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Photosynthesis in Fescue'
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ABSTRACT

Photosystem I electron transport activity has been found to be consid-
erably higher in a decapboid tall fescue (Festuca iea Schreb.)
genotype as compared to a common hexaploid genotype. The decapblid
genotype also displayed a higher photosystem whole chain (Photosystem
II plus Photosystem I uncoupled) activity, suggesting a connection between
polyploidy and increased electron transport activity. However, when a
polyploidy series of tall fescue, ranging from diploid to decaploid with
several diferent genetic isolates at each ploidy level, was examined in
natural growth conditions, no effect of increasing genome content on
electron transport and photophosphorylation was found. These results
suggest that a gene component of one of the genomes involved may be
responsible for the increased activity rather than simply the total chro-
mosome content.

Stebbins (23) suggests that the most widespread process affect-
ing the evolution of higher plants is the multiplication of entire
sets of nuclear chromosomes, or the phenomenon of polyploidy.
The most immediate effect of polyploidy is often seen in changes
of lead morphology which are visible in increased cell and organ
size. While the morphological effects are most obvious, other
physiological differences occur as chromosome level is changed.
Decreased photosynthesis (1, 6), decreased growth rate (7), and
reduced reproductive ability (23) are only a few of the negative
occurrences that accompany polyploidy. In most instances, the
simple doubling of chromosome sets is not advantageous to the
evolution of higher plants, but the doubling must be accompanied
by hybridization or introduction ofnew chromosome sets in order
that the new genotype become successful (23). It is probably this
combination of events, polyploidy and hybridization, that had
enabled tall fescue, Festuca arundinacea Schreb., to become a
successful hexaploid (2n = 42).
The suggested correlation between increased chromosome num-

ber and photosynthetic activity has been a difficult phenomenon
to prove. Dunbier et al. (8), using diploid and tetraploid alfalfa,
provided good evidence that polyploidy positively affected dry
matter yield. Setter et al. (22), using diploid and tetraploid colchi-
cine-treated alfalfa, found no effect of polyploidy on CO2 ex-
change rate and transpiration when data were expressed per unit
leaf area. Randall et al. (18) has suggested increased CO2 exchange

' Research supported by United States Department of Agriculture
Grant 5901-04109-0366-0.

rate and RuBP2 carboxylase activity to accompany a change from
hexaploid to decaploid in genotypes of tall fescue. Recently,
Ratham and Chollet (19) confirmed work by Garrett (9) with
diploid and tetraploid ryegrass genotypes by showing a correlation
between decreased photorespiration (and therefore increased CO2
exchange rate) and polyploidy. Only in the latter studies, are leaf
morphology changes accounted for in the biochemical analysis,
giving strong evidence to the direct influence of polyploidy on the
chloroplast. When only two genotypes are examined, as in all the
studies above, the difficulty of suggesting a change due only to
polyploidy becomes more acute.

In our previous work (14), we have shown that isolated chlo-
roplasts from hexaploid tall fescue can exhibit high rates of
chloroplast electron transport and phosphorylation. Here, we com-
pare the commonly cultivated hexaploid to a polyploid series of
tall fescue with nuclear chromosome number of 14 in the diploid
through chromosome number 70 in the decaploid. We used iso-
lated, functional chloroplasts to avoid effects of any changes in
leaf morphology that might have occurred. Part of this same series
of genotypes has been examined for RuBP carboxylase activity
and CO2 exchange rate activity (13, 18). Convincing evidence has
been presented showing a positive functional relationship between
increasing chromosome number and increased activity.

Initially, we compared the high performing decaploid, I-16-2
(11), to the hexaploid KY-31 (14), and we found PSI electron
transport activity to be consistently higher in the decaploid, while
PSII + I electron transport was only slightly higher in the deca-
ploid. The increased activity suggests that increasing chromosome
number might be related to increasing photosynthetic activity
(18). Yet, when 24 genotypes in a polyploid series were examined,
no correlation between polyploidy and photosynthetic activity was
found. Our conclusion was that the decaploid genotype contains
the gene(s) responsible for the increased PSI electron transport
activity, which may be transferable within this genus.

