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This work deals with the survival analyses of the symbionts isolated from the lichen E. pusillum under desiccation and starva-
tion stress. The mycobiont of the symbionts was under the desiccation in combination with starvation stress, and under starva-
tion stress alone as well. The phycobiont of the symbionts was under desiccation stress alone. The experiments were detected
by means of the biomass size, weight and cell density, deformity of the hyphae and cells, and metabolic activity through SEM
(scanning electron microscopy), TEM (transmission electron microscopy), FM (fluorescence microscopy), spectrophotometry,
and FCM (flow cytometry). The results show that the mycobiont can survive for seven months under desiccation stress in com-
bination with starvation stress, and for eight months under starvation stress alone. The phycobiont can survive for two months
under desiccation stress. It can provide a scientific basis for further research of the reproduction biology of lichens and arid

desert biocarpet engineering to fix sand and carbon.
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One of the central challenges of adversity-resistance biol-
ogy is to understand the responses and adaptations of desert
species to arid conditions. A lichen is a life-support system
composed of a specific fungus (mycobiont) and a corre-
sponding alga (phycobiont) or a cyanobacterium (cyanobi-
ont) in an unique symbiotic relationship. “Their unique
symbiotic relationship with algae has enabled these fungi to
colonize and flourish in a wide range of habitats from the
Antarctic continent to the rain forests of the tropics. Their
ecological success in so many types of habitats depends on
a number of unique structural and functional adaptations
that are only now beginning to be generally appreciated by
mycologists and microbiologists™ [1].

Lichens are some of the most drought-resistant organ-
isms; this characteristic has been extensively studied. In
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particular, levels of resistance to desiccation have been as-
sessed using photosynthesis or respiration as indicators.
Most of lichens are able to survive desiccation for several
months [2—4], and a few species can survive for more than a
year [4,5]. In reviewing previous studies, Lange [4] con-
cluded that there was a general correlation between water
conditions within the habitat and desiccation tolerance, i.e.,
the drier the habitat, the greater the desiccation tolerance of
the lichen.

Although the length of the desiccation period that lichens
can survive is well documented, this information is still lim-
ited for isolated symbionts. Ahmadjian and Hale [6] re-
viewed the previous studies of desiccation resistance of iso-
lated symbionts, and indicated that the isolated mycobionts
could survive desiccation for five weeks (three species) or
six weeks (seven species), while the isolated phycobionts
could survive for six weeks (13 species) or 41 weeks (two

life.scichina.com  www.springer.com/scp



Zhang T, et al.

species).

With respect to the symbiotic relationship in lichens, the
mycobionts must obtain nutrients provided by the specific
phycobionts and then establish the true symbiosis. Schaper
and Ott [7] found that the establishment of initial contact
between mycobiont and phycobiont (e.g., formation of
haustoria-like structures with hyphae branching and envel-
oping the phycobiont surface) appeared to take about six
weeks. Mycobionts, therefore, can probably survive starva-
tion for some time before obtaining nutrients from phyco-
bionts. However, little is known about the limits of survival
of the isolated mycobionts subjected to starvation stress.

Some non-lichenized fungi and algae are also known to
be desiccation-tolerant. Microcolonial rock fungi (MCF),
for example, are known to survive desiccation for 32 [8] or
56 d [9]. The alga, Chlorella vulgaris Beijerinck, remained
viable in desiccated state for about 30 d [10], and five algae,
Microcoleus chthonoplastes Thuret, Phormidium bohneri
Schmidle, Rhizoclonium crassipellitum West & G. S. West,
Lyngbya mesotricha Skuja and Scytonema millei Bornet,
were observed to survive from 0.5 to 2 months [11].

Desert lichens are ecologically significant because they
weaken windstorm by fixing sand and dust, and weaken
global warming by fixing carbon dioxide from the atmos-
phere through photosynthesis. E. pusillum is a dominant
species that is widespread in the arid desert regions of
northern China. We study the stress tolerance of symbionts
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isolated from E. pusillum, which is a previous research of the
arid desert biocarpet engineering to improve environments
and the screening of drought-resistant genes from lichen
symbionts.

