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Differential responses of growth and photosynthesis
in Cyamopsis tetragonoloba L.

grown under ultraviolet-B

and supplemental long-wavelength radiations
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Abstract

Cyamopsis tetragonoloba L. seedlings were subjected to continuous ultraviolet (UV)-
B radiation for 18 h and post-irradiated with "white light" (WL) and UV-A enhanced
fluorescent radiations. UV-B treatment alone reduced plant growth, pigment content,
and photosynthetic activities. Supplementation of UV-A promoted the overall
seedling growth and enhanced the synthesis of chlorophyll and carotenoids with a
relatively high photosystem 1 activity. Post UV-B irradiation under WL failed to
photoreactivate the [TV-R damage whereas a positive photoregulatory effect of 1TTV-A
was noticed in electron transport rates and low temperature fluorescence emission
spectra.

Additional key words: chlorophyll fluorescence induction; photoreactivation; post-irradiation;
photosystems 1 and 2.

Introduction

Although UV-B radiation constitutes only 1.5 % of the total solar energy, the impacts
caused by this radiation on biological systems are of great concern (Teramura ef af.
1980, Frederick et al. 1989). Sensitivity of plants to 1JV-RB depends on the relative
changes in overall growth, seedling morphology, photosynthesis, and yield (Sisson
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and Caldwell 1977, leramura ef o/, 1980). Under low WL irradiance, increased UV-
B sensitivity is noticed in plants grown in growth chambers and greenhouses
{Teramura et al. 1980). Reductions in growth and chlorophyl! (Chl) content were
reported in plants exposed to UV-B under a background of low PPID) (Cen and
Bornman 1990). High PPFD reduces the effects of UV-B on plant growth (Mirecki
and Teramura 1984). High WL irradiance photoprotects UV-irradiated chloroplasts
(Lingakumar and Kulandaivelu 1996). Thus critical evaluation of PPFD levels is
obligatory in studies of UV-B effects in higher plants. Combination of visible
radiation and UV-A at a particular ratio may be highly suitable for enhanced growth
of seedlings (Middleton and Teramura 1994). Amelioration of photosystem (PS) 2
activity by the addition of UV-A to UV-B irradiated chloroplasts was shown by
Panagopoulos et al. {1990). Till date, conflicting reports arise about the regulatory
effects of UV-A. Hashimoto and Tajima (1980) and Biswal ef al. (1997) found
inhibition of total Chl and carotenoid contents induced by UV-A. Promotory effects
of UV-A on the synthesis of Chl and carotenoids were reported by Senger and
Schmidt (1986) and Rau and Schrott {1984). Photorepair and photoreactivation
processes may be stimulated by radiations in the blue and UV-A spectral regions
which activate photolyase (Sutherland 1981, Pang and Hays 1991). Since UV-B
induced changes are photoreactivated by long-wavelength radiations, we selected two
spectral regions (WL, and UV-A) and studied their efficiency in moderation or
photoregulation of UV-B effects on plant growth, photosynthetic pigment
composition, and photosynthetic activities in higher plants.

Materials and methods

Plants: Seedlings of Cyamaopsis tetragonoloba L. cv. Pusa navabhakar were grown in
a growth chamber (Hot Pack, USA) at 25+0.2 °C with a 12/12 h light/dark cycle.
Irradiance at the seedling surface was 50 W m=2. Temperature was maintained at
25+0.2 °C. Seven-d old seedlings at their early cotyledonary leaf stage were used.

Isolation of chloroplasts from the cotyledonary leaves was done as described by
Kulandaivelu and Daniell (1980) and Lingakumar and Kulandaivelu (1996).
Chloroplasts were washed with 10 mM NaCl, and the membranes were obtained after
centrifugation at 3 000xg for 5 min.

UV-B and long-wavelength treatment: The seedlings were exposed to 1IV-R
enhanced cool fluorescent irradiation (UV-B sun lamp, Philips TL 20 W/12 and
Philips 20 W/33, India) at 25+0.2 °C. As an UV-A source, a Philips TL. 20 W/08 was
used. Radiation below 280 nm was completely removed from the UV lamps using a
Sechott WG 290 filter. Irradiances at the leaf surface were 15.5, 2.5, and 2.2 umol m2
sl for UV-B, WL, and UV-A, respectively. Visible and UV irradiances were
measured using an IL-700 spectroradiometer cquipped with a broad band scnsor SEE
400 (International Lights, USA).

