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Abstract: Haloscylon ammodendron (C. A. Mey.) is one of the economically and ecologically important desert trees
used for sand fixation. The ovary of H. ammodendron is found not to swell after flowering in spring until at the
end of August or early September in western China. However, what happens for ovary at anatomic level in that
period and which crucial ecological factor regulates the phenomenon of H. ammodendron have not been fully
understood. To characterize the phenomenon and explore the crucial environmental regulating factors, we
carried out the morphological and anatomic observations at the different development stages of the fruits and
three single-factor experiments (low air temperature, sufficient soil moisture, and short day length). Our results
showed that under the natural conditions, the ovary of H. ammodendron after flowering developed slowly and the
morphological changes of fruits were not significant for the period from May to August and after late August
or early September; and then the ovary developed rapidly and matured in October. Cell division in embryo was
observed to start approximately 25 days after flowering (DAF) and just developed to globular embryo stage at
mid-August. Photoperiod was identified as the pivotal environmental factor regulating the fruit development of
H. ammodendron. Moreover, the threshold value of day length for the fruit development was 14.0 h. A long day
(>14.0 h) treatment began from 5 DAF could delay fruit development of H. ammodendron while a short day
(<14.0 h) treatment could accelerate it. Moreover, a further longer day treatment (>15.0 h) could also delay fruit
development even when they had developed for a long time (110 DAF). The present study indicated that H.
ammodendron adopted a reproductive strategy of delayed fruit development and this strategy helps it survive and
obtain offspring in harsh desert habitats.
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1 Introduction

Haloxylon ammodendron belongs to Haloxylon Bunge (Amaranthaceae) that consists of 11
species identified so far worldwide. The geographical distribution of H. ammodendron is
concentrated in temperate and subtropical desert areas of Africa and Asia (Pyankov et a., 1999;
Tobe et a., 2000; Sheng et al., 2005). In China, the total distributing acreage of H. ammodendron
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is approximately 8.22x10° hm?. Its largest distribution acreage is in Xinjiang, accounting for
62.7% of China's total distribution acreage, followed by 19.6% in Inner Mongolia, 10.9% in
Qinghai, and 6.8% in Gansu (Guo et al., 2009). H. ammodendron is one of economically
important and ecologically vulnerable desert tree species used for sand fixation in China (Wang et
a., 2009; Yang et a., 2014). It plays an important role in maintenance of the structure and
function of desert ecosystems, reducing wind speed and ameliorating the microclimate, thus
facilitating the settlement and growth of other desert plants (Shamsutdinov and Ubaidullaev,
1988).

The reproduction of plant is important in its life cycle and is affected by genetic and/or
environmental factors (Brock, 1983). Environmental characteristics of desert is always
complicated and varied. The Gurbantunggut Desert, the largest stable and semi-stable sand desert
in Chinawith H. ammodendron as the major dominant species of the community composition, has
a continental climate; the mean annual potential evaporation exceeds 2200 mm while the mean
annual precipitation is only 70-150 mm falling predominantly during spring (March to May). The
annual mean temperature is 6°C—10°C. It istorrid in summer (June to August) with the maximum
monthly mean temperature of 32.6°C in July and the light intensities more than 1800 pmol/(m?s)
in clear days; and is cold in winter with the minimum monthly mean temperature of —21.8°C in
January. The annual daylight hours ranged from 8.8 h on 21 December to 15.5 h on 21 June
(Zhang et al., 2007; Li et al., 2010). To adapt to the torrid summer, many plants in the desert have
developed different reproductive strategies. For example, an annual ephemeral plant
Diptychocar pus strictus (Brassicaceae) flowers from mid-April to early May, and seeds mature in
late May to early June to cope with the harsh and fickle environment to achieve reproductive
success before the torrid summer comes (Lu et al., 2010). Another example is Tamarix
ramosissima (Tamaririxaceae). This perennial plant has two distinct flowering periods (one in
spring and another in summer) to adapt to the instable climate conditions (Yan et al., 2011).
Nevertheless, H. ammodendron is found to be of a different reproductive strategy. The flowering
period of H. ammodendron occurs from late April to mid-May with a duration less than half a
month. However, after blooming, the ovary of H. ammodendron almost does not swell until late
August or early September. Afterwards, its ovary begins to enlarge rapidly and fruit wings are
visible, and the fruit matures in October (Tursunov et al., 1989; Zhang, 2002; Sheng et al., 2003;
Wei and Wang, 2006).

