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ABsTRACT. Respiration is important in the overall carbon balance of plants, and can be separated into growthgjRind
maintenance respiration (R,). Estimation of R, and R, throughout plant development is difficult with traditional
approaches. Here, we describe a new method to determine ontogenic changesgiam R... The CO, exchange rate of
groups of 28 ‘Cooler Peppermint’ vinca plants Catharanthus roseugL.) G. Don.] was measured at 20 min intervals for

2 weeks. These data were used to calculate daily carbon gain (DCG, a measure of growth rate) and cumulative carbon
gain (CCG, a measure of plant size). Growth and maintenance respiration were estimated based on the assumption
that they are functions of DCG and CCG, respectively. Results suggested a linear relationship between DCG agd R
Initially, R  was three times larger than B but they were similar at the end of the experiment. The decrease in the fraction
of total available carbohydrates that was used for Rresulted in an increase in carbon use efficiency from 0.51 to 0.67
mol-molduring the 2-week period. The glucose requirement of the plants was determined fromg, ®CG, and the carbon
fraction of the plant material and estimated to be 1.39 g=§ while the maintenance coefficient was estimated to be 0.031
g-gd™* at the end of the experiment. These results are similar to values reported previously for other species. This
suggests that the use of semicontinuous G&xchange measurements for estimatingRnd R, yields reasonable results.
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Carbon accumulation is the primary process for plant biomamsice respiration is defined as the respiration needed to provide
production, and depends both on photosynthesis and respiratie@energy for all plant processes that do notresultin a net increase’zr
The relationship between photosynthesis and plant growth fraplant dry matter, such as maintenance of ion gradients across:BD'
been studied extensively, but the importance of respiratiomigmbranes and the resynthesis of degraded organic compounds
commonly underestimated, even though respiration is very i(@hiariello et al., 1989).
portant in the overall carbon balance of plants (Jiao et al., 1996)Growth respiration can be used to calculate the conversion
The carbon use efficiency of plants (CUE, the amount of carbefficiency [Y, (9-g?), the amount of plant dry matter (g) produced
incorporated into dry matter divided by the total amount of carbfsam 1 g of glucose], while Rs used to determine the maintenance
fixed in the photosynthetic process) is normally only 50% to 7086efficient [the amount of glucose respired for maintenance per unit
(Amthor, 1989). This implies that the other 30% to 50% of tliey weight (DW) per d, g-§d?. Both the conversion efficiency
carbohydrates fixed in photosynthetic processes are respire@nd the maintenance coefficient are important parameters in crop

Carbon fixation by plants can be measured as their Cgdowth models (Gifford et al., 1995; Heuvelink, 1995).
exchange rate. These measurements yield net photosynthesis (F=Growth respiration (B and R, are difficult to separate,
during the light period and dark respiration)(Buring the dark because there is no clear distinction at the biochemical level and
period. Gross photosynthesig)B calculated aB, + Ry, based both processes result in a @@flux from plants. Therefore, they
on the common assumption that respiration is similar in the ligl#nnot be measured separately and are estimated commonl
and in the dark (e.g., Gifford, 1995; McCree, 1982; van lersel aiging physiological models (McCree, 1982; Thornley, 1970;
Bugbee, 2000). Dark respiration of plants can be divided into tWwbornley and Johnson, 1990). In these models, it is normally
different physiological processes: growth respiratiog) @Rd assumed thatfs proportional to the growth rate of the plants,
maintenance respiration {R Growth respiration is defined aswhile R, is proportional to the DW of the plant (Chiariello et al.,
the amount of carbohydrates respired in processes that resultlif&®). This last assumption is especially questionable, sipce R
net gain in plant biomass. This includes the production of ATepends not only on the weight, but also on the chemical compo-
and reductant for biosynthetic processes, transport processessdiwh of the plant. Plants contain a significant amount of
nutrient uptake and reduction (Chiariello et al., 1989). Mainteenbiodegradable compounds (e.g., lignin), that do not require

maintenance (McCree, 1982), while proteins require a relatively
- - . large amount of maintenance (Johnson, 1990; Thornley, 1977).
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Other approaches for estimating &d R, are based on the chamber CER(mol-s*) was calculated as the product of mass flow
chemical composition of the plant material (Penning de Vries et @hol-s?) and the difference in G@oncentrationymol-mot?). Gas
1974) or the heat of combustion and organic nitrogen content ofélkehange data of each group of plants were collected at 20 min
plant tissue (Williams et al., 1987). These methods require destintervals until 26 d after transplanting. Bothdhd R data are
tive sampling, and are thus not well-suited to determining develogported as positive quantities and all data represent the CER of
mental changes in the conversion efficiency or maintenance coeffeups of 28 plants. To give the plants ample time to get established
cient. and adjust to the conditions in the gas exchange system, the data