MATERIALS AND METHODS

Plant Material. Clones of selected tall fescue genotypes were
vegetatively propagated from tillers and placed into 4-inch pots
for growth chamber and greenhouse studies. Plant material grown
in the growth chamber was kept at a 14-h (400 ,uE m 2 s-1), 25-C
day and a 10-h, 20-C night. Nine pots representing three repeti-
tions for each genotype were planted in a selected plot on the
southeast corner of the University of Missouri, Columbia, campus
in late April, 1980. Analysis was done on this plot for field studies
in early October, 1980. Tissue harvested for chloroplast isolation

2Abbreviations: RuBP, ribulose 1,5-bisphosphate; TMQH2, tetra-
methyl-p-hydroquinone; MV, methyl viologen; DAD, diaminodurene;
TMQ, tetramethyl-p-benzoquinone; PD., oxidized-o-phenyleneiiamine;
Kf,, K apparent; DBMIB, dibromothymoquinone; SOD, superoxide dis-
mutase; ASC, sodium ascorbate.
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was cut from young, fully expanded leaves as previously described
(14). Chl content and Chl a to Chl b ratios were determined by
extraction in 80%1o acetone, and absorption was measured on a

Perkin-Elmer 552 spectrophotometer, as described by Arnon (2).
Electron Transport and Phosphorylation Measurements. All of

the assays were performed in a 5.8-mi water-jacketed (25 C)
reaction chamber, with the exception of the TMQH2-to-MV assay,

which was done in a 2.9-ml reaction chamber. Oxygen changes
were measured by a Clarke-type O2 electrode (Yellow Springs
Instrument) with conditions as previously described (14). Actinic
light (6,000 ,uE m-2 s-1) was provided by a projection lamp
equipped with a heat trap. Experiments using TMQH2 as the
electron donor (9, 21) were done with a red cut-off filter (575 nm)
that allowed greater than 40%o of the 650- to 700-nm red light to
pass as actinic light. Phosphorylation was measured as [32P]ATP
formation (14, 20).

Chemicals. General chemicals were purchased from Sigma and
Mallinckrodt Chemical Co., with the exception of DAD (East-
man). TMQ, DAD, and PDos were recrystallized after acquisition
and dissolved prior to use. TMQ was reduced to TMQH2, as

described by Izawa and Pan (12). [32P]Pi was purchased from New
England Nuclear.

RESULTS

Table I shows a comparison ofthe light reactions ofthe common
hexaploid to the high-performing decaploid 1-16-2, both grown in
the growth chamber conditions. Except for cyclic phosphorylation,
the decaploid shows higher rates of electron transport and phos-
phorylation than does the hexaploid. In all reactions, the decaploid
had higher electron flow rates as well as higher ATP synthesis.
While the P:2e in PSII of the decaploid is greater than in that of
the hexaploid, the P:2e was lower in the PSI and PSII + I reaction
as a result of a large increase in electron flow. These data suggest
that the decaploid is less efficient photosynthetically than is the
hexaploid.
Both genotypes were examined more closely for PSII activity

(Fig. 1) and to see the significance of the electron flow difference
seen in Table I. Both genotypes were found to have near identical
rates at low and high light intensities. Response to varying light
intensities with neutral filters and the near total inhibition of
electron flow by DCMU (>95%) suggests that the two genotypes
have near identical PSII activity.

However, when PSI activity was measured and compared at
varying light intensities, a large difference in the electron transport
rate could be detected (Fig. 2). The rate difference was detectable
at low intensities as well as at high intensities. The decaploid
maximum rate of DAD-to-MV electron flow was significantly
greater than the hexaploid maximum flow. When the data were

replotted as a Woolf-Augustinsson-Hofstee plot (21), not only was
the maximum rate (V,,.) difference more visible but the Kpp was

also found to be different (Fig. 2B). A second type of the PSI
difference is shown in Figure 3, where the artificial electron donor

concentration was varied. Again, at nearly all but very low con-
centrations, the electron transport for the decaploid was higher

than for the hexaploid.
A second donor to PSI was used to assay PSI activity, but this

donor (TMQH2) was DBMIB-sensitive, providing electrons on the
PSII side ofthe plastoquinone pool (12, 25). The electron transport
in the decaploid was greater than in the hexaploid (Table II), but
the difference was not as great as that of the DAD donor in a

DBMIB-insensitive assay. Electron transport was 13% higher, and
ATP synthesis was 30o higher, for the decaploid, resulting in a P:
2e of 0.79 for the decaploid and 0.59 for the hexaploid.

