J. AMER. Soc. HorT. Sci. 119(2):138-143. 1994.

The Influence of Photoperiod and Temperature on
the Kinetics of Stem Elongation in
Dendranthema grandiflorum

Jason R. Tutty!, Peter R. Hicklentor?, and David N. Kristie®
Department of Biology, Acadia University, Wolfville, Nova Scotia BOP 1X0, Canada

Kenneth B. McRa¢
Agriculture Canada Research Station, Kentville, Nova Scotia B4N 1J5, Canada

Additional index wordschrysanthemum, circadian rhythms, DIF, physiological clock

Abstract Stem elongation rate (SER) ilDendranthema grandiflorum(Ramat.) Kitamura was determined in light and in
darkness under various temperature regimes. Stem growth as measured with linear voltage displacement transducers on
plantsin growth chambers. Under alternating 11-hour days and 13-hour nights, SER was strongly temperature dependent
and showed patterns that were characteristic of the particular photoperiod—temperature regime under which the plants
were grown. Total daily elongation was similar at constant 18.3C and at 11.5C days and 24C nights, but was much greater
at 25.7C days and 12C nights. SER was rhythmic in continuous light with a period of slightly less than 24 hours. In
continuous darkness, however, SER declined rapidly and the rhythm disappeared within 11 hours. Low-temperature
pulses (a rapid decline from 18.3C to 8.3C) applied for 2, 4, 6, 8, or 11 hours during the day induced an immediate decline
in SER followed by a slow recovery and peak shortly after the end of the pulse. Total diurnal stem growth declined with
increasing pulse length, although short (2-hour) duration pulses apparently had little effect on growth. The results are
discussed in relation to the influence of day and night temperature differentials (DIF) on stem growth Dendranthema

Stem elongation in many plants is influenced by the relation- Materials and Methods
ship between day and night temperature (Erwin et al., 1989a;
Karlsson et al., 1989). IDendranthemastem elongation in- Plant material and cultural conditions
creases when day temperature increases or when night temperatur@oted cuttings obDendranthema grandiflorurtenvy’ were
decreases (Erwin, 1992). The temperature differential (DIF) (fotted in 0.5-liter (10-cm-diameter) pots containing a peatlite
win and Heins, 1988a) that is maintained between day and nigietwing medium (Nova Mix; Annapolis Valley Peat Moss,
temperatures determines the stem height at harvest; a large pogiilesford, N.S.). Controlled-release fertilizer (Nutricote Type
DIF results in greater stem elongation than a negative or zero D0B; Chisso-Ashai Fertilizer Co., Tokyo) was premixed into the
with the same daily mean temperature (Erwin and Heins, 1988&dium at a rate of 5 kg-fPlants were pretreated according to
Erwin et al., 1989a). Plants respond rapidly to a change in Dtwp protocols. In the first protocol, plants were grown in a
allowing greenhouse growers to manipulate plant height by ap@teenhouse under 24-h high-pressure sodium lighting that pro-=
priately adjusting day and night temperatures (Erwin, 1992) vided a supplemental photosynthetic photon flux (PPF) of 170 8

Stem elongation in some species shows a diurnal rhythm taiol-s™n2 on the upper leaves. The lamps were raised as =
can be modified by temperature (Lecharny and Wagner, 198quired to maintain supplemental PPF conditions. The green—%
Lecharny et al., 1985). Preliminary studies (Erwin and Heiritguse was maintained at 16C night and 25C day, with venting at3
1988b; Tutty and Hicklenton, 1990; Tutty et al., 1992) usi®fC. In the second protocol, plants were grown in a controlled- A
high-resolution growth-measurement techniques have indicag&yironment (CE) chamber in which PPF at the uppermost leaves”
thatDendranthematem elongation is rhythmic, but these authorgas maintained at 14@mol-s*nmr?for 11 h each day. Chamber
have not discussed the nature of this diurnal rhythm. Charactefigzperature was maintained at 18.8.5C. At the end of the
ing the response should lead to an understanding of how tempefetreatment period, greenhouse-grown plants had between 8 an
ture affects stem growth and how stem elongation can be cb@leaves, whereas those grown in CE chambers had between 1
trolled by short-term manipulation of greenhouse temperaturearnd 14.
this paper, we describe some of the stem elongation patterns in
Dendranthemand report the influence of photoperiod and ten$tem elongation rate measurement
perature on these patterns. Stem elongation rate (SER) was measured using linear voltage

