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Growth, Photosynthesis and Chlorophyll Fluorescence of Chinese Cabbage
in Response to High Temperature
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Abstract: In order to gain insight into the physiological responses of plants to high temperature stress, the effects of temperature on
Chinese cabbage (Brassica campestris subsp. napus var. pekinensis cv. Detong) were investigated through analyses of photosynthesis
and chlorophyll fluorescence under 3 different temperatures in the temperature gradient tunnel. Growth (leaf length and number
of leaves) during the rosette stage was greater at ambient + 4°C and ambient + 7°C temperatures than at ambient temperature.
Photosynthetic CO, fixation rates of Chinese cabbage grown under the different temperatures did not differ significantly. However,
dark respiration rate was significantly higher in the cabbage that developed under ambient temperature relative to elevated
temperature. Furthermore, elevated growth temperature increased transpiration rate and stomatal conductance resulting in an
overall decrease of water use efficiency. The chlorophyll a fluorescence transient was also considerably affected by high temperature
stress; the fluorescence yield Fj, F;, and Fp decreased considerably at ambient + 4°C and ambient + 7°C temperatures, with
induction of Fx and decrease of Fy/Fo. The values of RC/CS, ABS/CS, TRo/CS, and ETo/CS decreased considerably, while DIo/CS
increased with increased growth temperature. The symptoms of soft-rot disease were observed in the inner part of the cabbage
heads after 7, 9, and/or 10 weeks of cultivation at ambient + 4°C and ambient + 7°C temperatures, but not in the cabbage
heads growing at ambient temperature. These results show that Chinese cabbage could be negatively affected by high temperature
under a future climate change scenario. Therefore, to maintain the high productivity and quality of Chinese cabbage, it may
be necessary to develop new high temperature tolerant cultivars or to markedly improve cropping systems. In addition, it would
be possible to use the non-invasive fluorescence parameters Fo, Fy/Fy, and Fy/Fo, as well as Fx, Mo, Sm, RC/CS, ETo/CS, Plaps,
and SFlLs (which were selected in this study), to quantitatively determine the physiological status of plants in response to
high temperature stresses.

Additional key words: chlorophyll a fluorescence transient, dark respiration rate, fluorescence parameters, high temperature stress,
photosynthetic CO; fixation rate, water use efficiency
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Tl El d(temperature  gradient tunnel system)S 2T
Alelgt thE 2 ARCET, th7] COr e 5)E A AH
o} gARSHA AT 5 = weteh WAy FAjolck
2, Q178 Agstel o% B2 B YR SRS
Shan, Sl 679 28 S/WS Aol Hj] S
Aojgtozn £7] FUTCIARE Fali Hoz sz
¢l 2= a7t FAEES AR o] gt A=Y
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Table 1. Short description of chlorophyll fluorescence parameters used in the study, according to the OKJIP test.

Abbreviation Mathematical expressions

Description

Extracted and technical fluorescence parameters

Fo Fo

Fx Fx

13 F

Fi Fi

Fu Fu

Fv/F, (Fum-Fo)/Fo

Fv/Fm (Fum-Fo)/Fu

\ (F-Fo)/ (Fu-Fo)

Vi (Fi-Fo)/(Fw-Fo)

Mo 4 (Fx-Fo)/(Fu-Fo)

Sm Area/(Fu-Fo)
Quantum efficiencies or flux ratios

U, 1-v)

CDEO (1-F0/Fm) 'lpo

Dpo 1-Fo/Fu = Fy/Fu

Initial fluorescence at 50 us from dark-adapted tissue
Fluorescence intensity at 300 ps from dark-adapted tissue
Fluorescence intensity at 2 ms from dark-adapted tissue
Fluorescence intensity at 30 ms from dark-adapted tissue
Maximum fluorescence at 500 ms from dark-adapted tissue

Ratio of photochemical and non-photochemical de-excitation fluxes of
excited chlorophyll

Maximum yield of primary photochemistry
Relative variable fluorescence at the J-step
Relative variable fluorescence at the I-step

Slope at the beginning of the transient Fo — Fm, maximal fractional
rate of photochemistry

Normalized area

Probability of a trapped exciton moving an electron beyond Qa-
Probability of an absorbed exciton moving an electron beyond Qa-
Maximum yield of primary photochemistry, equal to Fv/Fm

