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In this study, we analyzed the effect of different carbon sources on: (i) carbohydrate and nutrient
absorption in Chinese Ash (Fraxinus mandshurica) explants in vitro, and (ii) explant survival rate during
ex vitro acclimatization. The explants were cultured under one of five conditions: (1) in a solid medium
supplemented with 30 g I sucrose (SM); (2) in a modified temporary immersion bioreactor (TIB)
supplemented with sucrose at 0 (TIBO) or (3) 30 g I (TIBS) concentration; (4) in TIB flushed with CO, at
700 to 900 pl I'* (TIBC) with no sucrose; or in TIB flushed with CO, at 700 to 900 pl/l while simultaneously
adding sucrose 30 g I (TIBCS). The explants cultured under TIBCS exhibited the highest level of root
induction and acclimatization survival rate. In addition, these explants exhibited maximized fresh
weights (FW), dry weights (DW), and sucrose contents. Explants cultured in SM showed the highest rate
of carbohydrate accumulation. At the end of the culture incubation period, absorption of nitrogen,
phosphorus, potassium, magnesium, iron, zinc and manganese was also higher in explants cultured in

SM than in TIB. This study revealed that the use of TIBCS provided optimum explant survival.
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INTRODUCTION

When in vitro explants are transferred from culture
vessels to the green house, they show transition from a
heterotrophic  or  photomixotrophic mode to a
photoautotrophic mode (Van Huylenbroeck and De Riek,
1995; Van Huylenbroeck et al., 1998; Kozai et al., 2000).
The energy source for in vitro explants is obtained from
either sucrose in the growing medium, or from exogenous
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CO, enrichment. Different carbon sources will modify the
micro-environmental conditions, thus affecting the
photoautotrophic capacity and biomass accumulation of
explants, in addition to their sucrose and ion absorption,
and even their acclimation survival rate (Kozai et al.,
1991; Arigita et al.,, 2010). A temporary immersion
bioreactor (TIB) is an efficient propagation tool that
improves the quality of explants (McAlister et al., 2005;
Albarran et al., 2005; Aragon et al., 2005). At present,
however, the physiological response of the explants to
CO, enrichment in TIB is not well known. In this study, we
investigated how CO, enrichment and the application of
nutrients contributes to the mineral nutrient uptake,
carbohydrate accumulation and acclimation survival rate
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Figure 1. Culture of Chinese Ash explants in vitro: A) microplants grown on gel, B) microplants

grown in TIB conditions.

of high-quality Chinese Ash (Fraxinus mandshurica)
explants cultured in controlled TIB atmospheres.Chinese
Ash is a broadleaved tree that is an important component
of northeast China’s timber industry. It is also a key
species of the Korean mixed pine-broadleaf forest. This
fast-growing, highly adaptable species is valued for

its wide range of uses, fine texture, and high economic
value (Tan and Shen, 2003). However, a long history of
overharvesting has led to a recommendation that the tree
should be listed as a Grade 3 protected species in China
(Fu, 1992). In order to meet the demand for wood, there
have been numerous studies aimed at Chinese Ash
tissue culture (Zhang and Luo., 2003; Tan and Shen,
2003; Deng et al., 2009). Nevertheless, the successful
rooting rate of the species is still low (66%) (Zhang and
Luo, 2003). In addition, there is no information available
regarding the effect of differing levels of CO, in TIB on
species growth, nutrient uptake during root induction, and
acclimation survival rate. We chose Chinese Ash
explants in transition from the heterotrophic or
photomixotrophic phase to the photoautotrophic phase,
and studied how different levels of CO, enrichment in TIB
affect carbohydrate and mineral nutrient absorption, and
photosynthetic characteristics during explant acclimation
in the greenhouse. Our goal was to establish the optimal
environment for the rooting and acclimation of high-
quality Chinese Ash.