displacement transducers (LVDTs) (models 200 DC-D and 250
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indicate this fact. the core position. In our experiments, the coil was mounted on the
'Former graduate student. Current address: P.O. Box 280, Trenton, N.S. BOK f@chanical stage of a modified microscope body (Kristie and
Zc,:oir;\?:icij:Univ adjunct professor and research scientist at Agriculture Can Jolliffe, 1986) that allowed optimum positioning of the coil and
Kentville. ) P g Ste. The apparatus was shielded from chamber air currents and
3assistant professor. mounted on a concrete base that was buffered from CE chamber
“Regional statistician. vibrations by foam pads.
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The core was attached to a plant at the intersection of the sters lighting with temperature cycling (25.7C for 11 h/12C for 13
and the base of the uppermost petiole by a threaded alloy extenisjon
rod, hook, and polyester thread. The core, extension rod, and hookhe third experiment investigated the effects of temperature
were counterbalanced using a pulley and a 2.0-g weight. Tragtsange (pulse) applied for different periods on SER. Plants grow-
ducer output voltage was monitored and recorded at 5-min infag at 18.3C were subjected to 8.3C for 2, 4, 6, 8, or 11 h beginning
vals using a datalogger (model CR7; Campbell Scientific, Loga the start of the day, or for 2 h beginning 2 h after the start of the
Utah), which simultaneously recorded CE chamber temperatudayg. To describe the effect of low-temperature pulses on day,
sensed by shielded copper-constantan thermocouples. night, and total diurnal growth, the percentage change in plant

A series of transducer output voltages was converted to 5-mgiowth under the various low-temperature treatments was calcu-
linear displacements (representative of stem growth) and tietled for each period and regressed against pulse duration.

differenced once to produce a new series that gave the change ithe number of sample plants used in these studies varied, and

length for each 5-min interval. These data were compromisedidgiven in the figure legends.
a high frequency rate oscillation that underlay the lower frequency

diurnal pattern. Since diurnal rhythmicity was of prime interest in Results
this work the high-frequency oscillation was removed by digital
filtering. Kinetics of stem elongation under three temperature regimes

Filtering algorithm A symmetric exponentially weighted mov-SER patterns were similar for plants pretreated in the greenhous
ing average (EWMA) filter was constructed by combining left arahd CE chamber. The averaged SER response (Fig. 2A) fairl
right-handed EWMAs. The left-handed EWMA averageditherepresented typical individual plant traces (Fig. 2B). Plants grown
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previous values in the input serigswith weightsA(1 —A)*to at 25.7/12C had a higher mean SER than those grown at constant’

produce a smoothgd output segey, = (1L -A)y, ,+Ax =A{x + 18.3Corat11.5/24C (Fig. 2). SER peaked immediately following
@ -Nx_,+(1-N)>*_

Usintg %[he backwértzj shift operator (Jenkins and Watts, 196&hough the peak was of greater amplitude at 25.7/12C. A mini-
the smoothed series can be written as a transfer function applied to
XY, = [(L =A)/(1L —AB)]x, where O <A < 1.

For this study, the value for 4\) was chosen empirically as A night
0.9 to filter out frequencies >21.25 cycles/h. Transients at the 400
endpoints of the series were reduced by using the autoregressive
integrated moving average to back-forecast the input series values
beforex,, with the EWMA fitted as a transfer function model. = 300+

Reversing thex series and applying the same procedure rg-
sulted in an output series weighted by the values to the right of &d
includingx.. The two output serigsconsisted of an exponentially%
weighted average of the values to the left of (and includjregdd ¢
one to the right. The resulting symmetric EWMA filter was 100
obtained by averaging the left and the right filtered series, which
was corrected for the common usexah both series. All time-
series models were calculated as procedures in the Genstat 5 0

day night
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statistical programming language (Payne, 1987). — T ; T — T T
A sample of raw data and equivalent filtered trace is compared 0 5 10 15 20 25 30 35 40
(Fig. 1) Fig. 1B illustrates the nature of the underlying high- Time (hours)

frequency oscillation evident in all traces. The origin of this
oscillation is unknown; it may be an artifact related to electrical
noise, vibration, or nutation of the shoot. Alternatively, it may 400 A B
reflect genuine changes in SER of the plant shoot similar to the
short period oscillations observed in etiolated stems (Kristie and
Jolliffe, 1986) and some green plants (Cosgrove, 1992). —
Temperature treatments and SER measurement proRlants <

were moved to a CE chamber and connected to
LVDT-measuremensystem 24 h before beginning measuremerﬁz’ 200 -
PPF (170umol-s'-nt? was supplied by high-pressure sodiund

lamps for 11 h each day. The first experiment involved measuring

SER in three temperature regimes: 25.7 day/12C night, constant 100 -
18.3C, and 11.5C day/24C night. The regimes were chosen to
provide equivalent average daily mean temperatures and to com-

