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ABSTRACT
Stem di ameter growth of g-year-old sweetgum (Liquidanbar styraciflua) trees

was nmeasured and related with the activity of sucrose-synthase (SS), an enzyme
that has been associated with carbon sink strength in agriculture crops and

tree seedlings. In 1984, 1-0O sweetgum seedlings were transplanted to control
plots and plots amended with sewage sludge or nitrogen and phosphorus
fertilizer. After 8growing seasons, trees on sludge contained four times as

much volune as controls and twice as nmuch volume as those on fertilized plots
In 1991, sludge treated soil had about 2 to Stimes as much in N and P as‘soils
from other treatnents. There were no differences in the K |levels between

treatnents.

Beginning in 1992, sucrose netabolizing enzymes were assayed nonthly in
both phloem and xylemside stemcanbial tissues. In late April when stem bark
becane easy to peel, there was SS activity in phloemside but not in xylemside
stem cambial tissues. Phloem S8S activity renained constant throughout the
season. In less than 2 weeks, SS in xylem canbi um exceeded that in phloem
canbiun1b¥ 20 folds and reached highest levels in June through August. For
nost of the grow ng season, there were no differences anbng treatments in the
patterns for SS activity in xylemside stem canbial tissues. However. §S
activity in canbial tissues of trees fromthe sludge sites remained high in
| ate Septenber and October, when canbiumof trees fromthe other treatments was
dry and inactive and no SS activity was nmeasured. Seasonal treands in
activity of pyrophosphate-dependent phosphofructoki nase (PPi~PFK) were sim|ar
to those of SS, but activity of its alternative enzyme, ATP-PFK, .was | ow and
constant throughout the growi ng season. \% concluded that: (1) application of
sewage sludge enhanced tree growth for at |east 9 years, (2) sucrose netabolism
Is simlar in g-year-old sweetgum trees and in seedlings, and (3)sludge
application increases the annual duration of high 8§ and PPi~PFK activities.

| NTRCDUCTI ON

Al'l plant cells except green ones that are photoautotrophic, |ive off
sucrose which is the mgjor translocated carbohydrate in plants (Zi mrernman and
Brown 1971). 'Since sucrose is the starting point of glycolysis and the
termnation of gluconeogenesis, sucrose metabolism (sucrolysis) is essentia
for plants to grow, adapt to environnmental changes, and survive stresses (Sung
et al. 1983). O three alternative enzymes catal yzing sucrose breakdown,
sucrose synthase (SS) is the domnant activity in organs that are actively
growing and storing reserves (Sung et al. 1989a; Xu et al. 1989). Acid
invertase (Al) is closely associated with elongating tissues (Xu et al. 1989)
whereas the role of neutral invertase (NI) is yet to be clarified. In
nursery-grown sweetgum seedling taproots, SS activity decreased to m ninmum
after leaf abscission in fall and did not rise again until June of the next
year when |eaves were fully expanded (Sung et al. 1989b). The periodicity of
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growh in [oblolly pine seedling stemand root was supported biochenmically by
high SS activity in stem canmbium during summer and fall and in root canbium
during fall and winter (Sung et al. 1993). Furthernore, SS activity declined
during brief periods of |ow tenperature and drought, when growth was

suspended.  Al'though the tenportal (seasonal) and spatial (stemvs. root)
patterns of sucrolysis gn transplanted |oblolly pine seedlings were not
different fromthose of the nonlifted controls, SS activity of transplanted
seedlings was much | ess than the controls (Sung et al. 1993). |In fact, the
duration and extent of transplanting stress was quantified biochemcally via SS
activity

It has been suggested that there are two sets of enzymes in plant
glycolytic pathways, namely the adaptive and the naintenance enzynes (Mistardy
et al. 1986). The adaptive enzynes have large (5-to lo-fold) and rapid
changes in activity in response to environnental changes and to plant growth
and devel opnent.  The mmintenance enzynes usual |y have either |ow or very high
level s of activity regardless the environnents or plant status. Sucrose
synthase, Al, and pyrophosphat e-dependent phosphofruct oki nase (PPi~PFK) were
identified as the adaptive enzynes in bean seeds (Xu et al. 1989), potato
tubers (Sung et al. 1989a) and sweetgum and |oblolly pine seedlings (Sung et
al. 1989b; Sung et al. 1993). In the sane plant tissues, N and ATP-PFK were
the mintenance enzymes that did not change their activities nore than two
folds. Al these studies, however, were with an agriculture crop or 1~ to
2-year-old seedlings. W report here a biochem cal assessment of growth and
stress in large plantation trees.