Zhang (2002) suggested that ovary of H. ammodendron almost does not swell after flowering
for a long time and reasons for non-swelling might be related with high air temperature and/or
low moisture content in soil in summer. However, under the appropriate greenhouse growth
conditions (10°C-30°C, sufficient light and water), well-grown plants of H. ammodendron were
also found to display the same phenomenon (Yu, 2012). What is the actual environmental factor
that induces H. ammodendron to adopt this reproductive strategy? In the present study, we
conducted morphological and anatomic observations on the fruits and designed three single-factor
experiments (low air temperature, sufficient moisture supply in soil, and short day) to characterize
the phenomenon and explore the crucial environmental regulation factor.

2 Materialsand methods

21 Study area

The study area is in Xinjiang Uygur Autonomous Region, China. We selected three field
observation sites (A, B and C in Fig. 1) to conduct the research. Site A (44.4°N, 87.9°E) is a
native desert habitat of H. ammodendron; site B (43.5°N, 87.0°E) isin Shuixigou Village, where a
greenhouse can provide good experimental conditions; and site C (44.2°N, 87.3°E) is in
Wutonggou Village, where the illumination treatment experiments were conducted. Site A and C
were close to the south margin of the Gurbantunggut Desert.

2.2 Fruit characteristic
The fruit development of H. ammodendron under natural growth conditions was investigated at
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Site A. Fruits were collected randomly from 10 plants in the field from flowering stage to
maturation stage. The anatomic dissection was carried out using the paraffin method: fixed in
formalin/acetic acid/alcohol (70% acohol/glacial acetic acid/formalin, 18/1/1 by volume)
fixation. The blocks were sectioned at 8-12 um and routinely stained with safranin and fast green
(Ma et al., 2004; Li, 2009). The sectioned samples were observed under a light microscope of
Leica DM 2500 (Leica, Wetzlar, Germany). The differences of fruit size at the different
development stages were analyzed for normality and homogeneity of variance prior to fulfill the
requirements of T-tests and one-way analysis of variance (ANOVA). The variances were found
not to be homogeneous, and then were transformed using 10g10 or square root. The transformed
data, however, were still found not to be homogenous. Therefore, the multiple comparisons of the
fruit sizes of the different development stages were assessed using a more conservative
Kruskal-Wallis non-parametric test with a significance level of P<0.05. Data analysis was
performed with the software IBM SPSS Statistics 19.0.
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Fig. 1 Locations of the field observation sites: A (44.4°N, 87.9°E), B (43.5°N, 87.0°E) in Shuixigou Village and
C (44.2°N, 87.3°E) in Wutonggou Village

2.3 Plant materials and planting

Two-year old plants of H. ammodendron were transplanted in spring to plastic nutrition pots (6 L;
one plant per pot) filled with culture medium (desert sand/vermiculite/perlite/decaying sheep
excrement, 5.0/1.5/1.5/2.0 by volume). All the potted plants were watered as the normal with the
soil moisture content maintained at approximately 9% (Yu et a., 2012). After flowering, al the
plants were used for further studies.

24 Single-factor experiments

To revea the underlying environmental factors causing the slow post-flowering reproductive
development (SPRD) of the H. ammodendron ovary, we carried out three single-factor (low
temperature, sufficient moisture supply in soil, and short day) experiments within greenhouses at
Shuixigou Village. We divided 120 two-year-old plants (after flowering) into four groups
(Group-A) with 30 plants per group (Table 1). Group-A | was taken as the control. The plants
were growing in a temperature-controlled greenhouse (day, 30+2°C; night, 10+2°C; natural light
intensity, 9001260 umol/(m?s)), with other conditions same as those set in Section 2.3. The
photon flux density was measured at the canopy level with LI1-6400 portable photosynthetic
system (LI-COR, Lincoln, NE, USA). Group-A Il was treated with low air temperature in a
plastic shack with an air-conditioner, and other measures were same as the group 1. Group-A Il
was supplied with sufficient moisture in soil and the soil moisture content was maintained at
approximately 20%, with other measures same as the Group-A | too. The sunshine duration for
Group-A 1V was shortened to 10.0 h/d, with other measures same as the group | as well. For all
the groups, day length of 10.0 h/d treatment was conducted by transferring the pots into and out
of adark room every day (19:00 to 09:00 next day inside; light intensity <1 pmol/(m?s); Cheng et
al., 2011), and temperature difference was within a range of 1°C. All treatments were conducted
from 5 to 85 DAF.
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Table1l Environmental factor treatments

