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Abstract: Microbial colonization leads to the formation of biological soil crusts (BSCs) on the surface
of architecture, which causes the deterioration of construction materials. However, little information
is available on the formation of BSCs on lime concrete materials of early architecture. In this study,
the variances of microbial communities, physicochemical properties, and surrounding environmental
factors of the lime concrete facades from the early architecture of Wuhan University were investigated.
It was found that the surface of lime concrete materials was internally porous and permeable, embed-
ded with biofilms of cyanobacteria, mosses, bacteria, and fungi. Redundancy analysis (RDA) analysis
showed that the abundances of photoautotrophic microorganisms depended on light intensity and
moisture content of construction materials, while that of heterotrophic microorganisms depended on
total nitrogen (TN) and NO3

−-N content. The deposition of total carbon (TC), NH4
+-N, and total

organic carbon (TOC) was mainly generated by photoautotrophic microorganisms. The lime concrete
surface of early architecture allowed internal growth of microorganisms and excretion of metabolites,
which promoted the biodeterioration of lime concrete materials.

Keywords: biodeterioration; microbial community; lime concrete; biological soil crusts

1. Introduction

Ancient and modern cultural heritage structures deteriorate because of variable in-
teractions between physicochemical and biological factors. Microbial activities and their
effects combined with physicochemical attack are considered central to the deterioration of
cultural heritage [1]. Structural damage caused by microorganisms is defined as biodeterio-
ration. In the past few decades, biodeterioration processes in cultural heritage structures
and underlying biochemical mechanisms have been elucidated [2,3]. Many microbial
species are involved in biodeterioration processes [4]. The colonization and deterioration
processes on matrices are usually induced by heterotrophic microorganisms and photoau-
totrophic microorganisms, including bacteria, cyanobacteria, algae, fungi, and mosses, the
complexes formed by which are usually named biological soil crusts (BSCs) [5,6]. Biomass-
rich biofilms formed by photoautotrophic organisms provide good nutritional bases for
subsequent heterotrophic microbial colonization [7]. Chemoorganotrophic microorgan-
isms are deeply involved in biochemical degradation processes, and their secretions, such
as organic acids and enzymes, dissolve mineral components in matrices and precipitate
salts [8]. Moreover, filamentous fungi and actinomycetes can cause biophysical damage to
the matrices by expanding their hyphae [9]. Biodeterioration processes caused by various
microorganisms reduce the strength and weights of construction materials, affecting the
structural integrity and aesthetic appeal of the cultural heritage structures [10]. However,
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there is little information about the biodeterioration of lime concrete materials, especially
in the early architecture of China.

Microbial colonization is associated with the different actions of environmental factors
and the physicochemical characteristics of construction materials [11]. Environmental
factors, such as light intensity, temperature, and relative humidity, contribute to physi-
cal and biophysical damages [12]. Caneva et al. showed that reduction in rainfall and
humidity decrease the biodeterioration of Roman monuments, demonstrating that wa-
ter availability is the main limiting factor for the development of microbial populations,
such as cyanobacteria, algae, and lichens [13]. In addition, physicochemical properties
of construction materials, including compressive strength, water content, porosity, sur-
face roughness, and available nutrients [14], are interrelated and affect the susceptibility
of a surface to microbial colonization. Building materials with rough surfaces and high
porosity provide colonization sites and favorable habitats for microorganisms by retaining
water and depositing organic compounds on their surfaces. Owing to metabolic variability
among microorganisms (e.g., heterotrophic microorganisms rely on organic compounds to
maintain growth, whereas photoautotrophic microorganisms use CO2 as a carbon source
and light and minerals as energy sources). The mineral and organic compound composition
of building materials are related to the community composition of microorganisms [15].
Nonetheless, the effects of environmental factors on BSCs formation in lime concrete
materials are not elucidated.