1 Materials and methods

1.1 Isolation and identification of the symbionts

The lichen E. pusillum was collected from Shapotou Desert
Experimental Research Station (37°32'N, 105°02'E; alt.
1340 m; mean annual precipitation in this area is 186 mm,
and annual potential evaporation is 2800 mm [12]). Symbi-
onts within E. pusillum (Figure 1A) were isolated by spore
discharge [13] from the perithecia of the same lichen thalli.
The ascospores of the mycobiont were synchronously dis-
charged together with the hymenial algal cells onto the sur-
face of 1.5% water agar in a Petri dish. When the asco-
spores germinated, the germinated spores and small algal
colonies (Figure 1C) were transferred to tubes containing
potato dextrose agar (PDA). A colony was formed from the
germinated ascospores and the hymenial algal cells (Figure
1D). A small piece of the mycelia and some of the alga
were then transferred to the tubes containing PDA and
Bold’s Basal Medium (BBM) for cultivation, respectively.
Analyses of morphology and molecular systematics were
used to confirm that the isolated fungi and algae were sym-

Figure 1 The lichen E. pusillum and its symbionts. A, The habit of E. pusillum. B, Ascospores with hymenial algal cells within a perithecium. C, Germi-
nating ascospores with numerous algal cells ejected from a perithecium. D, A colony formed from the discharged ascospores and the hymenial algal cells for
two months after being transferred. E, Algal cells from E. pusillum in the liquid BBM. F, Algal cells of D. chodatii (UTEX No. 1177) in liquid BBM.
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bionts within lichen E. pusillum rather than contamination.

Total DNA was extracted using a modified CTAB
method [14] from samples as follows: (i) Mycobiont: the
mycobiont isolated from E. pusillum, E. pusillum and
out-group species E. crystallinum J. C. Wei & J. Yang. Se-
quence data for other out-group lichen species were
downloaded from GenBank (Table 1); (ii) Phycobiont: the
phycobiont isolated from E. pusillum and D. chodatii (Table
2). Sequence data for out-group algal species were
down-loaded from GenBank.

The ITS region (including ITS1, 5.8S rDNA and ITS2)
from lichen and algal species was analyzed. Primers ITS1
and ITS4 [15] were used for PCR amplification of the my-
cobiont. Primers nr-SSU-1780-5"-algal and nr-LSU-0012-
3'-algal [16] were used for PCR amplification of the phy-
cobiont.

PCR products were purified and sequenced by Genewiz
Inc. (Beijing, China). Phylogenetic trees were constructed
using neighbor-joining method [17].

Voucher specimens of E. pusillum and E. crystallinum
were deposited in Herbarium Mycologicum Academiae
Sinicae-Lichenes (HMAS-L). The alga D. chodatii obtained
from the Culture Collection of Algae at the University of
Texas at Austin (UTEX) was deposited in the Laboratory of
Lichen Biology at the Institute of Microbiology, Chinese
Academy of Sciences.

1.2 Experimental design for survival analyses of sym-
bionts

Colonies of the isolated mycobiont were transferred into
liquid PDA. After two months, the liquid suspension was
passed through a sterilized stainless steel filter with a
500-pm mesh, and mycelial pellets were collected. These
pellets (diameter = 1 mm) were transferred directly onto the
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plastic bases of Petri dishes (35 mm in diameter) without
nutrients and water, and placed in desiccators over fused
silica gel (relative humidity<l0%, room temperature
20-27°C, and room light intensity). Samples were thus sub-
jected to the stress conditions in combination with desicca-
tion and starvation. Other mycelial pellets of the isolated
mycobiont were transferred into 50-mL Erlenmeyer flasks
containing sterile distilled water and placed in the labora-
tory (room temperature 20-27°C and room light intensity)
to subject the samples to starvation stress alone.

Samples were examined and measured at regular time,
using colony size and weight measurement (CSM & CWM,;
three replications), scanning electron microscopy (SEM,
Quanta 200, FEI Co.), transmission electron microscopy
(TEM, JEM-1400, JEOL Ltd.) and florescence microscopy
(FM).