300

pare differences in SER patterns under positive, zero, and negative 0‘,,|,,,,,,,,.,....,....,.........,...m..........-- _
DIF conditions. 34 36 38 40 42 .
The second experiment was conducted to determine 1) whether Time (hours)

the growth patterns evident under the three basic temperature
regimes included endogenous circadian rhythms and 2) whefH@f. @) Representative raw (solid line) and time-series filtered data (broken line)

; ; ; owing stem elongation rate in oBendranthema grandiflorumplant. For
temperature cycling alone could entrain a rhythm in SER. Plan rity, the filtered data are offset by a constant of (1@0h. (B) Expanded

were subjected to three treatments: continuous lighting for up to % rtion of the trace showing short-period oscillations in apparent stem elongation
h at constant 18.3C; continuous darkness (also at 18.3C); contintite (lines as in A).
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that occurred during the day and night periods was similar for
plants pretreated in the greenhouse and CE chamber, although total
diurnal growth was, on average, greater for the younger (eight- to
10-leaf) plants (comparative data not shown). Even among plants
of uniform age, rates varied considerably. However, diurnal pat-
terns of stem elongation were consistent for plants treated alike.
Stem elongation rhythms and temperature entrainnibmder
continuous lighting and constant 18.3C, rhythmic patterns of stem
elongation rate were maintained for periods ranging from 1.5to 4
days (Fig. 3B). The period of the free-running rhythm was slightly
less than 24 h. The rhythm dampened with increasing time under
constant conditions, but SER remained high. Under continuous
darkness and constant temperature, SER showed a familiar pattern
of increase (through the first 13-h night) and decrease (through the
subsequent 11-h day; Fig. 3A). However, rates did not recover
thereafter. When plants were placed under continuous lighting, but &
at 25.7/12C (Fig. 3C), the characteristic rhythm, with a period of
exactly 24 h, was maintained.
Effect of low temperature for part of the day peri®ER

declined when temperature decreased to 8.3 from 18.3C for2h a
the start of the day. SER began to recover within 1 h and peaked
h after the end of the pulse (Fig. 4A). Increasing pulse length to
6, 8, and 11 h also resulted in initial declines in SER followed b

18.3 constant
I i 3 I

18 24 30 36
Time (hours) i

Fig. 2. A) Mean stem elongation rates Dendranthema grandiflorurtEnvy’ 0 -

n d

n d

continuous darkness

under constant 18.3C (s =12), 25.7/12C (s =8), and 11.5/24C (s = 9) re§mes; (

T
36 48

Representative traces showing stem elongation rates in the three regimes; s =
number of samples, d = day, n = night. 1004

mum in SER occurred shortly after the start of the day in the 115/ 8o

24Cregime. Plants grown at 18.3 and at 11.5/24C showed an efgly 60

night peak in SER, immediately after the day—night transition; tfh‘e_‘ 40-

peak was pronounced at 11.5/24C but was absent in plants grqwn

at 25.7/12C. n
In each regime, growth during the night was greater than that

20

nitd|

nid

continuous lighting
-

\-

during the day (Table 1). However, in the 25.7/12C regime, the

difference was small, and, on an average hourly basis, rates for 0

48

these plants were virtually identical during the day and night (96 400

and 95um-h?, respectively). Total diurnal growth was similar in
the constant 18.3C and 11.5/24C regimes but was over twiceigs390-]
great in plants grown at 25.7/12C. The percentage of total growgh
=200

Table 1. Mean growth during day, night, and full diurnal periods forr
Dendranthema grandiflorufiEnvy’ under three temperature regimes. % 100 -

Mean total growth during periogu)

d

nidin

continuous

lighting

Full
diurnal
1003 b

Temp
(°C)
18.3
25.7/12
11.5/24

Night
663 b (66.0)
1232 a (53.3)
670 b (61.1)

Day
383 b (34.0)
1057 a (46.7)
426 b (38.9)

24

48 72
Time (hours)

96 120

2310 aFig. 3. Representative traces showing stem elongation raf@snidranthema
1096 b grandiflorum‘Envy’ under @) continuous darkness and constant 18.3C (s = 2);
(B) continuous lighting and constant 18.3C (s = 5); &)dontinuous lighting

>3

=
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“Mean separation within columnsRxd 0.05 according to Waller—Duncan  ang 25.7/12C (11 h and 13 h, respectively) alternations (s = 2). In each case,

K ratiot test. Numbers in parentheses indicate percentage of total growdtandard conditions (11-h days/13-h nights; constant 18.3C) were maintained
for 37 h before other conditions were imposed; s = number of samples, d = day,

in either days or nights.

n = night.

