + 4.64 mg/g FW)
and for CsCMV-infected plants was 24.95 + 4.59 mg/g FW. Total
soluble sugar content was not significantly influenced in CsCMV-
infected leaves (30.19 + 2.90 mg/g FW) in contrast to noninfected
(29.52 + 2.91 mg/g FW; Figure 5b). Furthermore, AGPase activity
was also not affected in CsCMV-infected leaves (1.07 + 0.2 U per
mg protein) with respect to control plants (1.01 + 0.21 U per mg
protein; Figure 5c).

A highly detailed profile of soluble sugars measured by HPLC
showed a decrease of 16.5% in maltose content without signifi-
cant differences in fructose, glucose, or sucrose in CsCMV-infected
leaves with respect to control plants (mean values in Table 1). The
sucrose:starch ratio showed a significant increase (24.7%) with re-

spect to noninfected plants (Table 1).

4 | DISCUSSION

Cassava-CsCMV compatible viral infection causes 30%-60% yield
reduction of cassava roots (Venturini et al., 2016; Zanini et al., 2020).
These yield losses reflect the final result of a series of physiological
events that occur at earlier stages of viral interaction. The present
study was focused on chloroplast morphological alteration and func-
tional effects on source leaves during the course of viral infection. The
mosaic symptoms induced by CsCMV were associated with structural
changes of chloroplasts, decrease in relative Chl content, electron
transport rate alteration, photoinhibition, reduction of CO, fixation,
reduction of starch, and maltose accumulation associated with in-

crease in sucrose:starch ratio and drop of total antioxidant content.

CsCMV infection altered elongation rates; indeed, a higher elon-
gation was observed at 75-90 DAP, which was not coupled with an
increase in the number of nodes and leaves per bud over time; then,
a decline of growth rate was observed (90-210 DAP). Thus, the al-
teration of the elongation rate in infected plants could be related to
a metabolic source-sink imbalance, which might lead to a lower final
height and consequent root yield losses in infected plants (Venturini
et al., 2016; Zanini et al., 2020). In addition, we cannot rule out a
hormonal disorder in infected plants.

The interaction between chloroplast and the invading virus plays
a critical role in viral infection and pathogenesis (Zhao et al., 2016).
Our previous results showed inclusion bodies of fibrous masses con-
taining filamentous particles in the cellular cytoplasm near the chlo-
roplast membrane (Zanini et al., 2014). In the present study, which
was focused on chloroplast structure, we observed extrusion of the
chloroplast membrane with amoeboid-shaped appearance, among
other results, in CsCMV-infected leaves. Several research works
have shown that viruses can interact with chloroplast proteins and
induce the formation of membrane vesicles during viral replication,
which impairs chloroplast function in plants (Liu et al., 2014; Li et al.,
2016a; Zhao et al., 2016; Souza and Carvalho, 2019). For example,
high levels of potato virus X (PVX) coat protein (CP) caused struc-
tural alteration of the chloroplast membranes, thylakoid grana, and
invagination of the cytoplasm within these organelles; it was also
found to interact with the plastocyanin (Zhao et al., 2016).

The development of mosaic symptoms induced by CsCMV was
not only a consequence of the chloroplast structure alteration in cas-
sava mesophyll cells, but also severely inhibited its function. Our re-
sults agree with findings of Liu et al. (2014), who reported that visible
symptoms of chlorosis in cassava plants infected with African cas-
sava mosaic virus (ACMV) were associated with chlorophyll break-
down (reduction of chlorophyll content and fewer grana stacks) and
up-regulation of chlorophyll degradation genes. For a long time, the

chloroplast-virus interaction has been a matter of debate due to its
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FIGURE 5 Carbon metabolism on cassava-CsCMV interaction at 90 days after planting (DAP). (a) Starch and (b) total soluble sugar
content (n = 30 for each sanitary condition). (c) AGPase activity of cassava leaves of two sanitary conditions (n = 40). FW, fresh weight; pr,
protein. *Statistically significant according to analysis of variance followed by Fisher LSD test (p < .05)
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TABLE 1 Sugar profile (mg/g fresh weight) on CsCMV-infected leaves at 90 days after planting

Source leaves Fructose Glucose
Noninfected (control) 0.87 +0.16 2.29 +0.15
CsCMV-infected 1.02 +0.16 2.28 +0.12

Sucrose Maltose* Sucrose:starch**
1799 + 1.1 4.73 +0.39 0.58 +0.11
18.02 + 0.78 3.95+0.22 0.77 +0.11

Note: Results are means of sugar contents obtained by HPLC of 20 plants of each sanitary condition + SE. Statistically significant according to analysis

of variance followed by LSD Fisher test at **p < .05; *p < .1.

complexity. We noticed that CsCMV infection negatively affected
the CO, gas exchange rate, with a constant fall over the progress of
the disease. This phenomenon could be explained by the lower pro-
duction of ATP and NADPH, due to the closure of RC, as indicated by
the increment in ABS_/RC values. On the other hand, virus infection
could have reduced the carboxylation capacity through impairment
of RuBisCO activity (Andreola et al., 2019).