Group-A Number of plants Treatment Treatment stage (DAF)

ND (approximately 14.0 h during flowering, 15.5 h on

! 30 21 June and 14.0 h on 14 August) 585
I 30 Low air temperature (day, 20+2°C; night, 5+2°C) 5—85
11 30 Sufficient moisture supply in soil (approximately 20%) 5—85
v 30 SD (10.0 h/d) 585

Note: ND, natural day length; SD, short day; DAF, days after flowering; I, control; I1, temperature; 11, moisture; 1V, daylight.

2.5 Day length threshold of the fruit development

The illumination treatment experiments were conducted at Site C in Wutonggou Village. We
divided 120 plants (after flowering) into four groups (Group-B) with 30 plants per group (Table
2). Group-B I, Il and |11 were subjected to different illumination treatments of 13.5, 14.0 and 14.5
h/d, respectively, by an artificial lighting instrument automatically turned on and off at the pre-set
time. The light sources were provided by incandescent bulbs, which provided a light intensity
about 65 pmol/(m%s) at the canopy of the plants that is close to and lower than the light
compensation point of H. ammodendron (Su et al., 2007; Xu et a., 2007). The illumination was
selected on the base of the day length of 13.5 h on 25 August at the south of Gurbantunggut
Desert (44.4°N, 87.9°E) when the ovary of H. ammodendron began to swell in the local field.
Group-B 1V was used as control under natural sunshine duration. All treatments were conducted
from 5 to 85 DAF.

Table2 Determination of threshold value of day length for the development of fruits in H. ammodendron

Group-B Number of plants I1lumination (h/d) Treatment stage (DAF)
| 30 135 585
0 30 14.0 585
Il 30 145 585
v 30 ND 585
Note: I, [1 and 111, illumination treatments of 3.5, 14.0 and 14.5 h/d, respectively; IV, the control.

2.6 Effectsof different illumination treatments

To further explore the effects of different illumination on the fruit development of H.
ammodendron, we conducted three different day length treatments (Table 3). Group-C | was
treated from 5 to 110 DAF with a day length of 10.0 h/d. Group-C |1 was exposed to natural day
length (ND) as control from 0 to 170 DAF. For Group-C I11, al the plants after flowering were
remained under ND until 109 DAF, and then, was placed under a 15.0 h/d long day (LD)
treatment (from 07:00 to 22:00) from 110 to 170 DAF.

Table3 Different illumination treatments

Group-C Number of plant Illumination Treatment stage (DAF)
| 30 SD (10.0 h/d) 5-110
I 30 ND 0170
11 30 LD (15.0 h/d) 110-170

Note: ND, natural day length; SD, short day; LD, long day.

3 Results

3.1 Morphological and anatomic characteristics of fruits

To reveal the reproductive development progress after flowering under natural growth conditions,
morphological and anatomic observations of fruits were carried out. The results showed that after
flowering, the ovary of H. ammodendron developed slowly from late May to mid-August (Figs.
2a-d and 3).
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Embryonic cell division was observed approximately on 25 DAF (Fig. 2b) and developed to
the globular embryo stage on 110 DAF (Fig. 2d). Though the embryo had almost doubled in size
(Fig. 2d) compared to that of 25 DAF, the ovary did not display any significant changes (P<0.05)
in size from flowering (O DAF) to the early stage of ovary enlargement (110 DAF; Fig. 4). When

0 DAF 25 DAF 55 DAF 110 DAF 120 DAF 130 DAF 150 DAF 170 DAF

2 mm 2 mm 2 mm

Fig. 2 Morphological and anatomic characteristics of H. ammodendron fruit development at site A (44.4°N,
87.9°E) under natural conditions. Ov, ovule; Em, embryo; Ec, endosperm cell; Red arrows indicate fruits. (a) O
DAF, blooming period; (b—c) the early stage of ovary development; (d) the early stage of ovary enlargement; (e)
the ovary enlargement stage; (f) the early stage of fruit wing development; (g) the fruit wing development stage;
(h) the fruit maturation stage (mature seed and fruit).