After examination of a limited number of the growth-chamber
grown genotypes, a complete study ofthe light reactions in isolated
chloroplasts from an extended series of greenhouse- and field-
grown polyploid genotype clones was performed and evaluated
(Figs. 4-6). Figure 4 shows PSII activity of all genotypes, diploid
(2n = 14) through decaploid (2n = 70). Assays performed on

greenhouse-grown clones showed slightly higher rates than did
those performed on field-grown clones, but there appears to be no

trend or indication of increasing or decreasing rates of electron
transport as chromosome number changes.

Figure 5 shows PSI activity of all genotypes in the ploidy series,
grown under both conditions. While a few decaploids, such as I-

16-2 (m) and PI-283-283-5 (n), have very high rates of electron
transport, there is no increasing trend in activity as chromosome
number increases. Poorly performing genotypes include the octa-
ploids. As with PSII, activity in greenhouse-grown clones was

higher than that in field-grown clones.
When overall uncoupled PSII + I electron transport rates were

measured (Fig. 6), a trend similar to that of PSI was found. Several
tetraploids performed equal to the decaploids, with the octaploids
displaying the poorest rate of electron transport activity. Yet, there
is no correlation between increasing chromosome number and
increasing or decreasing photosynthetic activity.
When Chl concentrations were determined at the time of chlo-

roplast isolation, Chl a to Chl b ratios were obtained for all

genotypes. Results of the greenhouse-grown clones exhibited a

distribution of ratios with the minimum of 2.08 ± 0.11 SD in the
diploid and maximum of 2.55 ± 0.16 in the decaploid. Compar-
atively, all field-grown clones had higher Chl a to Chl b ratios,
ranging from 2.73 ± 0.40 in the diploid and 2.86 ± 0.09 in the
hexaploid to 3.07 ± 0.10 in the decaploid and in the tetraploid F.
mairei. There was no pattern of changing ratios with increasing
ploidy number.

DISCUSSION

The use of polyploidy was once thought to be a simple research
tool that would revolutionize the plant breeding industry (24).
Unfortunately, this genetic tool has never lived up to these expec-
tations. Nevertheless, polyploidy seems to occur in higher plants,
such as grasses, in nature as the rule rather than as the exception
(23). To date, there is no direct relationship between nuclear

Table I. Phosphorylation and Electron Transport of Chloroplastsfrom Hexaploid KY-31 and Decaploid I-16-2 Genotypes

Cyclica
Genotypes Phospho- PDIIb PSIC PSlI + Id

rylation

tmol Pi lieq e- unol Pi P:2e .eq e- tunol Pi P:2e ,ueq e- umol Pi P:2e
6x Hexaploid (KY-31) 480 1,300 319 0.50 3,180 568 0.42 228 152 1.33

lOx Decaploid (1-16-2) 483 1,600 445 0.55 4,044 726 0.35 432 236 1.10
a Pyocyanin, 30 um.
bH20 -. PDos.
c DAD/ASC -- MV; +8.6 tLm DCMU, +300 units per ml SOD.
d H20 -* MW.
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FIG. 1. PSII electron transport of isolated chloroplasts from the com-
mon hexaploid KY-31 and decaploid I-16-2 genotypes assayed under
varying ight intensities. Assay conditions include 40 mm Tricine (pH 8.0),
4.0 mM MgCl2, 60 mM NaCl, 20 to 25 ,ug Chl of chloroplast suspension,
400 um PD0,, and 2.0 mm potassium ferricyanide.
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FIG. 2. A, PSI electron transport of isolated chloroplasts from hexap-
oid KY-31 and decaploid 1-16-2 genotypes. Specific reaction conditions
as in Figure 1 legend, except that the donor was 0.5 mM DAD and 2.0 mip
ASC, and the acceptor was 100,IM MV. B, Data were replotted as a
Woolf-Augustinsson-Hofstee plot.

chromosome content or quantity and chloroplast function. Genetic
studies have led researchers to nuclear mutations that seem directly
to affect chloroplast-coded proteins (16), but the direct effect of
doubling or tripling total nuclear content on biochemical functions
in the light reactions of photosynthesis in the chloroplast is still
unclear. The increasing gene content can positively affect plant
functions, specifically photosynthetic capacity (1); however, the
process is usually not through exclusive self-duplication of ge-
nomes (autopolyploidy) but rather through hybridization and
polyploidy (alloautopolyploidy).