MATERIALS AND METHODS
Plant material and cultural conditions

In vitro shoot tips (3 cm; Figure 1A) of Chinese Ash were excised
from microplants grown on gelled (agar 0.7 g I'") woody plant
medium (WPM) (Lloyd and McCown, 1980) supplemented with 30 g
I'* sucrose, 0.5 mg I zeatin (ZT), and 0.1 mg I'* a-naphthalene
acetic acid (NAA). The materials were then transferred to the
rooting medium, which was ¥2WPM (half strength concentrations of
the major salts) either solid medium (SM) or a liquid TIB medium
(Figure 1B) supplemented with 0.1 mg I NAA. The growth

regulators, after being adjusted to 5.8 pH, were sterilized together
with medium at 120°C for 20 min. Six vessels were used in each
treatment, and each experiment was repeated in triplicate. In each
experiment, 300 ml of SM and liquid TIB medium cultures were
used. Ten plants were inoculated in each of the 500-ml glass
vessels used for each culture condition. The samples were placed
in a growth room under the following conditions: 150 pmol-m?.s*
photosynthetic proton flux density (PPFD) and 25+2°C and a
photoperiod of 16 h day™.

Description of the TIB

A modified TIB system (Escalona et al.,, 1999) was used in this
study. Two separate vessels were used, the explant vessel and the
liquid medium reservoir. The two containers were connected
underneath with a silicone tube, which allowed the transfer of
medium when the medium vessel was lifted above the explant
vessel and vice versa. The top of each vessel contained a plug with
two holes with silicone tubing. One tube was for the application of
enriched CO,. A 0.2 um hydrophobic filter was connected to the
silicone tubing, which guaranteed the sterility of the air entrance.
The tube of the explants vessel was used for the delivery of
enriched CO; or non-enriched filtered CO,. Both holes of the liquid
medium reservoir were connected by silicone tubing to a
hydrophobic filter and ventilated with air (CO5, 350 pl ).

In TIB, the liquid medium was supplemented in one of four ways:
with sucrose at 0 (TIBO) or 30 g I™* (TIBS); without sucrose, flushed
with CO, at 700 to 900 pl I'* (TIBC) at a flow rate of 30 ml/min; or
flushed with CO, at 700 to 900 pl I at a flow rate of 30 ml/min while
simultaneously adding sucrose 30 g I'* (TIBCS). The reference, or
control, group consisted of explants grown in non-ventilated vessels
with 30 g | * sucrose in the solid medium (SM). The immersion
cycle was 10 min every 6 h, which was regulated manually. The
silicone tubes and vessels used were sterilized at 120°C for 20 min.
Sensors connected to a computer monitored CO; levels inside the
culture vessels.

Carbohydrate assay

Young leaves of explants (first and second leaves from the top)
were excised from each culture vessel at the 7, 14 and 21" days,
immediately frozen in liquid nitrogen (N), and stored at -80°C until
use. Samples (200 mg fresh mass) were homogenized in liquid N,
in a mortar, and sucrose was extracted as described by Stitt and
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Figure 2. Explant fresh weight at 21 days of culture under varying
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CO, treatments.

Heldt (1985). Carbohydrate was assayed on the remaining pellet
with the method described by Rufty and Huber (1983).

Nutrient analysis

At different periods (7, 14 and 21" days) and culture conditions, the
mediums were taken and used to quantify explant nutrient
absorption. Ammonium nitrogen (NH";) and nitrate nitrogen (NO3)
were assayed by continuous-flow autoanalysis (Auto Analyzerlll
Bran + Luebbe GmbH, Germany). Other elements, including K, Ca,
Mg, Fe, Zn, B and Mn, were assayed by plasmaphoresis (ICP-AES,
PE OPTIMA3000, USA). Phosphorus (P) content was assayed with
capillary electrophoresis on a P/ACE MDQ system (Beckman
Coulter). An uncoated fused silica capillary with a total length of 60
cm x 75 um (effective length: 50 cm) was used. Samples were
hydrodynamically injected into the capillary for 5 s at 0.5 psi at the
detector side. Separations were carried out at -30 kV at 25°C using
a 0.1 mM Tetradecyltrimethylammonium Bromide, 3.0 mM
potassium dichromate and 3.0 mM boric acid buffer (pH 8.0). UV
detection was carried out at 254 nm.