Phenomenological fluxes or phenomenological activities

ABS/CS Fm Absorption flux of photons per cross section
TRo/CS ®po- (ABS/CS) Trapping of electrons per cross section
ETo/CS Dpo- Wo- (ABS/CS) Electron flux per cross section
Dlo/CS (ABS/CS)-(TRo/CS) Energy dissipation per cross section
Density of reaction centers
RC/CS Dpo- (V;/Mo) - ABS/CS Density of active reaction centers per cross section
Vitality indexes
Plabs (RC/ABS) - [Ppo/(1-DPro)] - [Wo/(1-Wo)] Performance index (PI) on an absorption basis
SFlaps (RC/ABS) - ®po- Wy Responses to structural and functional PSII events leading to electron
transport within photosynthesis
ke The rate constant of fluorescence emission from PSII
Kp (ABS/CS)* ke* [(1/Fo)-(1/Fm)] Photochemical de-excitation fluxes
Kn (ABS/CS) ke (1/Fwm) Non-photochemical de-excitation fluxes
RC/ABS Vj- ®po- (1/Mo) Total number of active reaction centers per unit of absorbed light
oA L 15.0°C(LHAF 7.7°C, LZF]1H A 24.3°C), 2 ZA|E Ao v|sl ZzF 7.2°C, 7.1°C7} =it} 181
Fujte 1% 15 17.5°C(LRABTE 97°C, SHATHTE  A7IZE B2 e Aol BT 25°C oL W o
254502 i Qo] vls) A7 36°Cs 61°C7k okeh ol gt wske] S 25°C o)) A4t 74,
i A494d dACNAM = HE A At e e 1640k
S P o

L 18.5°0(AZ AT 118°C, DHLHF 23.5°0)2 27 Wjzo] AR A T AFAARE A
E

SANG 710U Roteh Y FYRelAE UBF W Yol HoR BHAT, AulrIze] Aol wA B

22.2°C(L A A 15.8°C, A 1HT 26.9°C),

rlRe] 4} Z7keha olo] Mo EAXHA AKE| ATt

N A 46CCLAARE 17.7°C, AATAF 292°)  AHATE AFE D7l LEoIA A2k iFnrks gl
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Fig. 1. Changes in daily mean solar irradiance (A) and daily
mean air temperature (B) in the temperature gradient tunnel
(TGT) where the Chinese cabbage (Brassica campestris subsp.
napus var. pekinensis) grew. The triangle indicates the day
when growth, gas exchange, and chlorophyll fluorescence
were measured in situ, and arrows indicate the days when the
heads of Chinese cabbage were harvested and the symptoms
of soft-rot disease were investigated. Solid line in (B) represents
daily mean temperature in the entrance of the TGT, which
tracked ambient temperature; dotted line and short dash
line represent ambient temperature + 4°C and + 7°C in the
middle and tail parts of the TGT, respectively.

+ 4°Ce} 7] 2% + 7°C 27104 P47k tha gopA| AL
Fdol= o Atk =, A4 sTA 7| 2= A Agk
HjE=0] = 142700 Whelf T 7] + 4°Co} tf7] 2%
+7°C 270 = 2+t 16.2¢} 16.17] 2 wWekon, fdo]
= 7] oflA At uijF=7t 16.2emo)u th7] 2% + 4°C
ot 7| = + 7°C ZANA= 2+ 21.9cme} 24.1cmZ ©
27 Ak e AE SHola 4 9lgich 1e)T, SPADg!
< 7|24 44.00]31, 7] + 4°Ce} 7] 2= +
7°C 2= Z42F 4533} 4172 257} wobglS o o
& aeht BAMCR SolT Aol Hc

A% 9lo] CO, THELS B 45 Ao vy
shohan & 4= glom, 2kge] Ak A% B glof A=
daE 283 4 g 2w —‘é—ﬂ 89 sualed o

?8_01-E](Prange et al., 1990). Hj$=9] CO;
%EOM et Qlof| A 25.8umol-m™+s" = T}
2o ugf FAF SR o3k Aol jIAd
':KFlg 2A). HHHol 552 7] 2=olA tha w3ken,
7] + 4°Cet 7| 2= + 7°C 7oA = WekThFig.
2B). oo} AR AtE JeE 2o +3tE 2,
X, A5 aEolu B SolAE 9 HeI(14-28°0)
7= COx EO] Zpol7} gAY F7kshet Hhsl, &5
B2 Autdo g ZHAask=s Aoz HuE dHl 9tiCampbell
et al., 2007). 8|1, 3EZ(Populus tremuloides), A2}
TBetula papyrifera), B)=-SA<E(Larix laricina), W22
VY Pinus banksiana), 71285 Picea mariana) S-2] &t
r,H/H A]‘:'E /\}_/;Q QEoﬂA—] x].a]—g_ q ISOCEE]- 30°C0ﬂ
/\1 35E0] ¢ UAsH O:‘E](Tjoelker et al., 1999). W& A&
ol ol TFES di7|=0l o9& o= WHilsh=

Table 2. Growth metrics of Chinese cabbage (Brassica campestris subsp. napus var. pekinensis) grown for 5 weeks under different

temperatures in the temperature gradient tunnel.