The establishment of preventive conservation strategies for cultural heritage requires
a detailed description of the impact factors and mechanisms of biodeterioration, but a lack
of knowledge in regard to modern concrete cultural heritage still remains. Concrete may
deteriorate due to physicochemical processes, such as freeze–thaw attack, reinforcement
corrosion, and sulfate attack, which reduce the strength and weight and enhance the
bioreceptivity of surfaces to severe biodeterioration [16,17]. Lime concrete is a concrete
consisting of sand, lime, and gravel and had been widely used before it was replaced by
Portland cement [18,19]. Lime concrete architecture is one of the most famous architectural
creations in which the inherent Chinese architectural style is influenced by advanced
Western construction techniques [20]. The early architecture of Wuhan University, one of
the first lime concrete buildings in China, was inscribed in 2016 in the first batch of Chinese
Architectural Heritage of the 20th Century List [21]. In this study, samples from the facades
of some typical constructions of Wuhan University with biofouled characteristic surface
were collected to investigate the effects of environmental factors and the physicochemical
properties of the concrete on the composition of microbial community (bacteria, fungi,
cyanobacteria, and mosses), aiming to inform the formation and development process
of BSCs on the lime concrete facades and to provide a reference for the establishment of
conservation strategies for concrete cultural heritage.

2. Materials and Methods
2.1. Sampling Sites

Wuhan City is located in the middle of China with a dominant northern subtropical
humid monsoon climate [22]. The minimum and maximum annual average temperatures
are 0.4 ◦C and 28.7 ◦C, respectively, with an average annual precipitation of 1100 mm [23].
The average annual solar brightness is approximately 2000 h, coupled with the urban heat
island effect [24]. Seven lime concrete structures in the early architecture of Wuhan Univer-
sity with visible biofouled surface characteristics were selected. Two historical structures
in Wuhan with similar styles from the same period were also inspected (S-6 and S-7). The
completion dates of these buildings ranged from 1888 to 1952 [25–27], with surrounding
environmental factors also recorded in Table S1. In some structures with severe biofouling
signs, we collected samples from the facades in different directions to comprehensively
cover the most severe cases of biocolonization on the studied structures [28]. The specific
locations of the sampling sites are shown in Figure S1. As shown in Table S1 and Figure S2,
Site 1 (S-1) and Site 2 (S-2) were facades of Li Da’s former residence in different directions.
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S-1 was exposed to direct sunlight and showed black biofilms, while S-2 was shaded by
trees and showed dark green biofilms. Site 3 (S-3) had green crusts on its surface. Site 4 (S-4)
and Site 5 (S-5) were the facades of the archives with different directions and discoloration,
e.g., S-4 was rusty red discoloration, and S-5 was black discoloration. The surface of Site
7 (S-7) was cracking and with black biofilms, while that of Site 8 (S-8) was with obvious
moss growth. Site 6 (S-6), Site 9 (S-9), Site 10 (S-10), and Site 11 (S-11) were facades that
belonged to different buildings, but all showed green biofilms. Site 12 (S-12) and Site 13
(S-13) were the shaded and sunny facades of the old library, both with moist black-green
biofilm growth. The physicochemical properties of construction materials affecting the
microbial colonization are listed in Table 1.

Table 1. Physicochemical parameters of the materials. Results were obtained from three replicates
(mean ± standard deviation).

Sample Water Content (%) TN (g·kg−1) TC (g·kg−1) TOC (g·kg−1) NH4
+-N (mg·kg−1) NO3−-N (mg·kg−1)

S-1 13.76 ± 0.82 de 0.20 ± 0.04 f 80.60 ± 2.69 d 7.25 ± 0.23 c 19.01 ± 1.03 de 9.39 ± 0.19 fg
S-2 28.98 ± 0.65 ab 0.35 ± 0.01 ef 115.15 ± 0.35 c 12.94 ± 1.36 b 26.38 ± 0.72 bc 18.62 ± 0.09 d
S-3 35.96 ± 0.78 a 1.20 ± 0.07 b 82.35 ± 3.68 e 7.43 ± 0.98 c 45.76 ± 1.74 a 46.67 ± 0.79 a
S-4 18.63 ± 0.25 cd 3.00 ± 0.57 a 134.50 ± 1.41 b 7.15 ± 0.54 c 11.60 ± 0.34 fg 15.04 ± 1.54 de
S-5 12.59 ± 1.83 de 0.40 ± 0.14 e 147.30 ± 1.41 a 19.40 ± 2.19 a 23.50 ± 1.38 cd 9.62 ± 0.19 fg
S-6 12.23 ± 3.76 de 0.70 ± 0.06 d 55.10 ± 0.85 e 6.15 ± 0.35 cd 2.67 ± 0.36 h 0.59 ± 0.05 h
S-7 13.61 ± 2.35 de 1.30 ± 0.02 b 28.75 ± 0.35 gh 1.89 ± 0.08 e 7.14 ± 0.96 gh 24.21 ± 0.07 c
S-8 18.60 ± 1.83 cd 0.40 ± 0.06 e 24.45 ± 0.64 i 3.76 ± 0.46 de 5.64 ± 0.57 h 5.24 ± 0.22 gh
S-9 12.96 ± 1.07 de 1.25 ± 0.12 b 29.25 ± 1.48 gh 2.65 ± 0.07 e 7.12 ± 0.49 gh 9.85 ± 0.18 fg