Photosynthetic electron transport assays: Photosynthetic reactions mediated by PS1
and PS2 were measured using a Hansatech (UK.) O, electrode as described by
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Noorudeen and Kulandaivelu (1982). Assay media were prepared similarly as in
Lingakumar and Kulandaivelu {1996).

Variahle Chl a fluorescence was followed in vivo in intact leaves after excitation with
broad band blue radiation (400-620 nm) filtered by the Corning 4-96 filter, Prior to
the excitation, the leaves were incubated in the dark for 10 min, and care was taken to
avoid wilting of leaves in the dark. The signal was stored in a digital oscilloscope
(Iwatzu S8-5802) and then transferred to a Hifachi recorder.

Low temperature fluorescence emission spectra of chloroplast samples were recorded
using a Hitachi MPF4 spectrofluorimeter. Isolated chioroplasts were resuspended in
a 60 % (v/v) glycerol medium containing 20 mM Tris-HCl, pH 7.5, 5 mM MgCl,,
and 5 mM NaCl. A specially constructed Dewar flask was used for measurements at
77 K. The emission spectra were obtained after correcting for differences in
monochromator and photomultiplier responses.

Pigment analysis: (Chl and carotenoids were extracted in 80 % acetone.
Concentrations of Chl 4, b, and carotenoids were calculated using the coefficients of
Wellbum and Lichtenthaler (1984).

Results and discussion

Changes in growth characteristics: C. tetragonoloba seedlings were exposed for 18 h
under UV-B and post-irradiated either under WL or UV-A for 72 h. Continuous UV-
B trcatment caused significant reductions in shoot length and leaf area by about 16
and 35 %, respectively (Table 1). The fresh mass of vegetative parts was less affected
when compared to dry mass. Under UV-A supplementation, almost all these
parameters increased, and maximum cffect was found for leaf area. A significant

Table 1. Growth characteristics in Cyamopsis seedlings exposed to different long-wavelength
radiations. Irradiance at the leaf surface was 15.5, 2.5, and 22 pmal m2 &l for [IV.B, WI,, and
UV-A, respectively. Figures in parentheses are % with reference to respective control (WL). Mean
+8E, n=735.

Treatment Shoot length  Dry matter Leaf area
[em] [mg per seedling] [cm?]
 Control WL (18 h) 8§62+070 204%2.0 200+0.12
+UV-B (18 h) 722+060 20.0+21 1.53£0.15
(83.7) (98.0) (65.3)
Control WL {90 h} 822+0.80 221425 224+0.14
UV-B+ WL (18+72h) 824 +0.80 250+20 1.92 £ 0.09
93.4) (113.6) (96.0)
WL+ UV-A (18+72 h) 9.68 £ 0.90 242+ 1.7 2.67x0.15
{109.8) (109.0) (119.0)
UV-B+UV-A(18+72h) 6.10£0.60 181+1.8 147 £0.06
(69.1) (B1.8) (R5.6)
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increase in leaf area and shoot length under UV-A irradiation is a strong evidence for
its regulatory role in photomorphogenesis. Chl and carotenoid synthesis and
photosynthesis are stimulated by UV-A/blue radiation (Senger and Schmidt 1986,
Kawallik 1987, Rau and Schrott 1987). Middleton and Teramura (1994} report that
both UV-A/blue radiation photoreceptor and phytochrome are involved in the
regulation of photomorphogenetic responses. Post-irradiation with WL caused a
considerable recovery of UV-B induced changes on growth parameters {Table 1).
Under UV-B+UV-A such photoprotective etfects were not noticed.

Changes in pigment composition: On the basis of unit fresh mass, total Chl (a+5)
content was slightly increased under UV-B treatment (Table 2). Similarly, the Chl
a/b ratio and carotenoid content also showed an increase. UV-A supplementation
caused an 11 % increase in total Chl and a 26 % increase in carotenoid content.