Recently, an 8-year-ol d sweetgum pl antation established to determne the
growth responses of three fertility treatments became avail able. [|ndividua
plots received sewage sludge, fertilizer, or no anendnents. For 8 grow ng
seasons, these initial fertility treatnents have strongly influenced tree
growth and vigor. The long duration of these growth differences suggested
basic differences in sucrose netabolismenzyne activities anong treatnents. W
therefore tested the following hypotheses: (1) developing plantation trees and
seedlings have simlar sucrose netabolism enzymes, (2) there are adaptive and
mai nt enance enzynmes in the glycolytic pathway in plantation trees, and (3)
sucrose netabolism is nore active or lasts longer in fast-growng,
sludge-treated trees than in slower-growing trees.

MATERI ALS AND METHODS

Site Hstory

The original study evaluated the effects of subsoiling, sewage sludge, and
vesi cul ar-arbuscul ar nycorrhizae (VAM on sweetgum growth on high-quality soi
located at the Savannah River Site, Aken, SC.  The experinental design was a
split-split plot wth four'replicate blocks. Treatnent variables were
fertility, subsoiling, and VAM In July 1983, sewage sludge from Athens, GA
was applied to one-third of each block at 34dry netric tons/ha and then al
pl ots were doubl e disked. Another one-third of each bl ock received
fertilization treatnment consisted of 280 kg/ha di anmoni um phosphate in 1985 and
240 kg/ha ammoniumnitrate in 1986, The remaining one-third of each block
recei ved no anmendnents and served as the control. In Septenber 1983, half of
each bl ock was subsoiled with furrows in parallel |ines 122 cmapart and. 76 cm
deep. Sweetgum seedlings were produced at Witehal | Experinental Nursery in
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Athens, GA  VAMseedlings had been inoculated with Gonus fasciculatumor g.
macrocarpus. Both inoculated and noninocul ated seedl1ngs were grown in

fum gated nursery beds with 75 to 100 ppm P.  Sixteen seedlings with 6 or nore
first-order lateral roots were planted at a 3x 3 mspacing in each plot in
February 1984.

Ti ssue sanpling and preparation

.For the purpose of current study, there were three soil fertility
treatments:  sludge, fertilizer, and control. Canbium sanples were taken
monthly in 1992; and the sane protocol will be continued in 1993. Two to three
strips of 3.0x 20 cmstem bark were renoved fromeach tree at breast height
(1.5 m aboveground). For each treatnment, tw trees from each of the two blocks
were sanmpled in 1992. 1In 1993, dendrobands were put on the interior trees in
the other two blocks. These trees will be sanpled for enzyme activity and stem
diameter growh. Phloem canbial tissues were scraped fromthe inside of the
bark and xyl em canbi al tissues were scraped fromthe exposed surface of the
stem  The scraped tissues were inmediately frozen in liquid nitrogen and
transported back to the lab. The next day.tissues were honogeni zed for enzyne
assays.  The enzynme extraction and assay procedures followed Sung et al
(1993) . Activities of sucrose synthase (SS), acid invertase (Al), neutra
invertase (N'), pyrophosphate-dependent phosphofructokinase (PPi-PFK), and
ATP-PFK were routinely assayed fromthe sane extracts.