S-10 15.09 ± 0.93 de 0.65 ± 0.07 d 32.50 ± 0.14 f 3.44 ± 0.07 e 16.01 ± 0.75 ef 51.00 ± 0.20 a
S-11 24.12 ± 0.80 bc 1.00 ± 0.04 c 30.90 ± 0.99 fg 10.71 ± 1.36 b 29.38 ± 3.50 b 35.45 ± 0.04 b
S-12 9.79 ± 0.01 e 0.25 ± 0.07 ef 20.45 ± 1.06 j 2.23 ± 0.08 e 11.56 ± 0.82 fg 0.42 ± 0.05 h
S-13 9.33 ± 0.05 e 1.25 ± 0.08 b 27.85 ± 1.06 h 2.18 ± 0.02 e 41.27 ± 4.57 a 11.08 ± 1.69 ef

Notes: Different letters (a, b, c, d, e, f, g, h and i) indicate that the difference in a given parameter is significant at
the 0.05 level (p < 0.05).

2.2. Sample Collection

Distinct biofouled outlines were found in the sampling sites, coupled with physical
damage, such as wall cracking and peeling: green biofilms, black-green discoloration, green
crusting, moss growth, and rust-red tones (Figure S2). The facades of early architecture had
obvious biofilms or biodeterioration marks and were selected as sample sites. Small pieces
of biofilms and construction materials were collected from biocolonial-style buildings after
the rainy season in July and October 2020. Biofilms were collected manually from the
facade surface with a sterile blade approximately 1–2 m above the ground. Small fragments
of the construction materials close to biocolonization were collected with a sterile chisel to
characterize their physicochemical properties. The crust samples were collected and stored
at −80 ◦C until DNA extraction.

2.3. DNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

FastDNA Spin Kit for Soil (MP Biomedical, California, America) was used in extracting
total DNA from the biofilms according to the manufacturer’s instructions. The relative
abundance of bacteria, fungi, moss, cyanobacteria, and eukaryotic photoautotrophic mi-
croorganism communities was measured through quantitative polymerase chain reaction
(qPCR). The V3 region of bacterial 16S rRNA gene, cyanobacterial 16S rRNA gene, moss
chloroplast rps4 gene, fungal 25-28S rRNA gene, and plastid 23S rRNA gene of the eukary-
otic photoautotrophic microorganisms were amplified [29]. The primer sets used are listed
in Table S2.

2.4. Physicochemical Parameters Measurement of the Construction Materials

The total nitrogen (TN) and total carbon (TC) content in the construction material sam-
ples was determined with an elemental analyzer (Vario Macro Cube, Elementar, Germany).
Total organic carbon (TOC) was measured with the H2SO4–K2Cr2O7 oxidation method [30].
Inorganic N in the samples was extracted through 2M KCl solution leaching, and then
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ammonium and nitrate nitrogen were determined with the colorimetric method [31]. Wa-
ter content was analyzed by measuring lost weight after heat drying to constant weight
at 105 ◦C.

2.5. Fourier-Transform Infrared (FTIR) Spectroscopy

The internal functional group of construction materials was analyzed using Fourier-
transform infrared (FTIR). The spectra were recorded in a range of 4000–400 cm−1 at
a spectral resolution of 4 cm−1 by using an FTIR spectrometer (Nicolet 5700, Thermo,
Waltham, MA, America).

2.6. Scanning Electron Microscopy (SEM)

The microstructures of the biofilms on the construction materials were analyzed
with a scanning electron microscope (Quanta, FEI, Eindhoven, The Netherlands). Three
construction material samples (approximately 1 cm × 1 cm in observed surface area) with
biofilm growth from each sample site were fixed using glutaraldehyde and dehydrated in
a graded ethanol series. The dehydrated samples were then gold-plated and visualized in
high vacuum mode at an accelerating voltage of 20 kV. Representative figures were selected
for analysis.