FM was used to determine whether the mycobiont cells
were metabolically active. In metabolically active cells,
fluorescein diacetate (FDA) is converted into green fluo-
rescent fluorescein. The hyphae of the isolated mycobiont
were suspended in a working solution of FDA (Merck,
CB343209; stock solutions: 1 mg FDA in 1 mL acetone;
working solutions: 1 pL stock FDA in 4 mL deionized wa-
ter), and incubated for 30 min at room temperature. The
green fluorescence of the mycobiont cells was examined
using a fluorescence microscope (Axio imager Al, ZEISS
Co.) with an excitation filter of 450-490 nm and a barrier
filter of 520 nm.

Colonies of the isolated phycobiont were transferred into
liquid BBM. After one month, 1 mL of phycobiont cells
suspension (=6.5x10° cells mL™") was transferred by a
sterilized transfer pipette onto the plastic bases of Petri
dishes (35 mm in diameter) without medium and water, and
they were placed in desiccators over fused silica gel (rela-
tive humidity<10%, room temperature 20-27°C, and room

Table 1 Lichen species examined and sequenced (in bold text) and downloaded from GenBank

Species Source GenBank accession number
Mycobiont isolated from E. pusillum Shapotou HM237333
E. pusillum Shapotou, HMAS-L HM237334
E. crystallinum Shapotou, HMAS-L HM237332
E. pallidulum (Nyl.) Nyl. GenBank DQ826735
Verrucaria viridula (Schrad.) Ach. GenBank DQ553510

Table 2 Algal species examined and sequenced (in bold text) and downloaded from GenBank

Species Source GenBank accession number
Phycobiont isolated from E. pusillum Shapotou HM237336
Phycobiont in E. pusillum Shapotou HM237335
D. chodatii University of Texas (UTEX No. 1177) HQ129931
Stichococcus bacillaris Nigeli GenBank AJ431678
S. mirabilis Lagerheim GenBank AJ431679
C. vulgaris GenBank FM205855
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light intensity) to subject the samples to desiccation stress.

Samples were examined and measured at regular inter-
vals by measurement of naked eyes (MNE) and cell density
measurement (CDM) using a spectrophotometer (UV-2800
UV/Vis, Unico Shanghai Instruments Co.; three replica-
tions). SEM, TEM and flow cytometry (FCM) were also
used to examine the samples.

FCM was used to determine whether the phycobiont cells
were metabolically active when subjected to desiccation.
For FDA staining of the isolated phycobiont, 1 puL of the
FDA stock solutions (1 mg mL™" in acetone) was mixed
with 1 mL of phycobiont cells suspension and then incu-
bated for 30 min at room temperature. The green fluorescence
of phycobiont cells was examined using a flow cytometer
(FCM, BD FACSAria, Becton Dickinson Co.). Excitation at
488 nm was induced by an argon laser and the emission was
confined by a 515-545 nm interference filter [18]. BD
FACSDiVa software (Becton Dickinson Co.) was used for
instrument control and sample analysis.

1.3 Statistical analysis

Data were analyzed using one-way analysis of variance
(ANOVA). Significant differences were determined by
Duncan’s multiple range test (P<0.05). All statistical analy-
ses were performed using SPSS 15.0 statistic software
(SPSS Inc., USA).

2 Results and discussion

2.1 Identification of the symbionts

Ascospores of the mycobiont isolated from E. pusillum
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were morphologically identical to those within a perithe-
cium of E. pusillum (Figure 1B).

The phylogenetic tree (Figure 2) shows that the mycobi-
onts isolated from E. pusillum (HM237333) and E. pusillum
(HM237334) form a monophyletic group with high boot-
strap support (100%). A large genetic distance was found
between this clade and the outgroup, including E. pallidu-
lum (DQ826735; bootstrap value=58%), E. crystallinum
(HM237332; bootstrap value<50%) and Verrucaria viridula
(EU553510; bootstrap value<50%). This indicates the iso-
lated mycobiont is the true mycobiont of E. pusillum.