RESULTS AND DI SCUSSI ON

In 1991, the eighth grow ng season after planting sweetgum plantation
| eaves of trees grown in the sludge plots were retained and were functionally
green until the frost late in Novenber. Leaves of tree in the other plots
became discolored in md-Septenber and fell soon after. In addition, all the
trees in the sludge plots had bunper seed crop while other trees produced few
if any seeds. In 1991 stens were measured. Since no inportant effects of the
VA or subsoiling treatnments were observed, data were conpiled into three groups
based on the initial fertility treatments « sludge, fertilizer, and control
Trees grown on slud?e contained 4 tinmes the volune of control trees and twice
the volume of fertilizer trees. Trees on sludge were taller and larger in
diameter at breast height (DBH) than the others. Trees grown on the fertilizer
plots were taller and larger in DBH than control trees. It was reported that 5
years after sewage sludge treatment applied at pole-stage, sawlog VOl une
i ncreased 50% in Corsican pine (Pinus nigra var. maritim (Ait.) Melville)
(Mffat et al. 1991).
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In addition to nmeasuring tree growth in 1991, we collected soil sanples
fromeach plot at two depths, 0 to 7.5 and 75to 15 cm for soil nutrient
analyses. The average concentrations of major elenent |levels for the three
fertility treatments were:

Tr eat ment Concentration (ppm
and depth N P K ,
Control '

0-7.5 370 29 29
7.5-15 267 24 24
Fertilizer

O-75 389 36 25
7.5-15 289 28 23
Sl udge

o-7.5 1153 153 24
"7.5-15 448 143 24

Eight years after treatment sludge plots contain 2- to 5-times as much
total Nand available P as the other soils. No differences in soil fertility
| evel were found between soils of control and fertilizer treatments.

Generally, there was more N in the top 7.5 cmsoil than the next soil layer in
all  three treatnents. In'a Study by Berry and Marx (1980), 3 years after the

sludge treatnment, there were 5%and 84 ppmof N and P in the soils whereas the
control soils had 112 and 7ppmon N and P, respectively.

Based on the 1991soil fertility analysis the growh advantage for trees on
sl udge plots seems |ikely to continue for a few nore years. In 1992, DBH
increased 4.3, 2.1, and 1.1 cm respectively, for trees in sludge, fertilizer,
and control plots. Average increases in DBH among trees sanpled for enzyme
activity were 1.44, 099 and 0.97 cmduring 1992. Reasons for the slower
growth of sanple trees are not clear. Bark strip renoval may be the cause.
Trees sanpled before July produced some callus tissues along the cut edges,
whereas no callus formation was noticed after June sanpling.

As in sweetgum and loblolly pine seedlings (Sung et al. 1989b;Sung et al.
1993}, sucrolysis with sucrose synthase was the dom nant sucrose breakdown
activity in the g-year-old plantation sweetgum No clear seasonal patterns in
AL or NI activity were observed (data not shown). SS activity in phloemside
stem canbial tissues ranged from5to 35nmol per ng protein per mn throughout
t he sampling periods. 1In the first sanpling in April 1992, no SS activity was
Cetected in Xyl emside cambium. The data suggested that phl oem canbi um became
8ctive earlier than xylem cambium in spring (Figure 1). Wthin 2 weeks, xylem
cazbium pecane active,and its sg activity was 10 to 20 tines higher than that
in than phl oem throughout the year. On a fresh weight basis, the xylemside
Cazbium has U~ to 10-ford as mich soluble protein as that of phloemside
Casbium (data not shown). Loblolly pine seedling stem phl oemside cambium also
had low 5ol bl e protein and SS activity (Sung et al. 1993). It is generally
8Cknowledged that for every cell division in phloem mother cell region there is
8t least 6 or 7 cell divisions taking place in xylem nother cell region.
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Xyl em canbi um became active about 1 week earlier in 1993 than in 1992
(Figure 1). Except toward the end of the grow ng season, there were no
differences in SS activity between treatments. From June to August, SS
activity was highest in all trees. SS activity, however, remained high for at
least 1 more month in sludge-treated trees than other trees (Figure 1).
Therefore, an extended duration of high SS activity rather than high absol ute
activity gave sludge trees their growh advantage. Since the active canbia
tissues were nost scrapable, one needs to consider whether there were any

differences in SS activity per unit of cambial area., Basically, the trends did
not change when SS activity was expressed in nmol/cm™.min (Figure 2) as in
Figure 1. In both Figure 1 and 2, there was a second peak in SS activity of
sludge trees in Septenber. The functionally green |eaves on trees of sludge
plots in Septenber certain can export sucrose for stemcanbial SS to netabolize
it for growh. The continuous declining SS ‘"activity in other trees in fall
coincided with leaf discoloring and abscission