140
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recovery and peak between 0.25 and 1 h after the end of the pulse.300 d
Small fluctuations in SER were often observed during the low-
temperature period (e.g., 6-h pulse; Fig. 4A). In the case of the 11- 250
h pulse, the peak occurred during the first hour of the night. After —l
each pulse, the typical SER pattern, established under constants g -
temperature, resumed with no change in phase. Low-temperatre
pulses applied 2 h after the start of the day caused a similar dechkhe
to that observed under the same conditions at the dark—ligit
transition (Fig. 5). w
Linear regression analysis revealed a weak inverse relationsfip 100+
between percentage change in height and low-temperature pulse
duration for plants subjected first to constant temperature condi- 501
tions (18.3C) and then to a low-temperature pulse (Fig. 6A). A
However, very little of the overall variation in percentage change 0 -

1504

in height was explained by the regression equatien(.18). The
relationship was much stronger when the night and total diurnal

96

1
120

periods were considered (Fig. 6 B and C), buteventhenonly pulses 1 gg{ ¢
of 4 h or longer showed a consistent reduction in stem elongation.

Discussion 1204
The stem elongation rate DEndranthemarown under regu- <
lar 11-h light/13-h dark constant temperature cycles foIIows%
rhythmic pattern. The pattern, consisting of a general decreasgen
rate during the first 11 h (day period) and an increase during
following 13 h (night period), was similar in plants of differenf?
ages preconditioned in either greenhouses or growth chambers. 40
This pattern apparently is endogenous, since it continues under
constant environmental conditions of light and temperature and B

80+

8.3C

shows a free-running period that is slightly shorter than 24 h 0
(Wilkins, 1969). The decline to a constant, low SER in continuous 0
darkness suggests a requirement for recent photosynthate, or some

light dependent factor or signal. Similar endogenous stem elonga-

24

T
48

72

Time (hours)

96

tion patterns have been observedGhenopodium rU_brum-- Fig. 4. Representative traces showing stem elongation ra@eridranthema
(Lecharny and Wagner, 1984; Lecharny et al., 1985); in both casegandiflorum‘Envy’ for (A) 37 h at 18.3C under 11-h days/13-h nights followed

the rhythm was significantly modified by temperature (e.g., Figby 2h (s =22), 4 h (s = 15), or 6 h (s = 14) at 8.3C at the start of successive dayg
iods; B) 24 h at 18.3C under 11-h days/13-h nights followed by 6 h (s = 22),

(s=6),0r11 h(s=8)at8.3C at the start of successive days. Temperature was
restored to 18.3C following each low-temperature pulse; s = number of samples,

3C) and photoperiod (Fig. 2), which both act as entraining factoﬁr
(Bunning, 1967).

Light—dark and dark-light transitions had marked effects 0@ = day, n = nignht.
SER, butthe nature of the changes that occurred at these transitions

were temperature dependent. These results indicate an interactidns 0
of light and temperature in producing specific and unique patterns

of SER that show several similarities with those previously de-140 —
scribed forC. rubrum(Lecharny and Wagner, 1984; Lecharny et

al., 1985). For example, in both taxa, when temperatures immedil 20 7
ately preceding the dark-light transition are lower than th0§e1 00 —
during the subsequent day period (the 25.7/12C regime), the
amplitude of the early day peak in SER is increased. This effect g _|
cannot be explained by a burst of growth after low-temperatgte
inhibition, since SER was higher at low night temperatures$h 60
DendranthemaHowever, since a peak in SER occurs after a low-
to high-temperature shift at either the dark—light or light-dark 40 —
transition (i.e., at 25.7/12C and 11.5/24C), we suggest that it may
have a common basis. Previous work has indicated a direct 20 7
relationship between tissue gibberellin content and SER in some

day

night

day

8.3C

night

day

8.3C

night

plants (Jones and Phillips, 1966). Gibberellin synthesis, transport, 0 T

or both is sensitive to plant temperature (Menhennett and Waring, 0
1975; Tagliavini and Looney, 1991), a result suggesting that a shift
to higher temperature may gradually increase shoot gibberellin

12

24

36

Time (hours)

48 60

72

content and SER. However, the peak in growth rate occurs sb@n5. Representative trace showing stem elongation ratBendranthema

after the low- to high-temperature shiffendranthemaa result

grandiflorum‘Envy’ subjected to 2-h low-temperature pulses (decrease from
18.3C to 8.3C) beginning 2 h after the start of the day. The first low-temperature

gnd-poud-awnd-yrewssyem-jpd-awiid//:sdpy wouy papeojumoq

§

0y

SS900E 98l} BIA |0-Z1-GZ0Z 18 /wod

implying that other factors, such as phanges in gibbere_llin aCtiVitk(ulse was preceded by 24 h under standard conditions (11-h days/13-h nights;
(Vogelzang, 1992) or atemperature influence on hydration chang@sstant 18.3C) (s = 8); s = number of samples, d = day, n = night.
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Percent change in plant height -