There has been little improvement in techniques for studyjngffRom the first 12 d of the experiment were not used for analysis.
and R, since the initial work by McCree (1974), Penning de Vries Since whole plants, including the containers, were enclosed in
etal. (1974), and Thornley (1970). Studying changeg &anBR, the gas exchange chamber, CER measurements included root-zone
throughout plant development has been difficult. Using a combinaspiration. Root-zone respiration consists of respiration by the
tion of semicontinuous, whole-plant €&xchange measurementsoots and by microorganisms in the growing medium. Since root
and time series analysis (a new statistical approach to analyzing#spiration is part of the whole plant metabolism, this should be
type of data; Seymour, 1999), we describe a nondestructive iapluded in whole plant CER measurements. Microbial respiration
proach for determining fand R, throughout plant development.resulting from the breakdown of organic products leaking from o
Our approach does not assume linear relationships between grptetht roots also should be included in whole plant net CER measure- g
rate and B or plant DW and R making it easier to detect changements, since the carbon in these compounds was originally fixed in 5 2
durrng plant development. This new approach is based on tte photosynthetic process but is no longer available for plant &
premise that the CQOexchange rate of plants can be used agy@wth after it leaks from the roots (van lersel and Bugbee, 2000).
measure of the growth rate, while the total amount of carbon in théDaTa anaLYsIs. Growth rates in the eight gas exchange chambers S
plant can be used as a measure of plant size. Indeed, it has th&ered because of experimental treatments (van lersel, 1999). To=>
argued that expressing plant weight in terms of carbon equivalesisure that comparisons among plants from different chambersg
is a convenient approach to whole-plant respiration and growtere meaningful, we selected data from three chambers with similar

wo J} pe

research (Thornley and Johnson, 1990). growth rates for determination of Bnd R, 5
The interpretation of continuous CER data is difficult with 2
Materials and Methods standard statistical techniques, because the data are both serially an%

periodically correlated. Serial correlation means thatan observation s
PLanT MaTERIAL . ‘Cooler Peppermint’ vinca seeddtharanthus at any given time are correlated with the prior observations, while &

roseugwere planted in a peat-based growing mix (Redi-Earth; Theriodic correlation means that the data at any given time ares
Scotts Co., Marysville, Ohio) and germinated in the dark &€20 correlated with data from the same time during prior days (i.e. thereU
The seedlrngs were subsequently transferred to a double-layrerregular daily patterns in the CER of plants). This type of data 3'
polyethylene greenhouse and grown until the second pair of ttaenot be analyzed adequatelywrth standard regressrontechnlques,
leaves appeared. Temperature set points for the greenhouse veiqgeriodic time series analysis has been developed to analyze this
days/nights of 23/18C. The seedlings were then transplanted intgpe of periodically correlated data (Seymour, 1999). Time series ©
cell packs (166 mL/cell) filled with diatomaceous earth (Isolite C@&chniques were used to fit regression curves to long-teandrR 2
2;Sundine Enterprises Arvada, Col.). During transplanting, mostlafa, resulting in estimates Bnd R" (mol-s?), respectively. These g
the growrng mix was removed from the root system by dipping thgtimates were used to calculate the gross photosynthesrs grovvth
roots in water. Diatomaceous earth was used as a posttranspdamtor daily carbon gain, cumulative carbon gain, and carbon useS
growing medium in this experiment, because it is easy to remesficiency:

q

from the root system and thus facilitates accurate plant DW mBa= R, + Ry [1]
surements. Diatomaceous earth is a chemically inert growing SDBG = (fgn X Pn) — (kX Ry") [2]
strate consisting mainly of Sj@78%), ALO; (12%), and F&®; CCG =[DCG dt [3]

(5%), with a low cation exchange capacity (<0.02 méqg-g CUE = DCG/({gn x Py")

