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Effects of phytoplasma infection on growth and photosynthesis
in leaves of field grown apple (Malus pumila Mill. cv. Golden Delicious)
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Abstract

The contents of chlorophyll (Chl), leaf biomass, and soluble proteins were markedly decreased in phytoplasma infected
apple leaves. Similar results were also observed for ribulose-1,5-bisphosphate carboxylase, “CO, fixation, and nitrate
reductase activity. In contrast, the contents of sugars, starch, amino acids, and total saccharides were significantly in-
creased in phytoplasma infected leaves. In isolated chloroplasts, phytoplasma infection caused marked inhibition of
whole photosynthetic electron chain and photosystem 2 (PS2) activity. The artificial exogenous electron donor, diphenyl
carbazide, significantly restored the loss of PS2 activity in infected leaves. Similar results were obtained when F./Fy, was
evaluated by in vivo Chl a fluorescence kinetic measurements.
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Mycoplasmas, prokaryotic microorganisms observed in
plants and insect vectors, with the exception of spiroplas-
mas, resemble the mycoplasmas of the genus Myco-
plasma in all morphological aspects. They lack cell wall,
are bounded by a triple-layered "unit" membrane, and
have cytoplasm, ribosomes, and strands of nuclear mate-
rial. Their shape is usually spheroidal to ovoid or irregu-
larly tubular to filamentous and their sizes are compara-
ble to those of the typical mycoplasmas (Caudwell et al.
1971, Credi 1994).

Plant mycoplasma-like organisms recently termed
phytoplasmas are restricted in trees to functional phloem
sieve elements (Gunderson et al. 1994). They are associ-
ated with several hundreds of plant diseases, of which
many are of considerable economic importance (See-
miiller et al. 1998). Most phytoplasmas are transmitted
from plant to plant by leafthoppers, but psyllids, and
planthoppers (Frisinghelli ef a/. 2000) transmit some.
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Apple proliferation (AP) is a serious disease of apple
trees in Europe, associated with several genetically
slightly different phytoplasmas (Kison et al. 1994,
Jarausch et al. 2000). AP affects the vigour of the trees
whose fruits cannot be commercialised because of their
small size and poor taste. Witches broom, early leaf col-
oration in autumn, and incomplete coloration of fruit are
other typical symptoms of AP. During the last 5 years a
serious epidemic is spreading in the apple-growing areas
of Trentino Alto Adige (Italy). As with other plant patho-
genic phytoplasmas, all attempts to culture the AP phyto-
plasma in cell free media failed so far. Phytoplasma-dis-
eased woody plants usually contain very low phyto-
plasma titres and they are difficult to purify from infected
tissues. Therefore, the inability to culture phytoplasmas
has limited the knowledge of their physiology, biochem-
istry, and molecular biology. It is largely unknown how
phytoplasmas interact with their host plants or insects.
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Phytoplasma infection damages severely the physio-
logical and biochemical processes of plants (Catlin et al.
1975, Kartte and Seemiiller 1991, Lepka et al. 1999). To
our knowledge, the importance of phytoplasma infection
in apple leaves has not been evaluated to date in the field.
The present work was to investigate the effect of phyto-
plasma infection on growth and photosynthesis in field-
grown apple leaves.

The apple (Malus pumila Mill. cv. Golden Delicious)
leaves were collected from field-grown phytoplasma in-
fected plants located in Istituto Agrario di San Michele
all' Adige orchards, San Michele all' Adige, Italy. The
phytoplasma-infected leaves (reddish symptomatic) were
used for molecular detection that was described by Fris-
inghelli et al. (2000). The healthy control (symptom-less)
leaves of the same cultivar were sampled at the same time
and examined in the same way as the infected ones. Dry
mass was determined after drying the plant material at
105 °C for 10 h. Chlorophyll (Chi) concentration was
determined spectrophotometrically by the method of
Lichtenthaler (1987). Starch, soluble proteins, amino ac-
ids, and sugars were extracted and their concentrations
were determined following the methods of McCready et
al. (1950), Bradford (1976), Hare (1977), and Hellubust
and Craigie (1978), respectively. Net photosynthetic rate
(Pn) and dark respiration rate (Rp) were determined using
the closed gas-analytical system LI 6000 (Li-Cor, U.S.A).
For each measurement the leaves of 5-6 plants were put
in the leaf chamber giving a total of 10 cm’ leaf area.
Leaf temperature was 20-30 °C, CO, concentration in the
system was ca. 400 cm® m™, and photon flux density was
800 pmol m™ s, Before measurements of Rp the leaves
were dark-adapted for 30 min. The procedure for Chl «
fluorescence induction and decay measurement was es-
sentially as described by Miles (1980).