Tall fescue, F arundinacea Schreb., section Bovinae, has been
shown to have a polyploidy series 2n = 28, 42, 56, and 70 (3), with
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FIG. 3. PSI electron transport of isolated chloroplasts from hexaploid
KY-31 and decaploid I-16-2 genotypes. See Figure I for reaction condi-
tions. The donor was DAD and 2.0 mM ASC in the presence of 8.6 ,UM
DCMU and 250 units of SOD per ml.

the diploid (2n = 14) known in the Bovinae section as F pratensis
(15). Because this series has successfully established itself to tem-
perate regions in Europe, North Africa (3), and North America
(4), it is in our interest to explore the biochemical adaptations in
photosynthesis that have occurred as the nuclear genome chro-
matin content has increased. These studies include the diploid, F
pratensis, a plant that has contributed to the evolution of tall
fescue (15); the tetraploid, F. mairei, thought to be the hybrid link
between the sections Bovinae and Scariosae (3); and the tetraploid,
F. arundinacea var. glaucesens, and hexaploid, octaploid, and
decaploid genotypes ofF arundinacea. This line of polyploidy has
been assembled through hybridization but has been found to have
a structural genetic similarity as evidence of a high degree of
autosyndesis; i.e. the pairing in a polyploid ofchromosomes which
are derived from the same parent (5, 15). In all but the diploid, F
pratensis, there is species hybridization with little autoploidy,
probably contributing to the success of almost all genotypes of
fescue.
A starting point of photosynthetic analysis of the tall fescue

polyploid series came from Randall et at. (18), who found that a
decaploid genotype of tall fescue, I-16-2, displayed high CO2
exchange rate and RuBP carboxylase activity when compared to
a hexaploid genotype. The suggestion from these findings was of
a potential link between increasing photosynthesis and increasing
nuclear genome content. Later, findings from the same laboratory
(13) stated that plant clones from the same fescue polyploidy
series, tetraploid through decaploid, had increasing net photosyn-
thesis when based on leaf weight. Also, a suggestion was made
(13) that ploidy selectively increased the concentration of RuBP
carboxylase in the total soluble protein fraction.
We began our study by examining electron transport and pho-

tophosphorylation rates in the high-performing decaploid geno-
type, I-16-2 (11, 18), in comparison to a common well-adapted
hexaploid cultivar, KY-31 (4, 14). Early analysis indicated that
the decaploid had higher rates in all systems except cyclic phos-
phorylation. When PSII and PSI electron transport rates were
examined under optimal phosphorylating conditions, these rates
were nearly 20% higher in the decaploid, and PSII + I rates were
over 40%o higher in the decaploid. Explanation for the similarity
of the decaploid and the hexaploid in the rates of ATP synthesis
during cyclic electron flow (using the artificial mediator, pyocy-
anin) could be based on the short shuttle model presented by
Hauska et al. (10). Because the cycle includes P700, PSI, and the
primary electron acceptor of PSI, differences between the deca-
ploid and the hexaploid might be lost.
Both PSII and PSI were examined more closely, varying the

light intensity and donor/acceptor concentration. PSII electron
transport showed no differences between the two genotypes as
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Table II. PSI Phosphorylation and Electron Transport of Chloroplastsfrom Hexaploid KY-31 and Decaploid I-
16-2 Genotypes

Reaction mixture as indicated in Table I, except volume was 2.8 ml, and PSI donor used was 0.5 mm TMQH2
without ASC but with 8.6 ,m DCMU and 300 units per ml of SOD.