Growth parameters

Fresh weights (FW) of whole Chinese Ash explants were
measured. Dry weights (DW) of whole explants were also
measured after the samples were completely dried at 80°C. After
21 days of growth, the rate of rooting was recorded. The rooted in
vitro explants were transferred to ex vitro conditions in sterile peat
moss and vermiculite (1:1 proportion) and grown in pots. They were
kept under 80 to 95% relative humidity, 0 to 80 pmol-m?-s™* PPFD,
photoperiod of 16/10 h (light/dark), and temperature of 25 + 2°C.
Photosynthesis rate was measured for one hour from 10:00 to
11:00 am by a portable LI-6400 (LI-COR Inc., Lincoln, Nebraska,
USA), every 3 days for a period of 15 days. Explant survival rate
was recorded at the end of the acclimatization stage.

Statistical analysis

All experiments were randomized. The one-way analysis of
variance (ANOVA) test was used to analyze the data. Significant
differences between means were measured using Duncan’s
multiple range test at the P<0.05 level.

RESULTS
Growth under different in vitro culture conditions

Explants in vitro were rooted for 7 days under SM and
TIBCS conditions, and for 15 days under TIBS and TIBC
conditions, and for 20 days under TIBO. Roots induced
from SM were grown from callus; those rooted under TIB
conditions were grown directly from the stem segment.

The FW of seedlings increased gradually over the
course of culture time (Figure 2). After 21 days, the DW
was higher in explants supplemented with sucrose than
in seedlings supplemented in TIB with only CO, or
nothing at all (Figure 3). The DW of explants cultured in
TIBCS was 2 to 3.1 times higher than that of SM and
TIBO, respectively. The DW of seedlings cultured in TIBC
was the lowest. The rooting rate was highest in TIBCS,
followed by SM, TIBS, and TIBC and TIBO, in order
(Table 3).

Carbohydrate content

The content of sucrose in the explants increased
gradually over the course of culture time in SM (Figure 4).
In TIB, sucrose decreased over the first 7 days of culture
in explants supplemented with CO,, then subsequently
increased. An exception to this trend was explants
cultured in TIBS. After 21 days of culture, the content of
sucrose was the highest in TIBSC and the lowest in TIBO.
The content of starch of explants in SM after 21 days was
highest (Figure 5). TIB supplemented with CO, or
sucrose in the medium promoted the accumulation of
starch but not as much as in SM.

Absorption of mineral nutrients

Absorption of NH,"-N and NO3-N was higher in SM than
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Figure 4. Variations of sucrose content under different CO,

treatments.

in TIB (Table 1). After 21 d culture in SM, absorption of
the NH,"-N was 7.68%, and the amount of NO3z-N
absorption was 7.53%. Compared with TIBO, the
absorption of NH,"-N cultured under TIBC or TIBS was
inhibited. However the amount of NO3-N absorbed under
the different culture conditions was not statistically
significant. Absorption of NH,"-N and NO3-N in TIBCS
was higher than in the other TIB methods.

Absorption of other mineral nutrients is shown in Table
2. Explants grown under SM absorbed more phosphorus
(P) than those grown under TIB. Over the course of
culture time, P absorption under SM increased, with only
0.09 mg I of P remaining in the medium at the end.
Among explants cultured in TIB, P absorption was

highest in TIBCS.Potassium (K) absorption was higher in
SM than in TIB. In TIBO and TIBC, K content did not
increase in the explants, but increased in the medium.

Calcium (Ca) absorption in SM was less than in TIB.
No CO, or sucrose supplementation promoted any Ca
uptake. In fact, TIBC and TIBCS appeared to suppress
Ca absorption. Under all assayed conditions, the
absorption of magnesium (Mg) and iron (Fe) was always
less than 0.25 mg I™ or 0.56 mg I, respectively.