2.7. X-ray Diffraction (XRD)

The mineral composition of the construction materials was determined through X-ray
diffraction (XRD; XPert Pro, PANalytical, Almelo, The Netherlands). The measurement
was performed at 40 kV and 50 mA, with an angular range (2θ) scanned between 5◦ and
80◦ at a scan rate of 2◦ 2θ min−1.

2.8. N2 Physical Adsorption Analysis

The lime concrete samples were dried and degassed at 437 K under vacuum for 4 h,
and the surface area and pore size were measured by N2 adsorption tests using an automatic
physical adsorption instrument (Belsorp-minII, MicrotracBEL, Osaka, Japan).

2.9. Statistical Analysis

MDI Jade 6 software with powder diffraction database was applied to the analysis
of XRD results and identification of mineral phases in samples. Canonical correspon-
dence analysis (RDA) was performed using Canoco 5 to correlate the environmental
factors and community variables. Moreover, mapping and labeling were conducted on
Origin Pro 2021.

3. Results
3.1. Sample Properties

The variances of physicochemical parameters of the materials from different samples
are shown in Table 1. The total nitrogen (TN) content of the samples varied from 0.10 g·kg−1

to 3.0 g·kg−1, with an average of 0.92 g·kg−1. The samples of S-3 and S-4 contained higher
total nitrogen (TN) content. The total carbon (TC) content ranged from 20.45 g·kg−1 to
147.30 g·kg−1, with a mean value of 62.24 g·kg−1. The total organic carbon (TOC) content
of the samples ranged from 1.89 g·kg−1 to 19.4 g·kg−1, with an average of 6.71 g·kg−1. The
samples from S-4 and S-5 contained higher total carbon (TC) content, while the samples
from S-2 and S-5 contained higher total organic carbon (TOC) content. Sample sites S-4
and S-5 had distinct thick biofilms on the structure surfaces, and these biofilms may be
related to the high total carbon (TC) and total organic carbon (TOC) levels of the materials.
The average values of NH4

+-N and NO3
−-N were 19 and 18 mg·kg−1, respectively. The

mean water content of the construction materials was considered high (17.96%) because of
air-conditioning equipment drainage, garden irrigation, rainwater gutter dumping, and
humid climate.
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3.2. Mineralogical Composition of Lime Concrete

The mineral composition of the concrete was evaluated by performing X-ray diffraction
(XRD) and analysis of the diffraction pattern obtained by accelerated electron bombardment
of the sample. The XRD diffractograms of the samples from different sample sites are
shown in Figure S4. The main crystalline phases of the concrete were quartz and calcite
and contained magnesian calcite, anorthite, and albite, as shown in Table 2 and Figure S4.
Dolomite was found in S-1, S-2, and S-11, and a small amount of muscovite was found
in S-8. S-9 was the only sample site where whewellite was identified (Figure 1A). Many
sample sites had kaolinite (S-3 and S-4) and gypsum (S-3, S-9, S-10, and S-13). S-5 was the
only site where thaumasite was identified (Figure 1A).

Table 2. Mineral composition of the construction materials. “X” indicates the presence of the mineral
at the sample site, while “—” indicates the absence of the mineral.

Samples Calcite Quartz Calcite, Magnesian Albite Dolomite Gypsum Kaolinite Others

S-1 X X X — X — — —
S-2 X X X — X — — —
S-3 X X X — — X X —
S-4 X X — — — — X —
S-5 X X — — — — — Thaumasite
S-6 X X X — — — — —
S-7 X X — — — — — Orthoclase
S-8 X X — X — — — Muscovite
S-9 X X — X — X — Whewellite

S-10 X X — X — X — —
S-11 X X — — X — — —
S-12 X X — — — — — Anorthite
S-13 X X — — — X — —
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Figure 1. (A) XRD diffractograms of sample S-5 and S-9 with evident biodeterioration signs. (B) FTIR
analysis of sample S-7 showing its functional groups and molecular bonds.

We performed FTIR analysis to complement the results and obtain information about
the functional groups of the construction materials. The FTIR analysis of the samples
from different sample sites are shown in Figure S5. In all the samples, calcite (bands at
2512, 1795, 1425, 873, and 713 cm−1) and quartz (band around 1100 cm−1) were identi-
fied. S-7 had the most abundant functional groups of organic materials and degradation
products (Figure 1B). The FTIR spectrum bands at 3245, 1621, and 777 cm−1 corresponded
to calcium oxalate (whewellite and weddellite), whereas those at 3546, 3405, 1685, 669,
and 601 cm−1 corresponded to calcium sulfate dihydrate (gypsum). The band around
2920 cm−1 highlighted the presence of organic compounds.