Eight groups of 28 seedlings were placed in watertight trays avitere | = estimated gross photosynthegignél-s?); B, =
transferred to transparent acrylic chambers3.2 6 dn), which ~ estimated net photosynthegis(ol-s?); Ry" = estimated dark respi-
were placed inside two larger growth chambers (model E-t&tion (umol-s?); ti = duration of the light period (s%
Conviron, Asheville, N.C.). The plants were watered as needgg = duration of the dark period (s%IDCG = daily carbon gain
with a complete 20N-4.4P-16.6K water-soluble fertiliz€mol-d'); CCG = cumulative carbon gain (mol C); and CUE =
(20-10-20 Peat-Lite Special; The Scotts Co.), containing Ncatbon use efficiency (mol-mglcalculated according to van lersel
100 mg-L% Environmental conditions inside the chamber were &td Bugbee, 2000).

h days/10 h nights of 22/2&, and a photosynthetic photon flux of Note that CCG is a measure of carbon or biomass accumulation
425umol-nT2st at the canopy level. This resulted in a total dailyince the start of the experiment; a CCG of zero does not indicate that
photon flux of 21.4 mol-M Relative humidity inside the acrylicthe plant DW was zero, but rather that there was no increase in the
chambers was75% during the light period and 100% at night. amount of C in the plant since the start of the CER measurements.

CARBON DIOXIDE EXCHANGE MEASUREMENTS. Whole-plantcarbon  Since growth respiration (Rs a function of the growth rate, and
exchange rate (CER) of each group of 28 plants was measured mdintenance respiration gRa function of plant size, dark respira-
an open C@exchange system (van lersel and Bugbee, 2000n (R;) can be expressed as a functifghdf growth rate plus a
Ambient air was blown into the acrylic chamber and air flow wésnction () of plant size:
measured with mass flow meters (GFM37-32; Aalborg InstrumeRs= R, + R, = f(growth rate) #f,(plant size) [5]
and Controls, Monsey, N.Y.). The difference in the €@centra- These functions are not necessarily linear, and their shape can be
tion of the air entering and exiting the chamber was measured wlighermined from the data. In this case, we found that a modified
aninfrared gas analyzer (LI-6251; LI-COR, Lincoln, Nebr.). WhoRichards function described the data accurak&ly (0.99):
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Inthis experiment,ofthe plants was only determined atthe end
t2r ofthe experiment, since destructive sampling would have interfered
P with the CER measurements. Therefore, it is assumeddhats
w 101 constant. This same assumption has been made previously in similar
;‘% os | research (e.g., Monje and Bugbee, 1998).
g 06 - Results and Discussion
(V]
g 04l Both R, and R of the plants increased during the 14-d period.
5 Example data from one of the groups of plants are illustrated in Fig.
) 02k 1. The increase in,Pvas likely the result of increased light
§ interception by the expanding canopy, whilgriRreased because
8 o0 of increasing Rand R as the plants became larger and the growth
© . u I rate increased. The plants never became large enoughto intercept all
0zt ‘w-rﬂ_,ﬁ_ﬂ _Rd*_ the radiation, at which point,Rvould be expected to reach a
. s ) , , . maximum.
0 2 4 6 8 10 12 14 Carbon use efficiency of the plants also increased from 0.51 to
Time (d) 0.67 mol-mot over time and with increasing plant size (Fig. 2A and

_ _ _ B), which is within the range of normal values for CUE (Amthor,
Fig. 1. Carbon exchange rate of a group of 28 vinca plants during a 14-d perlcggg)_ This increase in CUE is consistent with the finding of

The bold lines indicate the estimated net photosynthegjsdBrk respiration . - P .
(R;), and gross photosynthesis jRising time series analysis. Note thatfs Winzeler et al. (1976) that the ratio of respiration to photosynthesis

anegative value in this figure, because it relates to the@ange rate of the Of young uniculm barleyHordeum vulgare..) plants decreases
plants. In the rest of this paper; Refers to the C@efflux from the plants and during the first few weeks of plantdevelopment. Anincrease in CUE

has a positive value. indicates that a smaller fraction of the carbohydrates fixed in the =