Chloroplasts were isolated from leaves as described
by Berthold et al. (1981). Whole chain electron transport
(H,0—MV) and partial reactions of photosynthetic elec-
tron transport mediated by PS2 (H,0—DBMIB,
H,O—DCPIP, DPC—DCPIP) or PS1 (DHQ—MYV) were
measured as described by Reinero and Beachy (1989) and
Nedunchezhian er al. (1997), respectively. Fully ex-
panded leaves were cut into small pieces and homoge-
nised in a grinding medium of 50 mM Tris-HCI, pH 7.8,
10 mM MgCl,, 5 mM DTT, and 0.25 mM EDTA. The
extract was centrifuged at 10 000xg for 10 min. The clear
supernatant was decanted slowly and used for RuBPC
analysis. The assay for RuBPC activity was carried out as
described by Nedunchezhian and Kulandaivelu (1991).
The rate of '“CO, fixation and nitrate reductase activity
were measured according to the method of Muthuchelian
et al. (1993).

Phytoplasma infection had reduced leaf fresh and dry
masses and total Chl content (Table 1). The marked re-
ductions of the leaf dry matter in infected plants were
_mainly due to reduction in leaf thickness and size. A de-
crease .in leaf expansion and thickness of the infected
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leaves indicates that both cell division and enlargement
were significantly affected. The leaf area and specific leaf
area (SLA) decreased significantly in infected plants.
This can be explained by a stronger phytoplasma effect
on the linear leaf growth than on the accumulation of
biomass. The infected leaves increased Ry and content of
the amino acids in leaves, corresponding to the idea of
accelerated leaf ageing in phytoplasma infected plants
(Lepka et al. 1999).

The marked reduction of total Chl in phytoplasma-in-
fected leaves was due to the decrease of both Chl @ and
Chl b contents (Table 1). Reinero and Beachy (1986)
observed similar results in TMV-infected tobacco leaves.
The lower F,/F,, ratio observed in the infected leaves was
due to a decrease in variable fluorescence (F,) without
increasing the Fy level (Table 1). This is characteristic for
inhibition of the donor side of PS2 (Allakhverdiev ef al.
1987, Setlik et al. 1990). Reinero and Beachy (1986) ob-
served similar effects in TMV-infected tobacco leaves.
The whole electron transport chain (HO0—MYV) meas-
ured in chloroplasts was markedly inhibited in phyto-
plasma-infected plants, much more than the PS1 activity
(DHQ—MYV). In contrast to PS1, the PS2 activity meas-
ured with DBMIB and DCPIP was significantly inhibited
(Table 1). The reduction occurred prior to the site of
electron donation by DHQ (see H,O—DBMIB and
DHQ—MYV) thus implicating PS2 as the site where per-
turbation of electron transport occurred. DPC, an artificial
electron donor for PS2, donates electrons close to the PS2
reaction centre (Packham e al. 1982). PS2 activity sig-
nificantly restored in phytoplasma-infected leaves by an
artificial donor (DPC) suggests that the damage might be
located on the oxidising side of PS2, in the oxygen-
evolving system (Table 1).

Phytoplasma increased the content of both sugars and
total saccharides in leaf tissues (Table 1). Our results are
in accordance with those of Lepka e al. (1999) in peri-
winkle and tobacco plants. The accumulation of saccha-
rides could explain some of the symptoms observed after
phytoplasma infection. The loss of Chl is accompanied
by a general saccharide-mediated repression of genes
involved in photosynthesis (Krapp ef al. 1993, Lerchl et
al. 1996). Phytoplasma infection increased amino acid
contents in apple leaves. These increased amino acid
contents in phytoplasma-infected plants are in contrast to
the results of Catlin et al. (1975), who indicated that
translocation of amino acids is impaired in affected pear
trees. The reason for the blockage of phloem transport is
not known. Catlin ef al. (1975) and Braun and Sinclair
(1978) showed that the blockage occurs before visible
changes are seen in the phloem. In addition to physical
problems due to the obliteration of sieve tubes in the
phloem complex, subtler changes in the fine structure of
bioenergetics of the phloem might occur.

Total soluble protein content and RuBPC activity
were reduced markedly in phytoplasma-infected leaves
(Table 1). The relatively low content of soluble proteins



EFFECTS OF PHYTOPLASMA INFECTION ON GROWTH AND PHOTOSYNTHESIS

Table 1. Effect of phytoplasma infection on growth, biochemical characteristics, chlorophyll (Chl) a fluorescence kinetics, and elec-
tron transport activities {whole chain (H,0—MV), PS2 (H,0—DBMIB; H,0—DCPIP; DPC—DCPIP), and PS1 (DHQ—MV)]
[mmol(0,) kg™ (Chl) s}, and nitrate reductase and RuBPC activities of field grown apple leaves. Values in parentheses are percent
reduction or increase with reference to healthy controls. Each value represents the mean of 10 independent measurements for growth

and 5 replicates for biochemical assays +SE.