Table 2. The effect of UV-B and long-wavelength radiations on the amounts of chlorophyli (Chl)
and carotenoids |g kg'(f.m.}| in Cyamopsis seedlings. Figures in parentheses are percentage with

reference to respective controls. Mean + SE, n= 5.

Treatment Chl {a+h) Chl a4 Chl b Chl a/h Carotenoids
Control WL (18 h) 124+004 077001 0471+002 1.66 0.30+0.10
+UV-B (18 I} 1.25x£003 079008 046 x0.08 1.71 030 0.04
(100.7) (101.8) (98.9) (100.6)
Control WL (90 h) 142£006 085+0.04 058+003 146 0.32 + 0.03
UV-B + WL (18+72 h) 1371004 080006 057+£003 141 0.33 +£0.04
(96.0) (94.6) (98.0) (105.4)
WL+ UV-A (18+72 h) 1.58+0.08 091004 067006 136 0.40 + 0.06
(110.8) (107.7) (115.1) (126.0)
UV-B+UV-A (18+72h) 1.43+0.09 0.84+0.03 059+004 143 0.36 + 0.03
(100.8) (99.8) (102.4) (114.0)

A preferential enhancement of Chl b concentration was observed under this
treatment. Several studies have shown that Chl b and light-harvesting complex 2 are
{formed under red radiation and low WL irradiances (Terao et a/. 1985, 1988, Droppa
et al. 1988). Carotenoids protect against photooxidation. Post-irradiation with WL
did not induce any positive response in contents of all pigments. The significant
increase in carotenoid content under UV-B+UV-A treatment indicates an additional
resistance mechanism to photooxidative stress effects of UV,

Changes in photosynthetic electron transport: Changes in PS2, PS1, and whole chain
rates were expressed per Chl basis (Table 3). The rate of H,O—-MV electron
transport was highest under WL (control). Exposure to UV-B for 18 h resulted in a
65 % inhibition. Under post-UV WL irradiation, the inhibition was further
accelerated to 45 %, whereas UV-A post-irradiation greatly reversed the UV
inhibition. The rate of PS§2 electron transport (H,0—BQ) was more or less similar to
the overall electron transport but for a small difference in the photoreversal
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Table 3. The olfect of UV-B and long-wavelength radiations on photochemical activitics (wholc
chain: HO-—-MV; PS2: HO—BQ; PS1: DCPIPH,—»MV) [mmol(O;) kg l(Chl} s1] in Cyamopsis
chloroplasts. The seedlings at their early cotyledonary leaf stage were used for various treatments.
Values are averages of five independent measnrements. Mean + SE, = 5. For ahhreviations see the
text.

Treatment Whole chain  PS? PS1
Control WL (18 h) 31.1£4.0 78846 3300+ 12.8
+UV-B {18 h) 329+74 28518 2293+ 10.7
(64.5}) (36.2) (69.5)
Control WL (90 h}) 63.7£43 98.7£ 5.3 349.6 £24.2
UV-B+ WL (18+72 h) 122109 18208 1786118
(19.1) (18.4) (51.1}
WL + UV-A (18+72 h) 622%7.5 100.2 + 6.1 3083+234
{97.6) (101.5) (114.0)
UV-B+UV-A(18+72h) 354.0x3.2 03858 323.8x24.8
(84.6) (64.6) (92.7)

properties of WL. UV-B impairment ot P82 activity has been documented by several
reports (see review of Bornman 1989, Melis et al. 1992). The UV-A post-UV
irradiation brought a high UV-B inhibition as compared to WL which aggravated the
UV-B effect. Generally, UV-B has less impact on PS1 (Van et af. 1977, Renger et al.
1982, Kulandaivelu and Noorudeen [983) than on PS2. As evidenced from Table 3,
UV-B inhibited the DCPIPH,—>MV e¢lectron transport but the extent of inhibition
was 50 % less than those observed for PS2 activity. WL and UV-A supplementation
to UV-B-exposed seedlings brought about similar changes as observed for PS2
activity. The ineffectiveness of WL and UV-A post-irradiations for full restoration of
UV-B inhibition of photochemical activitics could be due to a structural
reorganization under UV-B exposure. A structural reorganization under UV-B at the
level of PS2 has been reported by Nedunchezhian and Kulandaivelu (1991).

