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Background and objectives

Fungal deterioration of cultural heritage is a major problem that causes physical and
chemical damage as well as esthetic alteration. In the current research, fungal
species that exist on a brick sample obtained from Egyptian historical places were
isolated and identified. Moreover, various metabolic products produced by the
isolated fungal species were detected, which may play an important role in the
deterioration of many historical buildings.

Materials and methods

Various fungi existing on brick samples collected from an Egyptian historical place
were identified phenotypically and then confirmed molecularly based on the 18 S
rDNA technique. The metabolites found in the chloroform extract of the isolated
fungi were detected by gas chromatography-mass spectrometry. Quantitative
mineralogical analysis of the deteriorated brick was studied by radiograph
diffraction.  Moreover, scanning electron  microscopy-energy-dispersive
radiograph was employed to identify the mineral compositions and surface
structural morphology of the collected brick sample.

Results and conclusion

Three fungi showed the highest occurrence and were identified as Aspergillus
niger, Aspergillus terreus, and Aspergillus flavus. The metabolites found in the
chloroform extract of the three fungi were detected by gas chromatography-mass
spectrometry, which showed that 5-octadecene, (E) was common among A. niger,
A. terreus, and A. flavus; nonadecane and E-15-heptadecenal were common
between A. niger and A. flavus; a-cadinol, tetradecane, and hexadecane were
common between A. niger and A. terreus; and trans-caryophyllene, a-humulene,
tau-muurolol, and octadecane were common between A. terreus and A. flavus. In
addition, there was a presence of other hydrocarbons and various organic acid
esters that play a vital role in the brick deterioration. Moreover, radiograph
diffraction and scanning electron microscopy-energy-dispersive radiograph
results showed that the brick sample contains Si, Fe, Ca, and Al, with small
amounts of Na, Mg, and CIl. The fungal hyphae penetrating the brick sample
were also detected. Our results demonstrate that fungi existence could result in
physical deterioration by extending their hyphae through the brick pores resulting in
stress. Fungi could also lead to chemical deterioration due to the production of
different acids and acid derivatives that cause the brick demineralization via
chelation of various metal. In addition, the production of various aliphatic and
aromatic hydrocarbons by the fungi could play an important role in the deterioration
process.
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Introduction

were shaped by wooden brick moulds, and bricks were
produced from an extruded pug. A rotating wire was

Masonry has been used in the construction of the most
long-lasting exciting ancient monuments and is present
in the most impressive historical structures as evidence
of the spirit of enterprise of ancient cultures. Moreover,
bricks are one of the oldest man-made building
materials starting from sundried clay bricks to the
fire bricks, which are fired by clay, calcium-silicate,
or concrete to produce hard weather-resistant material
to be used for construction [1,2]. The earliest bricks

© 2022 Egyptian Pharmaceutical Journal | Published by Wolters Kluwer - Medknow

used to cut them to length. Some bricks were
underfired and were not as durable, and others
might be overfired or overvitrified and might be
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distorted; these were discarded or crushed to make

‘grog’ [3].

The technology of producing and using red-bricks as a
construction material in the architectural heritage in
Egypt started in ancient times; thus, the Egyptian
builders efficiently used brick-masonry in the
construction of various building elements such as
walls, arches, vaults, domes, and even as a filling
material for the construction of multileaf stone-
masonry walls. In general, the brick-masonry elements
were generally built of red-bricks bonded with lime-
based mortar in their joints with different texture systems
(Fig. 1). The mortar was used to hold the masonry units
together and compensate for their dimensional
tolerances. Another purpose for the mortar is to
transfer the gravitational force uniformly through the
brickwork, the tying effect being achieved by friction and
the staggered pattern of the bricks [4,5]. Additionally,
bricks can be characterized through the physical-
chemical composition of the raw materials and the
production issues, such as the firing temperature [6].