Parameter Control Phytoplasma infected
Leaf fresh mass {mg plant™] 724.3£30.2 478.0+18.9 (-34)
Leaf dry mass [mg} 92.6+3.6 58.3+2.9 (-37)
Specific leaf area (SLA) [m? kg™'(leaf)] 68.4£3.1  57.5£2.4 (-16)

Rp [ne(CO,) kg s 142.8+6.4  191.4+9.2 (+34)
Py [nmol(CO,) kg(protein)'s']  32.51.5  15.6+0.7 (-52)
Chla [g ke '(fr.m.)] 2.19£0.10  0.98+0.04 (-55)
Chl b [g ke '(fr.m.)] 0.83£0.03  0.47+0.02 (-43)
Total Chl (a+b) [g kg (frm.) 3.02£0.12  1.45+0.06 (-52)
Chl a/b 2.62+0.11  2.08+0.09
Soluble proteins [g kg (fr.m.)] 52.8+2.1  29.0£1.5(—45)
Sugars [g kg (fr.m.)] 384418  53.0+2.4 (+38)
Starch [gke” (frm.)] 21.241.0-  35.0+1.6 (+65)
Total saccharides [g kg™ (fr.m.)] 59.6+2.4 88.2+4.2 (+48)
Amino acids [gkg” (frm.)] 10.8£0.5  13.5+0.6 (+25)
Fo 1.40£0.06  1.40+0.05

F, 5.70£0.23  2.00+0.09 (-65)
Fu/Fn 0.80£0.03  0.60+0.02 (-27)
F./Fo 4.07+0.16  1.42+0.04 (—65)
Whole chain [H,0—MV] 1424468  39.8+1.5(-72)
PS2 [H,0—DBMIB] 164.248.0  57.542.6 (-65)
PS2 [H,0—DCPIP] 158.8+7.2 60.3%2.4 (-62)
PS2 [DPC—DCPIP] 1722471 141.246.2 (-18)
PS1 [DHQ—MV] 42624204 383.6+18.6 (—10)

Nitrate reductase

RuBPC

[nmol(NO;") kg™'(fr.m.) s
[nmol(NO,") kg™ (protein) s™'] 101.60+4.9
[nmol{NO,) kg (Chl) s
-15mM KNO; [nmol(NO,) kg's'(fr.m.)]
+15 mM KNO; [amol(NO,) kg''s"(fr.m.)]

[nmol(CO,) kg (protein) s™]
[nmol (CO,) kg'(Chl) s™]

68.16£3.10 42.25£1.90 (—38)
40.60+1.90 (—60)
39.21£1.70 11.76x0.50 (—70)
46.50+2.10 28.83+1.20 (-38)
78.1243.50 32.81+1.40 (=58)

61.2542.90 26.91£1.20 (-56)
38.88£1.70 14.77+0.70 (—62)

in phytoplasma-infected plants may have been due to
decrease in the synthesis of RuBPC, the major soluble
protein of leaf. A loss of protein in phytoplasma-infected
leaves would partially account for damaged chloroplasts
or could be the result of inhibition of protein synthesis.
The reduction in the overall photosynthetic rates corre-
lates well with the decreased RuBPC activity in phyto-
plasma infected leaves. A marked reduction of RuBPC
activity was observed in phytoplasma-infected leaves
(Table 1). Such reduction was due to inhibition of protein
synthesis induced by phytoplasma infection. The reduc-
tion in '*CO, fixation of phytoplasma-infected plants was
probably an indirect effect due to the destruction of pho-
tosynthetic pigments (as evidenced by the present results)
(Table 1).

Plants infected by phytoplasma had a relatively low
nitrate reductase activity (Table 1). A drastic reduction of

in vivo nitrate reductase activity of phytoplasma infected
plants may reflect a balance between synthesis or inacti-
vation on one hand, and degradation or inactivation on
the other. The changes in intercellular pH values due to
phytoplasma infection might decrease the transfer of ni-
trate (substrate) from a storage pool to an active cyto-
plasmic pool accessible to the enzyme. The inhibition of
nitrate reductase activity might also be due to the inhibi-
tion of protein synthesis or to a decreased rate of photo-
synthetic supply in the phytoplasma-infected leaves.

Thus, our results suggest that the decrease of growth,
chlorophyll, Py, RuBPC and nitrate reductase activities,
and the increase of contents of sugars, starch, and total
saccharides in infected leaves was due to the phytoplasma
inhibition induced rapid senescence or ageing in apple
leaves.
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