2 3 4 5 6 7 8 9
Low Temperature Pulse Duration

-
o
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—

£ 60 T T T . Previous studies have indicated a close link between changes in
o 40 = shn = DAY | SER and the start and end of a low-temperature pulse (Lecharny et
E 50l al., 1_985), but ourresults indipate arecovery of SER before areturn
a A " to higher temperatures. It is plausible that the high- to low-
% 0 temperature shift initiates a timing process of SER restoration,
g -20 which depends on ambient temperature conditions; the timer is
£ -40 § Al reset if cool conditions persist. This response could explain the
£ -60] small transient increases in SER part of the way through the low-
£ o temperature period (e.g., 6-h pulse; Fig. 4A)._The effects of low-
o A temperature pulses (<11 h) are transient, since the subsequent
100 ) 3 4 5 P 7 g 9 10 11 phase or amplitude of the rhythm is unaffected by pulse length.
60 ) . This result is consistent with previous ones withrubrumin
40 y = -4.81x + 12.66, 1% = .57 NIGHT which short-duration low-temperature pulses did not result in a

phase change inthe SER rhythm (Lecharny etal., 1985). Tempera-
ture pulses that are shorter than the photoperiod are capable of
modifying, but not changing, the course of the basic
photoperiod-controlled rhythm. However, extending the pulse
through the day can permanently change rhythm and pattern (e.g.
Fig. 2 and Fig. 4B)

Low-temperature pulses applied at the start of the day affect 3
growth during days and nights (Fig. 6). Thus, while short-term i
temperature changes do not rephase the rhythm, the perturbatior
affects the amplitude for the remainder of the diurnal cycle. There £

} papeojumoq

E 60 2 was considerable variation in the response to particular pulse=.
2 a0lg y=-7.1x +12.58,1" = .51 TOTAL | lengths; 2-h pulses, whether applied at the dark-light transition or 3
£ 2 later during the day period, showed no consistent growth suppres-s.
o 0 ) sion or enhancement during the day or night. But, as pulse Iength§
= ; increased, the growth suppression effect predominated. The in-z
g -20 8 ° g consistent effect of 2-h pulses was surprising in light of the 3
5 40 Z ol observed effects of similar treatments in reducing total stem 5
£ -60 S gl growthinDendranthem#Erwin etal., 1989b). The results suggest =
2 80 C N g that even short-duration Iqw-tgmperature pulses may have othero
® oo ol effects, such as a reduction in the total duration of mternode?L

expansion, as discussed above.
We conclude that SER iDendranthemds governed by an
endogenous circadian rhythm, entrained by photoperiod and modi-

1oejqnd

Fig. 6. Relationship between start-of-day low-temperature pulse duration (decréasg by diurnal temperature conditions. Some previously observed 3

from 18.3 to 8.3C) and percent change in stem growtbefdranthema
grandiflorum‘Envy’ plants transferred from standard conditions (11-h days/13-
h nights; constant 18.3C) to pulse treatmerity.gqays only (11 h);B) nights S
only (13 h); €) total diurnal period (24 h). All regression lines were significar®N SER patterns developed under specific temperature and photo

atP < 0.01. Coincidence of points is indicated by rays.

ffects of DIF orDendranthemdnotably stem growth enhance-
ent at positive DIF; Karlsson et al., 1989) can be explained based=

Q
-—

00

periodic conditions. Others, such as the growth-suppressing ef-
fects of negative DIF regimes and short-duration low-temperature ¢

Z1-G¢0c

within the plant that occur at light-dark-light transitions (Christy|ses, are not satisfactorily explained by resultant SER patterns.
1978), may be involved.

The amplitude of the rhythm Dendranthemavas changed by
diurnal temperature conditions. Increased SER during days and o _
nights at 25.7/12C compared with constant 18.3C is consiste#ening, E. 1967. The physiological clock. 2nd ed. Springer Verlag, New
with the effect of wide positive DIF onincreasing internode gro york.

: : rist, R.A. 1978. The elongation of wheat leaves. J. Expt. Bot. 29:611-618.
in Dendranthema(Karlsson et al., 1989). Under negative DI (.Eqsgrove, D.J. 1992. Analysis of “noise” and forced oscillations in plant
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