Temperature Leaf length (cm) No. of leaves SPAD value
Ambient T 16.2 + 036 ¢ 142 + 025 b 440 + 1.02 a
Ambient T + 4°C 219 + 037 b 16.2 £ 0.51 a 453 + 0.86 a
Ambient T + 7°C 241 £ 0.76 a 16.1 + 0.59 a 417 + 1.25 a

Each value was expressed as mean + standard deviation of ten replicates. Different letters within each column indicate significant

differences between treatments (p < 0.01).
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Fig. 2. Differences in net photosynthetic rate (A) and apparent
dark respiration rate (B) from leaves of Chinese cabbage
(Brassica campestris subsp. hapus var. pekinensis) grown for
5 weeks under different temperatures in the temperature
gradient tunnel. Each column and error bar represents the mean
+ standard deviation of ten replicates. Significant differences
among the treatments are indicated by the different letters
(p < 0.01).
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Errb o w0en, ool daed 238 WlthFig. 3).
Ft& Wy ol(Camelina sativa)?}y Bll(Nicotiana tabacum) =
2 2EoA S i CO, Y& FHAsh SAMET
7 SHAEE} F71eHs A2 & YRt Carmo-Silva and
Salvucci, 2012). &3], Jt&ols 7| ZAH e ZAME|
=3 20| Aol wet At Skl 2| 225=(30-32°C)
ol T & 2E(38°C)ME EA| A= SicH Carmo-
Silva and Salvucci, 2012). 18|31 Ho|8a 82 1123}
e AE A shofA] sk, viFel 22 & A=Q]
ZH(B. juncea L.)o| A= 30°C2} 40°C2] 11204 f=kol&
80| FasheE Aoz LA It Hayat et al., 2009).
ot Ail= HiFE v =2 2204 AHuiE wfol=
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astol el Yobd 4 9e-g e gk

OKJIP S4dat FEASY Hapo| Hat

HEAL Y, O, SR EL BEH AEY A Sof o
P Lo i, OKJIIP 419 sfglo] WstA FHrKLu
and Zhang, 1999; Mathur et al., 2011; Oh and Koh, 2013).
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Fig. 3. Differences in transpiration rate (A), stomatal conductance (B), and water use efficiency (WUE, C) from leaves of Chinese
cabbage (Brassica campestris subsp. napus var. pekinensis) grown for 5 weeks under different temperatures in the temperature
gradient tunnel. Each column and error bar represents the mean * standard deviation of ten replicates. Significant differences
among the treatments are indicated by the different letters (p < 0.01).
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7°C 7oA At w39 QlojAe iRl 7] ==
H|3l 02} K THA|o A 9] F3E = Fot Fx7t S7FskaL J,
I, P SN 2] FFEE Fy, F, Ferb 74310l 9lon, E3
P-HAof| A o] FFe=r} IA FAsHIhFig. 4). o|9F 2
o] =7} ool wet Fy, Fi, Fp7} 27 Ropx|= A2 1L
2o oJaf vlis= 2] FAM ¥H354]19] AAF=EA| quinone
o] ZhA/teoll QUL FANS] F3}eH4] mgol 7Askal Q)
25 9Ju)3tt(Lu and Zhang, 1999, 2000). 18|11, tf7]-&
T+ 4°Cet 7] 2% + 7°C R A = BolFH o & Fert
F35HA S71ohe A S0 4= ek o] AR
E35HA|(OEC; oxygen-evolving complex)?] E&4] 0 2 K E
7113 FANL] o]z} Axpg-oiAof AxpAde] Asfe 2
W& TekElti(Guisse et al., 1995; Strasser, 1997). o]t
A= Y(Tritium aestivum L.)O| A= 25°Co)| A 2535 ¢
of| Ali= Fx7} VFEREA] QEARE 45°C 9] a12-of =Z% Qo]
A= Fi, Fr, Fegh®] 8t &0 Fezh F3iskA Uk,
37.5°C o] }e] 2ol Fx7h A} S7kohe A= HiE
v} QJtHLu and Zhang, 2000; Mathur et al., 2011).
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Fig. 4. Chlorophyll a fluorescence OKJIP transient curves from
leaves of Chinese cabbage (Brassica campestris subsp. napus
var. pekinensis) grown for 5 weeks under different temperatures
in the temperature gradient tunnel. O, K, ], I and P in the
transient curves indicate the minimal fluorescence intensity
when all PSII reaction centers are open, the intensity at
300-400 us, the intensity at 2 ms, the intensity at 30 ms,
and the maximal intensity when all PSII RCs are closed,
respectively.