16.0 4
15.04
14.0

13.0] Elowering

SPRD

12.0 7
11.04
10.0

T T T T T 1
17 Apr 17 May 16 Jun 16 Jul 15 Aug 14 Sep 14 Oct
Date

Day length (h/d)

Fruit swelling

Ripening

Fig. 3 Day length and scheme of the chronological progression of principal fruit developing stages of H.
ammodendron at site A (44.4°N, 87.9°E). SPRD, slow post-flowering reproductive development.
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Fig. 4 Fruit size variation of H. ammodendron grown under natural day length. The bars represent standard
errors of the means, n=10. The lowercase letters indicate significant differences at P<0.05 level according to the
non-parametric test by Kruskal-Wallis.
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the day length became shorter than 14.0 h/d for several days in late August, the enlargement of
ovary was observable (Fig. 2e) and the change in size was significant (P<0.05; 120 DAF; Fig. 4).
At the same time, the embryo developed to be horseshoe-shaped (the ovary enlargement stage).
Afterwards, the ovary and embryo developed rapidly throughout the early stage of fruit wing
development (130 DAF; Fig. 2f) and the stage of fruit wing development (150 DAF; Fig. 2g); and
the fruit then matured on 170 DAF (Fig. 2h). Additionally, the endosperm was observed to have
developed into a free nucleus stage (Figs. 2b—d) and into an endosperm cell stage on 120 DAF
(Fig. 2e); and then into a disappearance stage with the development of embryo.

Our results indicated that under natural growth conditions, the ovary of H. ammodendron
would present a slow reproductive development progress after flowering for approximately 4
months (0—120 DAF; Fig. 3). Accordingly, we defined the phenomenon as a slow post-flowering
reproductive development (SPRD).

3.2 Environmental factor causing SPRD phenomenon of H. ammodendron

Normally, environmental factors include temperature, photoperiod, water, air, soil, etc.
Temperature, water, and photoperiod are considered as the dominant environmental factors for
plant growth in arid region of northwestern China (Zhang, 2008). When H. ammodendron
presents a SPRD phenomenon from late May to mid-August, the climate is often characterized by
high air temperature, low precipitation, and long day. So we postulated that if high air
temperature, low moisture in soil, and long day were the environmental factors causing the SPRD
phenomenon of H. ammodendron, low air temperature, sufficient moisture supply in soil and
short day would be unfavorable for the SPRD phenomenon. To validate this hypothesis, in this
study, we carried out three single-factor (low air temperature, sufficient moisture supply in soil,
and short day) experiments. The results showed that no accelerated reproductive development
progress occurred at the end of experiments in Group-A 11 and 11, being the same as in the
control. The results indicated that air temperature and soil moisture may not be associated with
the observed H. ammodendron SPRD phenomenon. Nevertheless, in Group-A 1V, when H.
Ammodendron was exposed to an illumination of 10.0 h/d, al the plants were found to be
accelerated in the fruit development progress after flowering (Table 4). As the treatment time
prolonged (40-50 d), the fruits of the treated plants developed gradually from the ovary
enlargement stage to the early stage of fruit wing development. When the illumination treatment
was sustained for 80 d, all the treated plants were found to be accelerated into the stage of fruit
wing development. The results suggested that it is the day length that caused the SPRD
phenomenon of H. ammodendron.

Table 4 Number of H. ammondendron plants with accelerated development progress of fruits when exposed to
an illumination of 10.0 h/d

Plant number

DAF DAIT Ovary enlargement Early stage of fruitwing  Fruit wing development Perioe/:)t age
stage development stage
5 1 0 0 0 0.0
45 40 4 0 0 13.3
55 50 9 17 0 86.7
75 70 0 8 22 100.0
85 80 0 0 30 100.0

Note: DAF, day after flowering; DAIT, days after the illumination treatments.

3.3 Threshold value of day length for the fruit development of H. ammodendron

Since the photoperiod causes the SPRD phenomenon of H. ammodendron, it is necessary to
determine how the day length threshold affects the delayed fruit development (from the delayed
development rate to the accelerated rate, or vice versa). Three illumination treatments of 13.5,
14.0 and 14.5 h/d were carried out to determine the day length threshold. As shown in Figure 5, a
few of H. ammodendron plants treated with 13.5 h/d were found to be accelerated in reproductive
development progress on 55 DAF while 90% of plants were found to be accelerated on 80 DAF.