Building surfaces are greatly affected by various
deterioration factors, including weathering, organic
and inorganic matter, black carbon deposition, as
well as microbiological growth [7]. These different
factors can lead to serious chemical, physical, and
biological ~ deterioration of  building
including the historical ones, which in turn affect
the cultural heritage [8]. The last decades showed a
dramatic increase in the nonbiological weathering
processes especially in urban areas, owing to the
strong effect of environmental pollution [9,10].
These damaging effects on buildings including
monuments are well reported [11,12]. Besides these
nonbiological harmful factors, it was found that

surfaces,

Figure 1

Common running bonds of brick-masonry walls: stretcher (up, left),
header (up, right), English (down, left), and Flemish (down, right)
bonds [3].

biological factors play an important role in
accelerating the deterioration of the outdoor
material. Many metabolic molecules including

organic acids as well as polysaccharides (that form
biofilms) are produced by these
communities, and these bioproducts contribute to
the deterioration process [10]. Many growing
microbial communities exit on the building materials
and form biofilms [13]. These biofilms may contain
cyanobacteria, algae, bacteria, fungi, lichens, as well as
some plants such as bryophytes, and also it may have
small animals such as arthropods [14]. Many factors
affect biological growth, including external factors and
the intrinsic properties of the building materials
[10,15,16]. Temperature, sunlight, wind, and
moisture are among the most important external
conditions that extensively affect microbial metabolism.

microbial

The wet building facade particularly in rainy regions
provides a suitable environment for microbial growth,
thus enhancing biofouling [17]. Moreover, high
temperatures and wind help water to evaporate from
these materials. Taken together, all these climatic
factors will influence biogrowth [18]. For example,
the occurrence of moisture in enough amount
together with suitable temperatures leads to a quick
biogrowth even on new buildings [19]. On the
contrary, biological development is also influenced
by the building materials’ intrinsic characteristics,
which are also defined as their bioreceptivity [14,20].
Primary bioreceptivity means that the building materials
have not been exposed to any colonization yet, and their
properties remain the same as or very similar to their
beginning states. Over time and with the effect of
colonizing organisms as well as many other factors, a
new form of bioreceptivity is developed and known as
secondary  bioreceptivity.  Additionally,  tertiary
bioreceptivity can also be induced by human activity
that influences these materials, such as surface polishing
or coating with biocides [21]. Buildings material
colonization by various organisms results in physical
damage to the buildings’ structures. Microorganisms
will get their nutrients and other important elements
through the biosolubilization of the substratum. This
process involves the production of various substances by
the microorganisms including organic and inorganic
acids as well as some chelating agents [8,15]. This
results in both chemical corrosion of buildings
structures as well as physical degradation that are
induced by microbial growth [7,22].

Among these microorganisms are fungi. Being
heterotrophic organisms, fungi show their ability to
grow in the presence of organic nutrient sources. Fungi
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can degrade and metabolize the organic matters that
are produced by phototrophic organisms and thus
resulting in stone decaying and discoloration via the
release of various acidic metabolites (mainly organic
acids) [23]. It was reported that buildings’ organic
materials (chemically polluted) supply nutrition
sources for heterotrophic organisms [11,24]. The
adsorbed pollutants are mainly formed of organic
materials such as fatty acids as well as aromatic and
aliphatic hydrocarbons, and these, in turn, lead to both
chemical and esthetical modifications of the buildings’
surfaces nature [25]. Fungi rarely exist on stones as the
major biomass; however, they are commonly found on
paints or other substrates like bricks. The fungi need
enough amounts of moisture together with organic
substances to grow. The moister contents help various
nutrients to diffuse into the fungal cells, which in turn
help in the production of different enzymes, organic and
inorganic acids [8,26]. Few studies have been done on
the fungal community biodiversity on the surfaces.
Nevertheless, some studies revealed some of the main
taxa that exist on some rock monuments as well as other
painted surfaces such as Alternaria, Aspergillus,
Aureobasidium,  Penicillium,  Phialophora, — Phoma,
Sarcinomyces, as well as others [27-29]. It was also
reported that the biodiversity of the fungi is much
higher in the urban area compared with rural ones,
and this might return mainly to the high organic
pollution levels found in the cities [28,30]. Some
studies reported the biodegradation that resulted from
fungal growth associated with the wood and soils in an
archeological site located in Upper Egypt [31]. This
study showed that the isolated fungi can colonize wood
resulting in biomass loss.