OKIIP £45& ol A% F3¥sE Foll Fu, Fv/Fo
227 wole W A SR A5k, Fo, Fo/Fv, Mo,
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Fig. 5. Spider plots of JIP parameters deduced from chlorophyll
a fluorescence OKJIP transient curves from leaves of Chinese
cabbage (Brassica campestris subsp. napus var. pekinensis)
under different temperatures in the temperature gradient
tunnel. (A) Extracted and technical fluorescence parameters;
(B) Vitality indexes (structure-function and performance
indexes). For each parameter, the value of the control (Ambient
temperature) is set as 1.0. Asterisks indicate significant
differences at p < 0.01 by Duncan’s multiple comparison test.
Long dash, ambient temperature; circles, ambient temperature
+ 4°C; triangles, ambient temperature + 7°C.
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Table 3. Quantum efficiencies and effective absorption per excited cross-section of PSII from leaves of Chinese cabbage (Brassica
campestris subsp. napus var. pekinensis) under different temperatures in the temperature gradient tunnel. All chlorophyll a
fluorescence parameters were derived from the fluorescence induction curves in Fig. 3.

Chl a fluorescence parameters

Temperature

RC/CS ABS/CS TRo/CS ETo/CS Dlo/CS
Ambient T 1,719 + 100 a 2,083 £ 91 a 1,620 * 83 a 1,051 £ 57 a 463 £ 9 b
Ambient T + 4°C 1,054 + 158 b 1,665 + 88 b 1,153 + 121 b 676 + 116 b 512 + 36 b
Ambient T + 7°C 233 + 54 ¢ 1,084 + 48 ¢ 429 * 69 ¢ 182 + 50 ¢ 656 + 24 a

Each value was expressed as mean * standard deviation of seven replicates. Significant differences between treatments are
indicated by the different letters within each column (p < 0.01).

ABS/CS ABS/CS ABS/CS

o0 ®,. o o9 %0

TRoICS TRoICS [ lI'RdCS
) ..Q Q ..’

ETo/CS

ETo/CS
e .&o *

Ambient T Ambient T + 4°C Ambient T + 7°C

Fig. 6. Energy pipeline models of phenomenological fluxes per excited cross-section from leaves of Chinese cabbage (Brassica
campestris subsp. napus var. pekinensis) under different temperatures in the temperature gradient tunnel. The quantities of
ABS/CS, TRo/CS, ETo/CS, and DIo/CS are all represented as the thickness of the arrows. Active and inactive RCs are indicated

by open circles and closed black circles, respectively.
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Fig. 7. Cross-sections of Chinese cabbage (Brassica campestris
subsp. napus var. pekinensis) grown for 7, 9, and 10 weeks
under different temperatures in the temperature gradient
tunnel. The arrows indicate the parts of heads where the
symptoms of soft-rot disease were observed.
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Table 4. Changes of fresh weight and percentage of heads with soft-rot of Chinese cabbage (Brassica campestris subsp. napus
var. pekinensis) grown for 10 weeks under different temperatures in the temperature gradient tunnel.

Fresh weight (kg/plant)

Percentage of

Temperature Head part Non-head part Whole plant heads with soft-rot
Ambient T 3.06 + 0.16 a 1.59 + 0.16 a 464 + 0.20 a 0
Ambient T + 4°C 2.67 + 0.06 ab 1.63 = 0.36 a 430 = 040 a 70
Ambient T + 7°C 249 £+ 014 b 1.76 £ 0.13 a 4.24 + 0.07 a 100

Each value was expressed as mean * standard deviation of four replicates. Significant differences between treatments are indicated

by the different letters within each column (p < 0.05).
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