414 JOURNAL OF ARID LAND 2017 Vol. 9 No. 3

For the 14.0 h/d treatment, no plant was found to be accelerated on 55 DAF, while 80% of plants
were found to be accelerated on 80 DAF. For the 14.5 h/d treatment, only 3.3% of plants were
found to be accelerated into the ovary enlargement stage on 80 DAF. It can be estimated that 14.0
h was the most likely day length threshold that can accelerate the reproductive development of H.
ammodendron.
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Fig. 5 Percentage of H. ammondendron plants with accelerated development progress of fruits when exposed to
different illumination treatments

3.4 Effectsof illumination treatments

To explore the day length effects on the fruit development of H. ammodendron, three day length
(SD, ND and L D) treatments were conducted (Table 3). Although there was no obvious difference
in fruit size on 25 DAF between the SD and ND treatments, the embryo under SD treatment
developed to the pre-embryo stage and its size was twice bigger than that under ND treatment
(Fig. 6). Fruit wings began to be visible and embryo gradually enlarged on 55 DAF under SD
treatment, while fruits under ND treatment were still at the early stage of ovary development with
embryo developing to the pre-embryo stage. Fruits under SD treatment matured on 110 DAF,
while embryo under ND treatment had just developed to the globular embryo stage. These results

_ ODAF 25DAF  55DAF 110 DAF 120 DAF 130 DAF 150 DAF 170 DAF

I mm

| mm

Fig. 6 Morphological and anatomic characteristics of developing fruits of H. ammodendron under different
daylength (ND, SD, and LD) treatments. Ov, ovule; Em, embryo; Ec, endosperm cell. (a) blooming period; (b, c,
i) the early stage of ovary development; (d, I, m) the early stage of ovary enlargement; (€) ovary enlargement
stage; (f, j, n) the early stage of fruit wing development; (g, o) the fruit wing development stage; (h, k) the fruit
maturation stage.
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demonstrated that short day accelerated the fruit development progress of H. ammodendron after
flowering.

From 14 August (day length, 14.0 h, 110 DAF) onward, LD treatment was conducted on the
plants growing under natural conditions. No obvious morphological changes in fruits between the
120 and 130 DAF under LD treatment were observed, whereas the ovary under ND treatment
(control) had augmented visibly on 120 DAF. When fruit wings under LD treatment (150 DAF)
began to be visible, the fruit wings under ND treatment had been approximately 2—-3 mm long and
presented a regular five-flap. When the fruit wings under LD treatment (170 DAF) presented a
regular five-flap, the fruits under ND treatment had matured. The results indicated that long day
treatment even after fruits had developed for along time could delay their development progress.

4 Discussion

Dormancy in plants is defined as a temporal growth cessation of a meristem. All the
classifications of dormancy are related to the organ and/or tissue where the inhibition of growth
takes place (Lang, 1987). Zygote dormancy is a common phenomenon in angiosperms and is
usually short. But, zygote dormancy can be more prolonged when the endosperm is nuclear (Johri
and Srivastava, 2001; Hu, 2005). In this study, the anatomic results indicated that the fruit of H.
ammodendron was not dormant after flowering. Instead, the fruit developed rather slowly (Fig.
2). Therefore, it is more appropriate to define the delay of fruit development as a slow
post-flowering reproductive development (SPRD) phenomenon. Our results showed that it was
the day length that caused the SPRD phenomenon of H. ammodendron and that 14.0 h was the
most likely day length threshold that can accelerate the reproductive development of H.
ammodendron. The similar phenomena are also found in annual Amaranthaceous plants of
Ceratocarpus arenarius, Salsola brachiata and Atriplex aucheri (Quan, 2012), but rather rare in
other species. For example, Diptychocarpus strictus and Tamarix ramosissima evolved different
life-history and developed reproductive strategies to adapt to harsh summer (Lu et al., 2010; Yan
et al., 2011). Our results also suggested that H. ammodendron may have developed a SPRD to
adapt to the harsh environment in deserts.