SS activity was al so assayed nonthly in xylemside canbial tissues of
lateral roots. However, the variations within treatments were too large.to
draw neani ngful conclusions. In fact, within the same piece of |ateral root
there were differences in the ease of bark peeling. In July and August, root
SS activity averaged about 50 nmol/mg protein.mn for all treatnents. This
rate was nmuch | ower than that of the seedling taproot which is the mgjor
bel owground sink for sucrose (Sung et al. 1989b). A plantation tree has many
| ateral roots which probably are not equally conpetitive sucrose sinks at the
same tine

As in earlier studies with seedlings (Sung et al. 1989a; 1989b; 1993). the
PPi -PFK activity in plantation trees was that of an adaptive enzyme; it
correlated well with growing season (Figure 3). Furthernmore, the simlarity
bet weeen seasonal patterns of PPi-PFK and SS in loblolly pine seedlings (Sung
et al. 1993) was observed with sweetgum trees (Figure 2 and 3). ATP-PFK
activity, on the contrary, was that of a maintenance enzyme. Like the
invertases, ATP-PFK was nore or |ess constant in activity throughout the year
(Figure 4).

Ve concluded that sucrolysis in sweetgum plantation trees is simlar to
that in nursery seedlings. Throughout the grow ng season, SS is the dom nant
sucrose breakdown activity and it correlates well wth physiological activity.
Trees on sludge-treated soil grew nore in diameter and had high SS and PPi-PFK
activities for a longer-period than control and fertilized trees. The
long-term positive effects of sludge on sweetgum tree growth and seed
production are especially inportant for tree inprovement. Mnitoring of SS
activity increases our understanding of the biochenm cal basis for the growth

advant age.
LI TERATURE CI TED

Berry, CR and D.H Mrx. 1980. Significance of various soil amendnents to
borrow pit reclamation with [oblolly pine and fescue. Reclam. Rev. 3:87-94.

Mffat, AJ., RW Mtthews and J.E. Hall. 1991. The effects of sewage sl udge

on growth and foliar and soil chemstry in pole-stage Corsican pine at Ringwood
Forest, Dorset, U K Can. J. For, Res. 21:901-909.

118




sung, S.S., D.P. Xu, CM Galloway and C.C. Black. 1988. A reassessment of
glycol ysis and gl uconeogenesis 'in higher plants. Physiol. Plant. 72:650-654.

sung, S.S., D.P. Xu and C.C. Black. 1989a. Identification of actively filling
sucrose sinks. Plant Physiol. 89:1117-1121,

sung, S.S., P.P. Kormanik, D.P. xu and C.C. Black. 1989b. Sucrose netabolic
pathways in sweetgum and pecan seedlings. Tree Physiol. 5:39-52.

sung, s.s., P.P. Kormanik and C.C. Black. 1993. Vascul ar cambial sucrose
netabol i sm and growth in loblolly pine (Pinus taeda L.) in relation to
transpl anting stress. Tree Physiol. 12:253-258.

Xu, D.P., S.S Sung and C.C. Black. 1989. Sucrose netabolismin lim bean
seeds. Plant Physiol. 89:1106-~1116.

Zinmerman, MH and C.L. Brown. 1971. Tree Structure and Function.
Springer-Verlag, Berlin, pp 1-336.

FI GURE LEGENDS

Figure 1. Seasonal changes in sucrose synthase specific activity,'
nmol/mg protein.min, in stem xylem canbial tissues of plantation sweetgum
trees. Each data point was the average of four sanples. The same plant
extract was used for all enzyne assays.

Figure 3. Seasonal chan?es in sucrose synthase specific activity,
nmol/cm®.min, in stem xylem canbial tissues of plantation sweetgum trees.
Data from Figure 1 was used to cal cul ate these val ues.

Figure 3. Seasongl changes in PPi-dependent phosphofructokinase specific
activity, nmol/cm.min, in -stemxylemcanbial tissues of plantation sweetgum
trees. Each data point was the average of four sanples.

Figure 4. Seasonil changes in ATP-dependent phosphofructoki nase specific

activity, nmol/em®.min, in stem xylem canbial tissues of plantation sweetgum
trees. Each data point was the average of four sanples.
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