According to the analysis of ChlF signals, CsSCMV showed a severe
impact on several events taking place on the PS Il electron transport.
The loss of PS Il electron transport efficiency is regarded as a com-
mon phenomenon under biotic stress. As expected, the OJIPtest
showed significant changes in most of the ChIF parameters over time
in CsCMV-infected plants in relation to healthy ones. For instance,
the viral infection decreased the photochemical efficiency of PSII
(F,/F,) at 90 DAP, whereas it increased light energy dissipation (DI /

RC) significantly, and decreased performance index (Pl ) and alter-

abs
ation in the linear electron transport (ET_/RC) in PS II. F /F _ has long
been widely used as an indicator of photochemical damage or pho-
toinhibition, mainly due to the inhibition of PS Il centres, which are
continuously repaired via degradation and synthesis of the D1 pro-
tein (Strasser et al., 2004; Rodriguez et al., 2010). The OJIP analysis
showed that CsCMV had a strong impact on the performance index
on an equal chlorophyll (absorption) basis (PI,, ). These findings are
in agreement with other studies on abiotic stress, which showed that
Pl,, responded promptly to the treatments, whereas F /F  was almost
unchanged (Christen et al., 2007; Oukarroum et al., 2007; Ziv¢ak et al.,
2008). This different response is because in its calculation, Pl inte-
grates three aspects of PS Il of both composition and function, such
as the density of fully active RCs, the efficiency of electron movement
by trapped exciton into the electron transport chain beyond the Q,,
and the probability that an absorbed photon will be trapped by RCs
(Strasser et al., 2004). Regarding the total performance index (Pl,,,),
the effect of CsCMV was observed even at 60 DAP, indicating that
damage by CsCMV was extended to the quantum efficiency of reduc-
tion of PS | end acceptors (analogous to RE /RC; Redillas et al., 2011).
Moreover, the specific fluxes expressed by RCs, such as the absorp-
tion, trapping, dissipation, and transport, denoted here as ABS_/RC,
TR,/RC, DI /RC, and ET_/RC, respectively, indicated that the mecha-
nisms of capture and dissipation of energy were effectively regulated,
mainly by regulating the antenna size (ABS_/RC), and loss of energy
as latent heat (DI /RC). Oxygen evolving complex (OEC), a Mn,O;Ca
protein cluster embedded in the PS Il is essential in the photosynthe-
sis process. It has been demonstrated that the viral CP, or some other
products synthesized as a result of the viral infection, decreases the

amount of OEC polypeptides, as reported in tobacco leaves infected

with CMV strain Y (Takahashi and Ehara, 1992). In our work, a progres-
sive loss of OEC activity was revealed by the Kband starting 60 DAP
in CsCMV-infected leaves. Under particular stressful conditions, the
Kband was demonstrated to indicate a disruption of the OEC (Kalaji
et al., 2016). Likewise, the OJIP analysis showed that the slope be-
tween F_ and F,;, (Lband) was sensitive to the CsCMV attack, which
progressively increased up to 90 DAP. This phenomenon occurs due
to a loss of connectivity within the tripartite system (core antenna-LH-
Cll-reaction centre) under particular abiotic stress conditions (Strasser
et al., 2004; Kalaji et al., 2016); here it is reported for a virus infection
for the first time.

The virus ability to impair chloroplast function and disrupt the
photosynthetic electron transport chain ultimately leads not only to
the decrease of the carboxylation activity, but also to ROS increase
(Rodriguez et al., 2010, 2012; Souza et al., 2019). CsCMV induced
redox alteration, demonstrated by the lower antioxidant capacity
(FRAP), indicating an oxidative stress process. Furthermore, the CO,
fixation decrease might be directly related to soluble sugar produc-
tion. Nuwamanya et al. (2017) demonstrated that cassava brown
streak disease, caused by potyviruses, leads to a general reduction in
primary carbohydrate composition (total reducing sugar and starch
contents) in leaves; these effects correlated with the negative effect
on the photosynthetic apparatus of infected leaves. However, our
results did not show such significant differences in the total solu-
ble sugar contents in CsCMV-infected source leaves with respect
to noninfected plants. The differences between results might be re-
lated to the specific source tissue analysed during our work. These
results led us to ask about the origin of these sugars, because pho-
tosynthetic activity was decreased by viral infection. One possible
answer might be related to the findings of Sharkey et al. (1985) that,
at low rates of photosynthesis, carbon would preferably be used for
sucrose synthesis rather than for storage in starch form. Accordingly,
the present study showed a rise in the ratio of carbon partitioned
into sucrose versus starch in CsCMV-infected plants. Another pos-
sible answer may be starch breakdown, which provides a source of
reduced carbon when photosynthesis cannot occur. Indeed, starch
content was decreased during viral infection. However, maltose,
which might be increased in leaves when starch catabolism is in-
duced, showed a significant decrease in CsCMV-infected leaves. In
this context, we cannot rule out the fast maltose metabolism for viral
replication. Moreover, the different sugars might be finely sensed
and might provide a mechanism to conduct carbon flux during viral
infection (Sade et al., 2013; Hulsmans et al., 2016). Besides meta-
bolic flux diversion, another possible source of soluble sugar could

be related to alteration of sugar transporters, which convert these
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source leaves into sink tissues, or a gluconeogenesis process induc-
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tion (Rodriguez et al., 2010). These possible sugar sources are not
mutually exclusive but might be operating in combination, and have
to be explored in future studies.

To conclude, cassava produces storage roots, which are the
major sink for storing starch derived from carbohydrate partitioning
and long-distance sugar transport from the leaves (Yan et al., 2019).
The early alterations in photosynthesis and chloroplast structure
observed during the present work might be related to negative im-
pact on yield previously observed at a later stage (Zanini et al., 2020).
Such changes imply smaller reserve roots, that is, fewer accumulated
carbohydrates. Therefore, understanding the metabolic alteration
induced by CsCMV in source leaves at this early stage is critical for
improving cassava yield. This is the first report demonstrating phys-
iological alterations associated with chloroplast ultrastructure and

function in the cassava-CsCMV pathosystem.
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