3.3. Microbial Colonization Patterns on Lime Concrete

Scanning electron microscopy (SEM) observations revealed the structural features of
the concrete surface and microbiological contamination. The lime concrete was character-
ized by high porosity (Figure 2C) and air void formation induced by the concrete mixing
process (Figure 2B). The pores were 50–200 µm in diameter. The sand or gravel used as ag-
gregates in the concrete was visible (Figure 2A,B). Samples were extracted from the facades
of the cultural heritage and contained microcracks on their surface because of weathering
and erosion over time (Figure 2D,J). Biological contamination occurred in various forms,
including filamentous microorganisms (Figure 2D–G,K), reticulate biofilms (Figure 2H–J),
and clusters formed by spherical microbes (Figure 2L). Biofilms were identified extensively
in the vicinity of air voids and microcracks (Figure 2D–F). It is notable that the adherence of
concrete fragments to the biofilms was frequently observed (Figure 2D,G–I). Morphological
analysis also highlighted the extensive expansion of biofilms and widespread penetration
of hyphae in the concrete interior (Figure 2F,J). Erosion was observed at the concretization
of the gravel aggregate to the concrete (Figure 2A).
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Figure 2. Scanning electron microscopy (SEM) micrographs revealing the structural features of the
concrete surface (A–C) and biofilm formations on their surface (D–L).

3.4. Variances of Microbial Community Composition

Microbial abundance of the early building facades of Wuhan University was mea-
sured by quantitative polymerase chain reaction (qPCR). The gene copies per gram of dry
materials of cyanobacterial 16S rRNA gene, moss chloroplast rps4, bacterial 16S rRNA, fun-
gal 25-28S rRNA, and plastid 23S rRNA of eukaryotic photoautotrophic microorganisms
were quantified through qPCR (Figure 3). The content of bacterial 16S rRNA ranged
from 8.64 × 106 to 2.50 × 109 copies, and the content of fungal 25-28S rRNA ranged
from 5.43 × 104 copies to 8.41 × 108 copies. Cyanobacterial 16S rRNA gene and moss
chloroplast rps4 gene copies ranged from 3.06× 102 copies to 4.78 × 107 copies and from
2.46 × 104 copies to 2.25× 107 copies, respectively. The gene copies of the plastid 23S
rRNA gene, which represented the population of eukaryotic photoautotrophs, ranged
from 3.51 × 104 copies to 9.88 × 108 copies. In biofilms of S-2, S-3, S-4, S-6, S-7, S-8, and
S-13, the abundance of eukaryotic photoautotrophs was the highest among these microbial
communities. Bacteria had the highest abundance in the microbial communities of S-5 and
S-9, while in the biofilms of S-10, S-11, and S-12, the abundance of fungi was the highest
among these microbial communities.
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Figure 3. Abundance of bacterial 16S rRNA, fungal 25-28S rRNA, cyanobacterial 16S rRNA gene,
moss chloroplast rps4, and plastid 23S rRNA of eukaryotic photoautotrophic microorganisms in
13 sites of the early architecture of Wuhan University.

3.5. Correlations between Physicochemical Parameters and Microbial Community Abundance

Redundancy analysis (RDA) was conducted to display the correlations between the
physicochemical properties of concrete and surrounding environmental factors with micro-
bial community abundance. As shown in Figure 4A, Axis1 explained 50.52% of the total
variance, whereas Axis2 explained 9.87%. The abundance of mosses, cyanobacteria, and
eukaryotic photoautotrophs was positively correlated with the water content of the matrix
and negatively correlated with shading. Moreover, total carbon (TC), total organic carbon
(TOC), and NH4

+-N content was positively correlated with the population abundance of
mosses, cyanobacteria, and eukaryotic photoautotrophs. The abundance of fungal and
bacterial populations was positively correlated with the NO3

−-N and total nitrogen (TN)
content, respectively. Figure 4B showed that the total carbon (TC), total organic carbon
(TOC), and NH4

+-N content of the matrix explained 15%, 8.2%, and 7.8% of the total
variations in microbial communities, respectively. The shading levels and the water content
of the concrete explained 13.6% and 9.1% of the total variation, respectively.
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4. Discussion
4.1. Bioreceptivity of Concrete Affected by Environmental Factors