. Lo . photosynthetic process was lost by respiration as the plants becamé&
Ri =R+ Ry=x+xx (1+eX2Xxc) ¥ +yxDCG  [6] larger. This more efficient use of carbohydrates suggests that there?
where X, X, ., X, and y are regression coefficients,-Rmainte-  was a fundamental change in the fraction of carbohydrates allocateds
nance respiratiopinol-s?); Ry = growth respiratiory(mol-s*); Ri'  to respiratory processes,(Bnd/or R) in the plants.
= estimated dark respiratioprfol-s’); DCG = daily carbon gain  The estimates for Rand R are illustrated in Fig. 3A, together
(mol-d%); and CCG = cumulative carbon gain (mol C). Thigith R;. Both R, and R increased throughout the experiment.
modified Richards function is flexible and was fitted with thgitially, R,, was much larger than,Bnd accounted for 76% of R
nonlinear regression procedure (PROC NLIN) of SAS (SAS Ingfig. 3B). Growth respiration increased more rapidly thaari! at
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Inc., Cary, N.C.). the end of the 14-d period,Bccounted for 55% and, Rr 45% of
When the growth rate (or DCG) is zero, growth respiratigh (AR,

is by definition zero, thus: The regression results indicate that the relationship between

Ry =X+ X X (1 + & X o) X [7] DCG and Rwas linear (Eq. [8], Fig. 4). The slope of the regression

Ry =yxDCG [8] line of R,versus DCG was 2.69).93 imol-s?)/(mol-d), or 0.232

These two functions were chosen based on a preliminary analy®80 mol-mot (meant sg). This indicates thatfccounted for
of data from eight gas-exchange chambers (van lersel, 2000). D282 mol of C@mol of C that was incorporated into the plants.
analysis indicated there was a linear relationship betwgandR This value can be used to calculate a theoretical maximum value fo

DCG, but not between,Rand CCG. the CUE of these plants, which is achieved wheis & negligible
Growth respiration can be used to calculate the conversion

efficiency (Yy) and the glucose requirement [{(§-g?),the amount o —
of glucose needed to produce 1 g of plant material] of the plants. ocs b A
Because the conversion efficiency and the glucose requirement-are”
used as indicators of the biochemical efficiency of the conversior‘gof 066 -
glucose into new plant material, the glucose lostjisRormally 5 g4t
not included in these estimates. Thus, the glucose requiremeng(1/
Y,) can be calculated as the sum of the amount of glucose uged g R%®2
to produce new plant material and the amount of glucose need@l tawso | 1
provide the carbon for the new plant material. £
1Y,  =[(80% Fcx R)/(DCG x 12)] + (30x F/12) [9a]
=2.5x Fex [(Ry/DCG) + 1] [9b]
where k = carbon fraction of the plants (d9g R, = growth
respiration (for simplicity now expressed in units of mdlidstead
of mol-s); DCG = daily carbon gain (mot 30 (g-mot?)
converts moles of COto grams of glucose; and 12 (g-mjol 0.50 N ———
converts moles of C to grams of C. The first part of Eq. [9a] 02 4Tifne B(d)m 2140 %0 é(gG ‘jﬁmé‘ff 260 %00
determines how much glucose is respired {39 x R,)/(DCG x
12)], while the second part of the equation calculates the amo_unFt of  Carbon use efficiency (measd) of three groups of 28 vinca plants as a
glucose needed to provide the carbon for the new plant material c%qzction of @) time and B) cumulative carbon gain (CCG), a measure of plant

x F/12). size.