Boron (B) absorption in SM was significantly less than
in TIB. In TIB, more than 88% of B was absorbed during
the first 7 d culture, and then subsequently decreased. It
was noteworthy for SM that the content of B was reduced
largely after autoclaving and far below the liquid medium.
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Figure 5. Variations of content of starch (%) alone with culture
time under varying CO, treatments.

Table 1. NH,*-N and NOs-N concentration remaining in the growth medium and percentage of absorption
of in vitro Chinese Ash after 21 days of culture under varying culture conditions.

Treatment Culture period (days) NH."-N (mg/g) NO3z N (mg/g)
0 81.22+0.25 162.33+0.57
7 78.31+0.41 160.39+0.50
SM 14 81.63+1.20 154.91+0.61
21 74.98+0.79 150.11+0.56
7.68% a 7.53% a
0 82.41+0.84 161.05+1.64
7 80.30+1.05 160.79+0.47
TIBO 14 79.51+0.07 156.54+2.54
21 81.12+0.27 155.70+2.64
1.57%c 3.32%c
0 82.14+0.76 161.54+0.34
7 80.40+0.89 161.87+1.93
TIBS 14 82.16+0.04 156.06+4.74
21 81.07+0.51 157.38+0.31
1.30% d 2.58% d
0 82.41+0.42 161.05+0.38
TIBC 7 81.44+0.36 160.47+0.08
14 82.95+0.39 158.66+0.30
21 82.34+0.65 157.06+0.56
0.08% e 2.48% d
0 82.14+0.76 161.54+0.34
7 80.02+2.43 161.47+1.45
TIBCS 14 81.05+0.29 157.37+0.07
21 79.82+0.16 155.84+1.39
2.82% b 3.53% b

Data are means * SD of five data. Different letters indicate significant differences at P <0.05.
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Table 2. Mineral nutrient concentration remaining in the growth medium in vitro culture of Chinese Ash and percentage of absorption at 21 d

under varying culture conditions.

Treatment period (days) P 1 K 1 Ca»l Mg»l Fe 1 Zn 1 B 1 Mn_l
(mg 1) (mg 1) (mg 1) (mg 1) (mg 1) (mg 1) (mg 1) (mg 1)
0 2.32+0.32 47.69+0.15 9.82+1.38 2.30£0.01 0.77£0.06 0.25£0.01 0.04+0.00 0.63+0.00
7 1.82+0.34 50.59+2.75 9.82+1.18 2.63+0.22 0.70+0.06 0.25+0.02 0.05+0.00 0.67+0.05
SM 14 0.80+0.36 49.09+1.75 9.50+0.1 2.38+0.08 0.28+0.24 0.16+0.02 0.04+0.01 0.65%0.01
21 0.09+0.01 31.84+9.2 9.05+2.15 2.05+0.47 0.21+0.01 0.11+0.03 0.04+0.00 0.53+0.12
96.12% a 33.24% a 7.84% c 10.87% a 72.73%d 56.00% a - 15.87% a
0 2.44+0.04 42.89+0.05 7.36+0.28 2.05+0.08 0.64+0.01 0.20+0.01 0.38+0.01 0.53+0.00
7 2.14+0.03 46.39+0.85 5.24+0.60 2.26£0.21 0.25+0.01 0.20£0.00 0.03£0.01 0.46+0.01
TIBO 14 2.17£0.11 46.34+2.50 4.69+0.04 2.16+0.03 0.39+0.03 0.18+0.02 0.04+0.00 0.48+0.03
21 2.05£0.04 52.64+5.20 5.34+0.96 2.20+0.28 0.22+0.09 0.17+£0.03 0.03£0.00 0.45+0.03
15.98% d - 27.45% b - 65.63% e 15.00%c 92.11%a 15.09% a
0 2.46+0.06 43.44+0.30 6.90+1.94 2.04+0.09 0.64+0.04 0.20+0.00 0.43+0.30 0.53+0.01
7 1.87+0.27 48.54+2.30 5.35+0.69 2.14+0.04 0.27+0.03 0.19+0.01 0.09+0.01 0.52+0.00
TIBS 14 2.13+0.00 43.64+1.20 4.32+0.07 1.96£0.04 0.29+0.04 0.16+£0.01 0.06+£0.02 0.49+0.00
21 1.86+0.02 43.29+0.45 4.53+0.34 1.93+0.16 0.09+0.02 0.16+0.02 0.07+0.04 0.47+0.00
24.39% c 0.35% c 34.35% a 539%b 8594%a 20.00%b 83.72%c 11.32%b
0 2.44+0.04 42.89+0.05 7.36+0.28 2.05+0.08 0.64+0.01 0.20+0.01 0.38+0.03 0.53+0.00
7 2.32+0.12 45.39+0.75 6.97+0.17 2.05+0.04 0.55+0.18 0.24+0.05 0.02+0.00 0.53+0.03
TIBC 14 2.3240.29 46.69+1.35 5.83+1.51 2.08+0.14 0.34+0.09 0.17+0.01 0.04+0.00 0.53+0.04
21 2.48+0.04 45.69+0.95 6.86+0.15 2.03+0.02 0.17+0.05 0.18+0.00 0.03+0.01 0.51+0.01
- - 6.79% d 0.98%c 73.44%c 10.00%d 92.11%a 3.77%c
0 2.46+0.06 43.44+0.30 6.90+0.23 2.04+0.09 0.64+0.04 0.20+0.00 0.43+0.30 0.53+0.01
7 2.33+0.05 42.79+0.35 6.62+0.25 1.98+0.03 0.46+0.07 0.20+0.01 0.07+0.02 0.51+0.01
TIBCS 14 2.08+0.02 44.79+0.25 6.87+0.11 2.02#0.06 0.59+0.03 0.18+0.01 0.09+0.05 0.54+0.01
21 1.47+0.05 42.04+1.10 7.46+0.29 2.18+0.06 0.13+0.04 0.18+0.02 0.04+0.02 0.51+0.02
40.24% b 3.22% b - - 79.69% b 10.00%d 90.70%b 3.77%c