XRD and FTIR results demonstrated that the concrete samples were enriched with
mineral phases, including calcite, quartz, albite, dolomite, orthoclase, muscovite, and
anorthite, which assist in the growth of microorganisms [32]. Moreover, the sampling sites
selected in this study are in Central City, which is considerably affected by atmospheric
pollutants. The high total organic carbon (TOC) content in the materials shown in Table 1
was likely to be derived from the accumulation of organic matter on the rough and porous
surface of the concrete. The accumulation of organic atmospheric particles (polycyclic
aromatic hydrocarbons, fly ash, and soot) on construction materials has been reported by
Andreolli et al. [33]. The deposition of organic pollutants on surfaces facilitated the early
development of microbial communities, and atmospheric pollutants were captured and
accumulated by biofilms after the formation of structurally stable biofilms [34]. In addition
to atmospheric pollutant sources, organic carbon in the material was likely biologically in-
troduced. The compositional analysis in Figure 1 and Table 1 showed that the concrete was
mainly inorganic, and the high total organic carbon (TOC) content may reveal the presence
of surface microorganisms. As described in Section 3.3, many microorganisms penetrated
the substrate, and these organisms, dead biomass, and metabolites are potential sources of
organic carbon [35]. The positive correlation between photoautotrophic microorganisms
and total organic carbon (TOC) presented in Figure 4 showed that total organic carbon
(TOC) accumulation on the concrete surface was mainly introduced by photoautotrophic
microorganisms, and the photoautotrophic microbial biomass and metabolic activities
contributed to the bioreceptivity of the concrete surface.

Concrete is a porous material, most of the pores in lime concrete were mesopores
with pore sizes of 2–50 nm, and few macropores with pore sizes greater than 50 nm were
found (Figure S3). These pores make lime concrete capable of absorbing water from the
atmosphere through its internal pores, thus improving the conditions of living organisms
at the beginning of colonization [34]. Additionally, the biofilm layer became wet because of
air humidity, rainfall, and surrounding human activities and because of the colonization of
microorganisms on the concrete surface, and it subsequently absorbed water and prevented
it from evaporating. The concrete below retained water for longer periods and supported
deep microbial colonization. As shown in Table 1, the selected lime concrete generally
had a higher water content due to the high porosity of the concrete and the additional
water retention provided by the biofilm. This water can seriously affect the strength and
aesthetic appeal of structures [36,37]. Enhanced water retention can intensify the freeze–
thaw cycle of concrete and aggravate reduction in the mechanical properties and durability
of concrete [38]. Moreover, when the environment turned relatively dry, soluble salts and
mineral crystals from water crystallized and produced internal expansion stress on the
concrete, leading to cracking, flaking, scaling, or detachment of structures. The visible
growth of black or green biofilms and spreading of cracks from the lower parts upward
were observed on the surface of the early architecture of Wuhan University (Figure S2).
Liu et al. have described that water damage immigrates upward into the monuments,
suggesting that it was caused by salts migration [37]. In the case of the early architecture of
Wuhan University, the upward migration of water not only caused damage to the integrity
of the concrete but also created conditions conducive to microorganisms.

The high porosity of lime concrete internally was further confirmed by morphological
analysis in Figure 2. The bioreceptivity of the material correlated well with the porosity
and roughness of the surface [39]. Filamentous fungi and algae adhered easily to rough
surfaces. Macroscopically and microscopically, the lime concrete selected for the present
study featured a highly rough surface. Therefore, the concrete surface contained abundant
filamentous microorganisms (Figure 2D,F,G). Moreover, cracks due to long-term weathering
were conducive to the deposition of microorganisms (Figure 2D,J). The rough surfaces,
high porosity, and internal cracks of concrete provide many suitable deposition sites for
airborne microorganisms, allowing surface deposition and the internal growth of various
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microorganisms, including bacteria, fungi, and photoautotrophic microorganisms [40].
Photoautotrophic microorganisms assimilate CO2 and N2 to organic substances through
photosynthesis and nitrogen fixation, which facilitate colonization by chemoautotrophs
and heterotrophic microorganisms. The metabolic activities and succession processes of
multiple microbial populations provide a balanced microbial community [41]. Microbial
cells can be attached to extracellular polymers (EPSs) secreted by microorganisms and
form biofilms with stable structures and complete biochemical functions. These biofilms
prevent water evaporation, accumulate atmospheric pollutants, enhance the adhesion
of microorganisms on the surface of structures, and ensure the stable development of
microbial communities [42].