The phylogenetic tree (Figure 3) shows that the phyco-
biont isolated from the E. pusillum (HM237336), the phy-
cobiont in the E. pusillum (HM237335) and D. chodatii
(HQ129931) form a monophyletic group with high boot-
strap support (100%). A large genetic distance was found
between this clade and the outgroup, including S. bacillaris
(AJ431678; bootstrap value=54%), S. mirabilis (AJ431679;
bootstrap value<50%) and C. vulgaris (FM205855; boot-
strap value<50%). This indicates the isolated phycobiont is
the true phycobiont of E. pusillum, and the same as Diplos-
phaera chodatii Bialosuknia [19] (=Stichococcus chodatii
(Bialosuknia) Heering [20]=Stichococcus diplosphaera
Chodat [21]), and belongs to Chaetophoraceae (Chloro-

phyta).
2.2 Survival analyses of the mycobiont

2.2.1 Colony size and weight measurement of the myco-
biont

The growth capability of the isolated mycobiont was deter-
mined by CSM (Figures 4 and 5, Table 3) and CWM (Fig-
ure 6).

100| Mycobiont isolated from E. pusillum HM237333

E. pusillum HM237334

E. pallidulum DQ826735

E. crystallinum HM237332

e —— |
0.02

V. viridula EU553510

Figure 2 NJ tree based on rDNA ITS sequences of mycobionts. Bootstraps values greater than 50% are indicated. The scale bar represents the Ki-
mura-2-parameter genetic distance. Samples in bold were examined by the authors.

00| Phycobiont isolated from E. pusillum HM237336
Phycobiont in E. pusillum HM237335

1
100
54

D. chodatii HQ129931
S. bacillaris AJ431678

S. mirabilis AJ431679

P
0.05

C. vulgaris FM205855

Figure 3 NJ tree based on rDNA ITS sequences of phycobionts. Bootstraps values greater than 50% are indicated. The scale bar represents the Ki-
mura-2-parameter genetic distance. Samples in bold were examined by the authors.
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Figure 4 Colonies of the isolated mycobiont grown on PDA for two months after transfer from combined desiccation and starvation. A, Control. B, Trans-
fer after one month of stress. C, After two months. D, After three months. E, After four months. F, After five months. G, After six months. H, After seven
months. I, After eight months.

Figure 5 Growth of the isolated mycobiont under starvation stress. A and B, After eight months of growth in the 50-mL Erlenmeyer flask containing sterile
distilled water. C, Colony of the isolated mycobiont on PDA in the Petri dish transferred from the Erlenmeyer flask after eight months.

The CSM of the isolated mycobiont growing on PDA for
two months after transfer from stress conditions shows that
the colonies are 8—9 mm in diameter after stress treatment
for 1-6 months (Figure 4B-G, Table 3), and 5 mm in di-
ameter after stress for seven months (Figure 4H, Table 3),
and 0 mm in diameter after stress for eight months (Figure
41, Table 3).

The colony grown on PDA in the Petri dish for two
months after transfer from an Erlenmeyer flask was 8 mm in
diameter (Figure 5C).

The result of CWM (Figure 6) was basically consistent
with that of CSM (Figures 4 and 5, Table 3). It shows that
the mycobiont of E. pusillum subjected to desiccation stress

Table 3 Colony size of isolated mycobiont grown on PDA for two
months after transfer from that under the stress conditions in combination
with desiccation and starvation

Periods of stress treatment Colony size (diameter)

A: control without stress treatment 9 mm
B: one month 8 mm

C: two months 9 mm

D: three months 8 mm
E: four months 7.5 mm

F: five months 8 mm

G: six months 8 mm

H: seven months 5 mm

I: eight months 0 mm
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Figure 6 Dry weight of the colonies of the isolated mycobiont grown on

PDA for two months. Data are presented as mean+SD. Three replicates

were analyzed for each. From left to right the columns represent control,

mycobiont under combined desiccation and starvation for 1-8 months and

mycobiont in water alone for eight months (8w). a, well growth; b, moder-
ate growth; c, death.
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in combination with starvation stress could maintain normal
viability after six months, maintain half viability after seven
months and lose viability after eight months. Therefore, its
survival time limit under desiccation stress in combination
with starvation stress was seven months. Additionally, the
isolated mycobiont subjected to starvation alone could main-
tain normal viability after eight months, but its survival time
limit under starvation alone has yet to be explored further.