Data are means + SD of five data. Different letters within a column indicate significant differences at P <0.05. “-” means the medium nutrients were not

determined.

Manganese (Mn) absorption in SM was greater than in
TIB. In TIB, TIBO and TIBS promoted Mn uptake. Minimal
Mn uptake occurred in enriched TIBC and TIBCS.
Absorption of zinc (Zn) in SM was 3.33 to 7.94 times
higher than in TIB. In TIB, the range of absorption was
0.018 t0 0.043 mg I'™.

Photosynthesis characteristics and acclimation

survival rate

After 21 days of culture, rooted explants were transferred
to a greenhouse for ex vitro acclimation. There was a
significant difference in survival rate of explants cultured
under the different assayed conditions (Table 3).
Explants cultured in TIBCS displayed the highest survival
rate, 27% higher than those cultured in SM. TIBO resulted

in the lowest acclimation survival rate .There was also a
significant difference in photosynthesis in explants that
received CO, enrichment (Figure 6). Photosynthetic rate
of leaves in explants cultured in SM, TIBO and TIBS was
negative at first, then gradually transitioned to autotrophic
after 6 (SM and TIBS) and 12 days (TIBO). Explants
cultured in TIBC and TIBCS displayed positive a positive
photosynthetic rate at first, and subsequently continued
to increase. After 15 days acclimation, the photosynthetic
rate in TIBCS was three times higher than in any other
culture method.

DISCUSSION

The results of this study show that plant culture
microenvironment plays an important role not only for in
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Table 3. Rates of explants rooting and acclimation survival under different carbon source conditions.