Genotype Trial No. Electron Trans- ATP Synthesis P:2eport
,umol 02/mg umol Pilmg Ch*h ratio

Chl.h
6x KY-31 n = 12 531 ± 66a 292 + 24a 0.59 + 0.03a
lOx I-16-2 n = 11 614 + 90a 427 + 38a 0.79 + 0.25a

a SE.

a b c d e f g h j k m n o p q
2x 4x 6x 8x lOx

PLOIDY

a b c d e, f g h j k m n o p q
2x 4x 6x 8x lOx

PLOI DY

FIG. 4. PSII electron transport of isolated chloroplasts from 24 geno-
types of fescue grown under greenhouse (_) and field (o) conditions. See
Figure 1 for specific assay conditions. Diploid genotype (a) was three
clones of F. pratensis. Tetraploid genotypes were: (b), Bn 354-5; (C), Bn
354-2; (d), Bn 574-2; and (e), F. mairei, three different clones. Hexaploid
genotypes were: (f), I-18-3; (g), I-86-3; and (h), Bn 257-5. Octaploid
genotypes were: (i), PI-283-283-6; (j), Bn 867-4; (k), Bn 275-3; and (1), I-

20-15. Decaploid genotypes were: (m), 1-16-2; (n), PI-283-283-5; (o), Bn
275-3; (p), PI-316-246-1; and (q), Bn 272-1.
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FIG. 5. PSI electron transport of isolated chloroplasts from 24 geno-
types of fescue grown under greenhouse (_) and field (o) conditions. See
Figure 3 for specific reaction conditions and Figure 4 for definition of
individual genotypes.

light intensity was changed, unlike the rates for the photophos-
phorylating conditions presented in Table I. However, the PSI
measurements under varying light intensities and varying donor
concentrations showed consistently higher rates in the decaploid.
While absolute rates are not comparable to the other assays
because conditions were not optimized for phosphorylation and
SOD was omitted from the reaction mixture, the higher electron

FIG. 6. PSII + I uncoupled electron transport of isolated chloroplasts
from 24 genotypes of fescue grown under greenhouse (_) and field (c)
conditions. Uncoupler used was 10mm methylamine, and terminal electron
acceptor was 100 UiM MV with 45 to 50 iLg Chl per reaction.

transport rates in the decaploid were consistent over all ranges of
light intensities. The Woolf-Augustinsson-Hofstee plot of light
intensity versus electron transport rates (Fig. 2B) shows that, not
only was the maximum rate (Vma.) of the decaploid greater, but
the Kapp was different for the genotypes. Because of the value for
Kapp is the light intensity that yields one-half Vm. rates, either the
light harvesting complex size or the transfer of light energy to the
PSI reaction center or both are different in the two genotypes.
Titration of electron transport rates with increasing concentrations
of the artificial electron donor DAD also showed consistently
higher rates in the decaploid. This consistent difference suggests
that the decaploid has a higher potential rate for electron flow to
P700 (17).
When TMQH2 was used as a PSI electron donor, which in-

volved electron transport through the plastoquinone component
(12, 25), the rate difference between the two genotypes was still
evident but decreased. Yet, the efficiency (P:2e) for the decaploid
was consistently higher than that for the hexaploid. Initial conclu-
sions were that the high PSI activity and high RuPB carboxylase
activity (18) may contribute to the high net photosynthesis in the
decaploid I-16-2.

However, when the hypothesis that increasing nuclear genome
content increased electron transport activity was tested, results
indicated that only certain specific genotypes were high perform-
ing. This could not be attributed to ploidy levels in general.
Examination first was performed upon greenhouse-grown geno-
type clones of fescue, including the diploid, F. pratensis, and
tetraploids, F. mairei and F. arundinacea var. glaucesens. No clear
correlation was established, so the same clones were planted under
field conditions and grown for six months before the electron
transport rates were measured. Activity compared to greenhouse-
grown clones was generally lower, probably due to a very hot 1980
Missouri summer. More importantly, no conclusive effect of po-
lyploidy on electron transport rates could be established. Certain
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decaploid genotypes, such as I-16-2, displayed high electron trans-
port rates in PSI, but similar rates were found in tetraploid and
hexaploid genotypes of fescue. Our conclusions were that, while
certain species can display high PSI electron transport rates (prob-
ably involving the P700 reaction center), there were no general
ploidy effects on the light reactions in isolated chloroplasts.
The significance of the results may not lie in the polyploidy

effect per se but in the application of the transferable, controlling
gene component(s). If a specific combination or set(s) of genes
enables the I-16-2 genotypes to display the increased PSI electron
transport and phosphorylation rates, it should be transferable to
other levels of ploidy. The necessary crosses to test this hypothesis
have been made and are being tested.
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