4.2. Effect of Microbial Colonization on Structures

Deterioration of concrete is a complex process involving biophysical and biochemical
interactions. The building surfaces in this study typically showed extensive discoloration
in dark green and black, occasional rust-red tones, and green encrustations (Figure S2).
The discoloration of building surfaces can be induced by the deposition of atmospheric
pollutants and the excretion of biogenic pigments, initially leading to the aesthetic ap-
pearance issue. The common dark green color on the surface of the early architecture of
Wuhan University is likely caused by photoautotrophic microorganisms. Photoautotrophic
microorganisms, such as algae and cyanobacteria, can produce pigments. As morphologi-
cally diverse prokaryotic photoautotrophic microorganisms, cyanobacteria can synthesize
pigments, including phycobilin and chlorophyll α [43]. Photoautotrophic microorgan-
isms, especially cyanobacteria, have the highest species richness in the green and blue
biofilms of Angkor Wat [44]. The black and rust-red coloration of the surface from the
early architecture of Wuhan University can be attributed to the actions of heterotrophic
microorganisms and cyanobacteria. Fungi and actinobacteria are considered the most im-
portant biodeteriorative organisms. Fungi can produce various pigments, such as melanin,
α-carotene, and β-carotene [45,46]. Melanin produced by actinomycetes is responsible for
the formation of black spots in structures [47]. The brown discoloration of paint surfaces
has been reported to originate from minerals, fungi, and specific cyanobacteria [48]. In
addition to microorganisms, the EPS in biofilm not only adheres to cells but also traps
atmospheric dust and carbon residues from automobile traffic and pigments and minerals
produced by microorganisms and contributes to the discoloration of buildings [49,50].

In addition to pigments, microorganisms can produce organic acids and enzymes
that trigger the biochemical corrosion of substratum material [51]. Microbial communities
in the study area may produce oxalic acid and sulfuric acid, leading to the occurrence of
secondary minerals, including gypsum, thaumasite, and weddellite, on the surfaces of
early architecture at Wuhan University. These secondary minerals crystallize under the
effects of cyclic wetting and drying, creating internal stresses in the material and resulting
in cracking, flaking, scaling, or detachment of construction material.

The occurrence of gypsum and thaumasite was a result of the deposition by acidic
air pollutants or biogenic sulfuric acid on structure facades, and deposition is commonly
accompanied by the dissolution of calcareous construction materials [52]. As described
in 3.2, relatively large amounts of gypsum, a typical deterioration product of calcareous
construction materials, were found at four sampling sites [53,54]. The corroding layer
produced by the gypsum on the concrete surface can penetrate concrete, occupying a large
space and generating stress because of the large density difference between gypsum and
the concrete, and eventually leading to cracking, detachment, and destruction of external
walls [55]. Additionally, some microorganisms require a certain amount of sulfur as a
macronutrient [56]. Ortega-Calvo et al. proved that gypsum can be a source of sulfur for
microbial growth [57]. The production of gypsum not only affected the structural integrity
of the concrete but also provided additional nutrients to microorganisms. Moreover, the
occurrence of thaumasite in S-5 represented the thaumasite form of sulfate attack (TSA),
which has attracted considerable interest in the past few decades as a newly discovered
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pattern of sulfate erosion of concrete. Unlike conventional sulfate attack, which leads to
the expansion and destruction of concrete, TSA leads to a more insidious and destructive
transformation of a concrete matrix inward to an incohesive mass from the surface in-
ward [58]. These sulfate attack processes resulted in reduced strength, altered composition,
and increased surface area of concrete.

The presence of weddellite in S-9 is associated with the metabolic activity of microor-
ganisms and could cause biophysical damage to the structures. Calcium oxalate is the most
insoluble oxalate and often found in living organisms and nature in the form of whewellite
(CaC2O4·H2O) and weddellite (CaC2O4·2H2O) [59]. The biosynthesis of calcium oxalate
can be presented by this equation: Ca2+ + C2O4

2− + xH2O→Ca(C2O4)·xH2O(s)↓. How-
ever, some studies suggested that the precipitation of calcium oxalate is negligible or even
beneficial because insoluble oxalate crystals can block pores and act as diffusion barriers,
thus limiting the further leaching of calcium [60]. However, the precipitation of significant
amounts of calcium oxalate occurring in mineral-based building materials is inclined to
cause physicochemical damage. The complexation of oxalic acid with calcium ions causes
the dissolution of matrices, and the expansion of secondary oxalate biominerals causes
physical damage [61]. The presence of whewellite and weddellite is frequently found
in the black and patina crusts of limestone and concrete building surfaces [62]. Fungal-
induced whewellite and weddellite precipitation can form biomineralized crusts with
dead hyphae [63]. Although the amount of weddellite found in S-9 is comparatively low,
high levels of weddellite can cause crusting and discoloration in buildings because of the
constant input of oxalic acid from surface microbial communities.