The phenomenon of day length variations affecting the development process and the behaviors
of organisms is called as photoperiodism (Garner and Allard, 1920; Hayama and Coupland,
2004). It has been proved that the photoperiodism controls many aspects of plant development,
such as plant height and reproductive organs (Morandi et al., 1988; Han et al., 2006; Jiang et al.,
2011). The phenomenon that the ovary of H. ammodendron does not swell after flowering in
spring until at the end of August was proposed to be caused by high air temperature and/or
drought in soil in summer (Zhang, 2002). However, this study proved that the photoperiodism
was the reason behind the SPRD phenomenon of H. ammodendron. To simply put, longer day
was able to delay the reproductive development progress after flowering, while shorter day was
able to accelerate the reproductive development progress (Fig. 6).

The day length threshold is 14.0 h that can accelerate the reproductive development of H.
ammodendron. Interestingly, under natural growth conditions, the day length threshold that
caused H. ammodendron to gradually start SPRD phenomenon at mid-May was the same as that
gradually released it from SPRD phenomenon at mid-August. The photo-thermal interaction may
explain this interesting phenomenon. In natural conditions, temperature is always associated with
photoperiod. Soybean is a typical plant used for the study of photoperiod effects (Han, 2007).
Photoperiod is the determining factor of floral transition, and temperature determines soybean
development progress. Shorter day length combined with higher temperature is the most effective
way to accelerate soybean development. On the contrary, the combination of longer day length
and higher temperature can delay the development (Han, 2007). In the present study, under
natural conditions, longer day length (>14.0 h critical time) combined with higher temperature
from mid-May to mid-August delayed the development of H. ammodendron for about 3 months
until day length was less than 14.0 h. At the same time, the combination of shorter day length and
higher temperature accelerated the fruit development to complete seed maturity.
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The onset of flowering in plants is regulated by multiple environmental and endogenous
factors, mainly including photoperiod, vernalization, temperature, age, autonomous pathway, and
gibberellin (Fornara et al., 2011; Wang, 2014; Zhang et a., 2016). Autonomous pathway played
an important role in ensuring the plant to flower eventually (Glover, 2007). In comparison with
those relatively well-known environmental factors that control the photoperiod and vernalization
pathways, it is poorly known how the activity of the autonomous pathway is regulated (Quesada
et a., 2003). The flowering period of H. ammodendron has not changed significantly from 1974
to 2014 (Shi et a., 2014; Han et a., 2015; Jiang et al., 2017), implying that the autonomous
pathway of its flowering was rarely affected by environmental conditions.

Additionally, the reproductive strategy, SPRD, is also found to be adopted by H. ammodendron
in the other desert regions in northwestern China, such as in the Taklimakan Desert and the
Tengger Desert (Zhang, 2002; Sheng et al., 2003). Based on the above results, we proposed a
model of photoperiod regulating post-flowering reproductive development progress of H.
ammodendron as follows. under natural growth conditions, the flowering period of H.
ammodendron occurs from late April to mid-May. After blooming, its ovary presents a SPRD
phenomenon until late August or early September. Afterwards, with cool weather and appropriate
precipitation, the ovary of H. ammodendron begins to enlarge, and its fruit begins to grow rapidly
and matures in October (Figs. 2 and 3). However, under the artificial conditions, the plants of H.
ammodendron after flowering were treated with a short day length (<14.0 h/d), their ovaries
would be accelerated in development progress and developed rapidly (Figs. 6i—k), showing no
SPRD phenomenon. Moreover, the plants of H. ammodendron that had developed to the early
stage of ovary enlargement on 110 DAF were placed under along day length (>14.0 h) condition,
their fruit development would be delayed (Figs. 61-0).

5 Conclusions

The fruit of H. ammodendron was not dormant after flowering. Instead, they developed very
slowly. We defined the slow or delayed fruit development as a SPRD phenomenon. Photoperiod
was the pivotal environmental factor regulating the SPRD phenomenon. The day Iength threshold
was 14.0 h. The fruit development could be delayed when the day length is longer than 14.0 h and
be accelerated when the day length is shorter than 14.0 h. The SPRD phenomenon is the strategy
of H. ammodendron to survive in the harsh desert habitats. Our findings will enrich our
knowledge in understanding the diverse reproductive strategies adopted by desert plants in
response to adverse circumstances and will also provide an insight into the ways to accelerate the
seed production of elite H. ammodendron genotypes.
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