Treatment Rooting rate (%) Survival rate (%)
SM 90a 75d
TIBO 32b 46e
TIBS 85a 80c
TIBC 45b 84b
TIBSC 93a 95a

Values are the means of three replicates. Means within a row followed by different letters are significantly different at 5%

level in Duncan’s multiple range test.
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vitro carbohydrate accumulation, but also for ex vitro
survival rate. SM and TIBCS increased the explants DW
and reserves of carbohydrates, which enhanced
acclimation survival rate. These results are in line with
other studies (Van Huylenbroeck et al., 1995; Wilson et
al., 2001). Explants that absorbed excessive amounts of
starch in vitro display an ex vitro decrease in
photosynthesis, which results in a decrease in chloroplast
light uptake, and an increase in resistance to CO,
diffusion (Neales and Incoll, 1968). In our study, when
explants cultured in SM and TIBS were transferred from
in vitro to ex vitro conditions, the photosynthetic rate
changed gradually from negative to positive; these
explants needed 6 d acclimation to transition from
photoheterotrophy to photoautotrophy.

In TIBC, explant sucrose content and DW increased,
but to a lesser degree than in TIBS; additionally, TIBC
displayed a decreased rooting rate compared to TIBS. It
is possible that TIBC produces environmental stress,
which suppresses explants growth. Therefore, when

these explants, which were cultured in enclosed, high-
humidity vessels, were transferred to a ventilated, low-
humidity environment enriched with CO,, they do not
acclimate well to the new environment and grow more
slowly. Other findings (Arigita, 2010) indicate that shoot
length and DW decrease and mortality increases when
explants are cultured in glass boxes flushed with CO, at
300—2000 pmol-mol™. So, when explants are flushed with
CO,, sucrose supplementation in the medium is
necessary for explants growth, at least early in explants
culture (Arigita et al., 2010). Rooted explants cultured in
TIBC display a positive photosynthetic rate in acclimation.
Similarly, explants rooted in TIBCS also display positive
photosynthesis. However, the more sucrose in the
medium during in vitro culture, the less the Rubisco
activity and CO, absorption (Hdider and Desjardins,
1994). Arigita et al.,, (2010) suggests that explants
cultured at 600 pmol-CO,-mol™ in 20 g I™* of sucrose for
the first 20 days culture far better when transferred to a
sucrose-free medium. This contributes to the
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development of the efficient photosynthetic machinery
needed to adapt to new conditions (Van Huylenbroeck
and Debergh, 1996). Our results demonstrated that the
degree of autotrophy of Chinese Ash cultures was
affected by sucrose supplementation and CO, concen-
tration. In TIBO, due to no exogenous carbon source,
there was a decrease in all parameters that contributed to
explants acclimation and survival.

Ca and B absorption in SM was less than in TIB. It
isprobable that more Ca and B are required for root
growth. After sterilization at 120°C for 20 min, the content
of B in SM explants was less than in the liquid medium.
The absence of B in the SM growth medium affects root
growth (Tanaka and Fujiwara, 2008). At the end of our
experiment, there were no nutrients completely absorbed
in TIB.

There was a small residual amount of P in SM. The
absence of P restricts plant growth (Pareilleux and
Chaubet, 1981), and this was possibly the limiting
element in many tissue cultures (Lumsden et al., 1990).
In our study, B and P in SM were the main limiting factors
affecting in vitro plant growth.

TIB provides a better in vitro gas and nutrition
environment than SM (Roels et al., 2006). Ventilation in
the culture vessels probably affects the quality of the root
system (Jackson, 2003). Zhang et al. (2009) reports that,
compared to photomixotrophic micropropagated Siraitia
grosvenorii explants grown on SM without forced
ventilation, photoautotrophic micropropagated explants
grown with forced CO, ventilation have a more developed
root system, higher quality shoots and no callus at the
shoot base. Our study proved that TIBCS contributed
positively to explants root growth and increased rate of
acclimation survival.
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Abbreviations

SM, Solid medium; TIB, temporary immersion bioreactor; TIBO,
temporary immersion bioreactor supplemented with sucrose at
0 g I'; TIBS, temporary immersion bioreactor supplemented
with sucrose at 30 g I'; TIBC, temporary immersion bioreactor
flushed with CO, at 700-900 pl I”; TIBCS, temporary immersion
bioreactor flushed with CO, at 700-900 ul I simultaneously
added sucrose 30 g I ZT, zeatin; NAA, a-naphthalene acetic
acid; WPM, woody plant medium; DW, dry weight; FW, fresh
weight.
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