=
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0.25

10.6% 0.7 g, while the final Rwas 0.125 0.015umol-s*. Thus,
maintenance respiration was 0.@12002umol-g*-s?, resulting in
~ o020} { a maintenance coefficient of 0.0810.004 g-g-d. Most previ-
» ously reported values range from 0.003 to 0.058-g"gHesketh
g et al., 1980). The maintenance coefficient of plants is much more
Z 015¢ 1 variable than the conversion efficiency, because it depends on the
S age of the plant and the environmental conditions, especially
B ool | tlegrg%erature (Mariko and Koizumi, 1993; Walker and Thornley,
§ The overall distribution of the available carbohydrates among
X o5t 4 growth, R, and R, during this 14-d experiment is shown in Fig. 5.
Based on the results of this analysis, itis evident that CUE increased
throughout the 14-d period, because a smaller fraction of the total
0.00 — : : : : j : : available carbohydrates was used fpaRthe plants became larger.
Thus, alarger fraction of the carbohydrates was available for growth o
. 8of 1 and R, increasing CUE. g
3 | | I _______ I ........ I ................ The comparison of our estimates gfdRd R, with previously =
g o= - Lo { R | reported values suggests that our approach results in reasonablg
o 60F I ~mr | estimates. However, an important difference between our approach=;
s and previous research is that we did not have to assume a Iineag
S s50f 1 relationship between growth and & between plant size ang\.R =
= Indeed, we found that the relationship between plant size,anddR S
E 40r _ % /%R 1 notlinear (Eqg. [7]). This is consistent with previous work: based on =
b 30l /P 9 | CO, exchange measurements throughout the life cycle of barley, 5
4 }%,{A_{f - Winzeler et al. (1976) found that a linear relationship betwgen R
20 F 1+ and plant DW did not describe the experimental data adequately,<:
especially early in the life cycle. Similarly, Hughes (1973) found §
10 5 2 p é é 0 12 12 that a linear model resulted in a negativg dRrring the early 3
) development of chrysanthemumbgndranthemaxgrandiflorum D
Time (d) Kitam.). The findings of Hughes (1973) and Winzeler et al. (1976) &
' _ _ o indicate that modelingfand R, as linear functions of growth rate =
F't%-rg’-e Efé'l:”e;ti? ;;L'i‘n@ %;?]V;’Sthdﬁﬁ)ﬁ 32"12‘3'”;?%%”F;;;F’E'gtﬁgtng?gf and DW respectively, is an oversimplification of the whole-plant -
Ry ano?RﬂV\[/)ere based on tﬁle assumpt?on thga'slgfunction of the growth rate carbon balance. It seems IIker th@t Ry, the conversion effi- 8

and R, is a function of the plant size. The respiration data are shown bath as¢iency, and the maintenance coefficient depend on tissue, organ
their actual rate and aB)(a percentage of total dark respiration. and plant age (Gary et al., 1998b; Thornley and Johnson, 1990), as>
well as many physiological and environmental factors (Amthor, &
part of total respiration (i.e., all respiration ig.R'o add 1 mol of 1989). For example, a high mineral content of plant material canﬁ
C to the plant, a total of 1.232 mol C is needed (1 mol thatrésult in an increase in the conversion efficiency, because of theg
incorporated into the plant plus 0.232 mol that is respired), so thkative dilution of the organic matter in the plant (Gary et al.,, &
maximum CUE that these plants could reach was 0.812 mdl-mt®98a). The main reason that the assumption of linear relationshipsg
(1/1.232). Carbon use efficiency was lower than this theoretibatween growth rate and, Bnd between plant weight and R
maximum, because a significant fraction of the available carbolhgmmonly made appears to be its simplicity. It allows for estimating
drates was used for,RFig. 3).

Since both the growth rate ang d® the plants are known, the 012 - x . . . - -
conversion efficiency (yf of the plants can be calculated using Eg._
[9b]. The carbon fraction of the plants at the end of the experintgnto 1o |
was 0.45 and was assumed to have been constant throughout the 14-
d growing period. SinceDCG also was constant throughout th§ o6 L
experiment (Fig. 4), the glucose requirement {iéfthe plantswas — =
constant and estimated to be 2£805 g of glucose per g of newly §
produced biomass (mearsg). This estimate is very close to theg 0.0é | 1
commonly used values of 1.39 and 1.45'dey leaves and stemsa
of nonleguminous species, respectively (Penning de Vries et 4l. 504
1989). It is also close to the 1.34, 1.54, and 1.46 @gorted for §
whole soybeanGlycine maxL.) Merr.] and sorghumJorghum & 002 - |
bicolor (L.) Moench] plants (Amthor et al., 1994), and leaves &
yellow-poplar Liriodendron tulipiferal.) (Wullschleger et al.,
1997), respectively. A glucose requirement of 1.39' giglds a 0.00 : 1 1 2 - " p" 0
conversion efficiency of 0.72 g*gwhich is well within the normal ) . o
range of 0.6 to 0.8 gigMcCree, 1982). Daily carbon gain (mmol-d”)

The maintenance coefficient was also close to previously £gy 4. Estimated growth respiration as a function of daily carbon gain (a measure
ported values. Atthe end of the experiment, the DW of the plants waigrowth rate) of three groups of 28 vinca plants during a 14-d period gragian
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