2.2.2  Comparative morphological analysis of the myco-
biont

The morphology and anatomy of the isolated mycobiont
were observed using SEM and TEM (Figure 7).

The hyphae subjected to three months of combined des-
iccation and starvation were deformed, but the stereoscopic
hyphal contour was still visible (Figure 7D). Hyphae had

Three months

Seven months

Eight months

e

1.0 umiEight months

Figure 7 Comparative morphology and anatomy of isolated mycobiont under desiccation and starvation. SEM: A, control; D, after three months of com-

bined desiccation and starvation; G, after seven months of combined desiccation and starvation; J, after eight months of combined desiccation and starvation;

M, after eight months of starvation alone. TEM (longitudinal section): B, control; E, after three months of combined desiccation and starvation; H, after

seven months of combined desiccation and starvation; K, after eight months of combined desiccation and starvation; N, after eight months of starvation alone.

TEM (cross section): C, control; F, after three months of combined desiccation and starvation; I, after seven months of combined desiccation and starvation;
L, after eight months of combined desiccation and starvation; O, after eight months of starvation alone.
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undergone some plasmolysis (Figure 7E and F). After seven
months, the hyphae were strongly deformed into block and
the stereoscopic hyphal contour was only visible in some
places (Figure 7G). Hyphae had undergone obvious plas-
molysis (Figure 7H and I). After eight months, hyphae were
significantly deformed into plane block, stereoscopic hyphal
contour was not visible (Figure 7J), and hyphae had under-
gone serious plasmolysis (Figure 7K and L). After eight
months of starvation stress alone, hyphae were still normal
as compared with the control, but large parts of the hyphae
were occupied by vacuoles (Figure 7M-0).

2.2.3  Metabolic activity analysis of the mycobiont
The metabolic activity of the isolated mycobiont was de-
termined using fluorescence microscopy (Figure 8).

After being subjected to combined starvation and desic-
cation for 1-8 months, hyphae did not produce green fluo-
rescence (Figure 8B—E). After being subjected to starvation
for eight months, hyphae in sterile distilled water produced
green fluorescence (Figure 8F). Our florescence microscopy
method was not sensitive enough to detect the metabolic
activity of hyphae subjected to combined starvation and
desiccation for 1-3 months. Hyphae subjected to starvation
for eight months remained metabolically active. The starved
but hydrated mycobiont clearly had greater survival
capability after eight months than the starved and dried
mycobiont after 1-3 months.

2.3 Survival analyses of the phycobiont

2.3.1 Cell density measurement of the phycobiont

The growth capability of the isolated D. chodatii phycobiont
was determined by MNE (Figure 9) and CDM (Figure
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10).

Colonies of phycobiont were scattered across the bases
of the plastic Petri dish and were clearly visible after desic-
cation stress for one month (Figure 9B). None of the colo-
nies was visible on the bottom of the dish after being sub-
jected to stress for two months, but a greenish color was
visible locally (Figure 9C). After three months of stress, no
colonies or greenish color were visible (Figure 9D).

The cell density decreased rapidly when the phycobiont
was subjected to desiccation, and almost no cell density was
detected after three months (Figure 10).

These two results were basically consistent that the iso-
lated D. chodatii phycobiont could maintain viability under
desiccation stress for two months, and lose viability after
three months.

After one month of desiccation stress, phycobiont cells
had contracted with thick cellular contour (Figure 11D) and
undergone some plasmolysis (Figure 11E and F). After two
months, phycobiont cells had obviously contracted without
thick cellular contour (Figure 11G) and undergone obvious
plasmolysis (Figure 11H and I). After three months, phyco-
biont cells had significantly contracted without thick cellu-
lar contour (Figure 11J), and undergone serious plasmolysis
and lysis of cell walls (Figure 11K and L).