Fluorescence induction kinetics: Chl fluorescence is used as a probe in tracing out
the primary photosynthetic events and also to monitar the plant response o a siress
affecting photosynthetic capacities (Smiliie 1983). Compared to control (WL) plants,
UV-A had little effect on Chl fluorescence induction parameters (Fig. 1), while
UV-B inhibited the variable fluorescence (F,). Post-UV-irradiation with WL partially
restored the inhibition on F, but with a slow O-P rise. On the contrary, UV-A
supplementation to UV-B exposed seedlings severed the inhibition of F,. The slow
fluorcsecence changes revealed typical PP, S, M, and T levels (Walker 1981). In all the
controls, a rapid P-8 quenching was observed. UV-B exposure brought about a slow
P-S quenching and a fast attainment of the T state without an intermediate M peak.
Post-UYV WL and UV-A irradiations caused reappearance of the M peak in UV-B
treated samples. Activation of Fd2*-NADP oxidoreductase by PS1 was probably not
affected by these post-irradiations (Satoh 1981). Since the M peak is attributed to the
changes in COy fixation elficiency, the siress imposed by UV-B on CO; [ixation may
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be relieved W a certuin extendt by the post-UV WL and UV-A irradiations.
Furthermore, the decrease in F, under WL+UV-B+UV-A treatments indicates that
UV-A imposes an additional burden on the photosystems. Similar changes were
observed in sugar beet leaves by Panagopoulos er al. (1990).

CONTROL UV-B (18 h) WL CONTROL UV-B + WL UV-A CONTROL UV-B + UV-A

e

INCE

FLUORESC

J J ] ) ]
-; I [} t t t

Fig. 1. Changes in fast (top) and slow (bottom) fluorescence transients obtained from Cyamopsis
leaves exposed to UV-B and different post-UV-B treatments. The irradiances of all treatments were
the same as in Table 1. The leaves were dark incubated for 10 min prior to excitation. The arrows
indicate switching on the light.

Low temperature (77 K) fluorescence emission spectra: At 77 K, characteristic
cmissions by Chl-protein complexes such as PS1, PS2, and LHCP can be
distinguished (Fig. 2) after various irradiations. The fluorescence emission spectrum
of control chloroplasts upon excitation with 430 nm radiation exhibited peaks at 686
nm (F686) and 730 nm (F730), and a shoulder at 695 nm (F695)' F686= f"‘;g(), and F695
represent emissions from PS2, PS1, and LHCP, respectively (Bose 1982). The
fluorescence emission properties of UV-B and UV-A treated chloroplasts varied
tfrom that ot WL control samples. The Fq34/Fggs values were higher under all the UV
treatments. UV-B treatment alone increased the Fggg and Fozq levels, but on further
exposure to WL a pronounced decrease in Fgge was noticed which correlated well
with the changes in photosynthetic electron transport rates. Similarly UV-A alone
affected both PS2 and PS1 emission. When UV-A was used as a post-irradiation
source, a preferential increase in the F43 level was noticed with a low inhibition of
Fgge in UV-B irradiated chloroplasts. This. indicates that UV-A has a selective
regulatory effect towards PS2 rather than towards PS1. Such a similarity in the
regulation of photosystems is possible since both UV-A and UV-B share a common
target site, namely PS2. Thus, our results confirm the damaging effects of UV-B in
higher plants. The extent of photoprotection at the organelle level was not the same
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for both long-wavelength radiations. Even though WL and UV-A post-irradiations
accelerated the PS2 inhibition, a significant protection occurred at PS1.
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Fig. 2. Low temperature (77 K) fluorescence emission spectra of chloroplasts isolated from WL
control, and UV-B and UV-A treated Cyamopsis seedlings. The irradiances of all treatments were
the same as in Table 1. Isolated chloroplasts were resuspended at a final Chl concentration of 2 g
m in the reaction buffer containing 60 % {v/v) glycerol.
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