Corrosion by biogenic acids and the crystallization of secondary minerals decrease the
strength of building material, and together with rough surfaces (as discussed in Section 4.1),
facilitate the colonization of filamentous microorganisms. Importantly, in addition to the
distribution of microorganisms on matrix surfaces, microorganisms can thrive in cracks
and air voids (Figure 2D–F,J). The internal expansion of microorganisms and penetration of
concrete by hyphae may induce cracks and enlarge current cracks and pores and thereby
increase the porosity and connectivity of material, even leading to the detachment of some
fragments. These effects were indicated by the material debris attached to the biofilm
(Figure 2G,H). This phenomenon causes biophysical damage to concrete and eventually
leads to the dissolution and disintegration of concrete.

4.3. Microbial Communities Affected by Environmental Factors

Applied multianalytical methodology enabled us to identify the correlation of micro-
bial abundance with the physical–chemical properties of substrates and environmental
factors. As described in 3.5, owing to the positive correlation of population abundance with
the moisture content of concrete and negative correlation with shading, water availability
and light intensity were identified as key factors for the development of photoautotrophic
microorganisms, including mosses, cyanobacteria, and eukaryotic photoautotrophs. The
total carbon (TC), total organic carbon (TOC), and NH4

+-N content was positively corre-
lated with the population abundance of mosses, cyanobacteria, and eukaryotic photoau-
totrophs, demonstrating that the organic nutrients of the concrete were mainly derived
from the photoautotrophic microorganisms. Both metabolites and the biomass of photoau-
totrophic microorganisms are potential carbon and nitrogen sources [64,65]. As shown
in Section 3.2, the compositional analysis showed that concrete was mainly composed of
inorganic compounds with low availability. Thus, photosynthesis and nitrogen fixation
by photoautotrophic microorganisms contribute importantly to the microbial community
development on the surfaces of inorganic building materials. This was also supported
by the study of Gaylarde et al., who treated structure facades with algicides to remove
photoautotrophic microorganisms and inhibit the growth of fungi and bacteria [66]. These
results indicated the key role of photoautotrophic microorganisms in the biocolonization
processes on the surface of inorganic materials such as concrete and stone.
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5. Conclusions

In this work, a multidisciplinary methodology combining material science and molec-
ular biological analysis was used to investigate the variances of microbial communities
and physicochemical properties of lime concrete facades of the early architecture of Wuhan
University in response to environmental factors. Lime concrete growing biofilm contained
higher content of total carbon (TC), total organic carbon (TOC), and NH4

+-N, and it was also
enriched with mineral components including calcite, quartz, albite, dolomite, orthoclase,
muscovite, and anorthite. In addition, the rough surface, high porosity, and microcracks of
lime concrete provided deposition sites for microorganisms. The synergistic interaction of
these physicochemical properties of lime concrete and environmental factors constituted a
microenvironment suitable for microbial growth. The internal expansion of biofilms caused
biophysical damage to the concrete. The metabolic activity of microorganisms also caused
the production of deterioration products including gypsum, thaumasite, and weddellite,
resulting in biochemical damage to the matrix.

Redundancy analysis (RDA) analysis showed the deposition of total carbon (TC),
NH4

+-N, total organic carbon (TOC) on the lime concrete were derived from the metabolic
of photoautotrophic microorganisms, illustrating the key role of photoautotrophic mi-
croorganisms in the biodeterioration process of lime concrete. The biomass of photoau-
totrophic microorganisms depends on the light intensity and moisture content of build-
ing materials, while the abundance of heterotrophic microorganisms depends on TN
and NO3

−-N content.
Overall, this study is the first report on the origin of lime concrete bioreceptivity.

The results obtained from this study could represent a pioneering advance of the rela-
tion of physical–chemical characteristics of the lime concrete material and environmental
factors with the types of microorganisms associated with the triggering of biodeteriora-
tion processes, with a contribution to the subsequent development of cultural heritage
conservation strategies.
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