2.3.2  Metabolic activity analysis of the phycobiont

The metabolic activity of the isolated D. chodatii phycobi-
ont was determined using FCM (Figure 12).

2.3.3  Comparative morphological analysis of the phyco-
biont

The morphology and anatomy of the isolated D. chodatii
phycobiont were observed using SEM and TEM (Figure 11).

Figure 8 Metabolic activity of the isolated mycobiont under starvation and desiccation stress as detected by fluorescence microscopy. A, Control. B, After
one month of combined desiccation and starvation. C, After three months of combined desiccation and starvation. D, After eight months of combined desic-
cation and starvation. E, After eight months of starvation alone.

Figure 9 Colonies of the isolated D. chodatii phycobiont on PDA for two months after transferring from desiccation stress. A, Control. B, Transferred after
one month of desiccation stress. C, After two months of desiccation stress. D, After three months of desiccation stress.
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Figure 10 Cell density of 1 mL cell suspension from the isolated phyco-

biont D. chodatii grown on PDA for two months. Data are presented as

mean+SD. Three replicates were analyzed for each. a, normal density; b,

density reduced by nearly half; ¢, density reduced to 1/4; d, density reduced
to zero.
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Non-stressed phycobiont cells produced a low fluores-
cent signal if unstained with FDA (control; Figure 12A) and
a high fluorescent signal if stained with FDA (control; Fig-
ure 12B). The number of green fluorescent cells decreased
rapidly when the D. chodatii phycobiont was subjected to
desiccation for 1-2 months, and almost no cells generated a
fluorescent signal after three months (Figure 12C-E).

The results of metabolic activity analysis indicate that the
isolated phycobiont D. chodatii can survive for two months
under desiccation stress. D. chodatii demonstrates strong
desiccation tolerance when compared with the other algae
studied to date [10,11].

Based on the above experiments, it appears that the
survival time of mycobiont isolated from E. pusillum
subjected to combined stress of desiccation and starvation
was seven months, meaning that the starved mycobiont is
able to maintain viability for seven months under drought

Control

One month

“ Two months

Three months

Figure 11 Comparative morphology and anatomy of isolated phycobiont under desiccation stress. SEM: A, control; D, after one month of desiccation; G,
after two months of desiccation; J, after three months of desiccation. TEM: B and C, control; E and F, after one month of desiccation; H and I, after two
months of desiccation; K and L, after three months of desiccation.
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Figure 12 FCM analysis of the isolated D. chodatii phycobiont. Each frequency distribution histogram corresponds to 3x10* cells analyzed.

Two-parameter light scatter plots (forward scatter, FSC, depending on the cell volume; side scatter, SSC, depending on the inner complexity of the particle)

and single-histograms of green fluorescence intensity are shown. A, Low fluorescent cells control. B, High fluorescent cells control. C, After one month of
desiccation stress. D, After two months of desiccation stress. E, After three months of desiccation stress.

conditions. Such strong desiccation and starvation tolerance months, thus guaranteeing the ecological dominance of E.
increases the chance of symbiotic contact between the pusillum in desert regions.
mycobiont and its phycobiont in the arid desert in seven The survival time of its phycobiont D. chodatii subjected
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to desiccation was only two months. However, both the
synchronous release of mycobiont and phycobiont from the
same lichen thallus after intermittent rainfall, and the
existence of drought-tolerant mycobiont in nature
tremendously increase the chances of the symbionts to form
lichen E. pusillum and its reproduction in desert regions.

Our results provide a scientific basis for the arid desert
biocarpet engineering to fix sand and carbon, which is
accomplished by forming lichen crust through artificial
cultivation and inoculation of symbionts isolated from E.
pusillum in field, and also provide a referential desiccation
time for drought-resistant genes that may be screened from
this lichen mycobiont.

The further research will determine the survival limit of
mycobionts subjected to the starvation stress for longer than
eight months and that of mycobionts subjected to continuous
rainfall for a period of six months or less in nature.

This work was supported by the National Natural Science Foundation of
China (Grant No. 30670004) and Ministry of Science and Technology of
China (Grant No.2007AA021405).
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