In the current research, we isolated and identified the
fungal species that exist on a brick sample obtained
from an Egyptian historical place known as The
Takiyya of Ibrahim al-Gulshani. The Takiyya of
Ibrahim al-Gulshani, also known as the Takiyyat
Al-Kulshaniyya, is located at the western side of
Taht al-Rab’ street nearby Bab Zuwaila and Al-
Mu’ayyad mosque in historic Cairo. Additionally,
this study focused on the detection of various
metabolic products produced by the isolated fungal
species that might play an important role in the
deterioration of various historical buildings. This will
help to develop safer and more effective control
techniques to protect and save many heritage buildings.

Materials and methods
Isolation of fungal strains from deteriorated brick-masonry
Brick-masonry samples were collected from the

Takiyya of Ibrahim al-Gulshani, located at the

western side of Taht al-Rab’ street nearby Bab
Zuwaila and Al-Mu'ayyad Mosque in historic
Cairo, Egypt. The brick sample was collected with
a sterile spatula and packed in clean dry and sterile
polythene bags, and then samples were transferred
immediately to the laboratory for fungi isolation. The
fungi were isolated according to the dilution plate
technique with some modification [32], where 5¢g of
the brick sample was diluted in 50ml of potato
dextrose broth (PDB) medium (Thermo Fisher
Scientific, Fair Lawn, New Jersey, USA). Overall,
100pg of chloramphenicol was added as an
antibacterial agent to minimize any bacterial
growth. The medium with the brick sample was
placed in a shaker at 100rpm for 120 min and
30°C. Serial dilutions of the inoculated medium
were prepared in sterile saline solutions 0.85% (w/v)
NaCl, with a final volume of 10 ml of three different
dilutions (107!, 107, and 107%). The diluted solution
was then spread over potato dextrose agar (PDA) plate
containing chloramphenicol with a sterile hockey
stick. Finally, the PDA plates were incubated at
room temperature (28°C) for 7 days. The colony of
fungi that appeared in the plate after incubation was
then isolated in a new PDA plate. The subculturing
step was repeated till a pure culture of each colony was
obtained on each plate. The isolated fungal colonies
were morphologically identified and finally preserved
and kept at -20°C in glycerol 20% (v/v).

Molecular confirmation of the isolated fungus from
deteriorated brick-masonry

One of the isolated fungi that showed the highest
occurrence was selected and identified based on 18 S
rDNA. Overall, 2 ml of 48 h fungal culture grown in
PDB medium was used for DNA extraction. The
fungus DNA was extracted and purified through E.
Z.N.A. Fungal DNA Mini Kit (D3390-01; Omega
BIO-TEK, Inc., Doraville, GA, USA) according to
the manufacturer protocol. The PCR amplification of
18 S rDNA was carried out with DreamTaq Green
PCR Master Mix (2X) (K1081, Thermo Fisher) PCR
system cycler where general eukaryotic 5" and 3" 18 S
rRNA  primers 5-CCTGGT TGATCCTGCC
AGTA-3"  and 5-GCTTGATCCTTCTGCA
GGTT-3" were employed [33]. The results are
presented in Fig. 2.

Taxonomic identification of isolated fungi was
accomplished using the phenotypic approach down
to the species level based on the identification key
tor Aspergillus species by Abdel-Azeem ez al. [34].
The names of authors of fungal taxa are abbreviated

according to Kirk and Ansell (1992).
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Figure 2
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Maximum likelihood phylogenetic tree of the isolated fungal strain based on 18 S rRNA gene sequencing of a 1639 base pair fragment.

Extraction and gas chromatography-mass
spectrometry analysis of the secondary metabolites of
the fungal strains

Each fungal isolate was inoculated in 250-ml
Erlenmeyer flasks containing 50ml of autoclaved
PDB and shaken at 120rpm at 28°C for 5 days.
Chloroform was used for the extraction of active
metabolites produced in the PDB medium. After
extraction, the extracts were evaporated until dry
under reduced pressure and 35°C.

A gas chromatography-mass spectrometry (GC-MS)
instrument (T'RACE GC Ultra Gas Chromatographs;
THERMO Scientific Corp., Waltham,
Massachusetts, USA), coupled with a THERMO
mass spectrometer detector (ISQ_Single Quadrupole
Mass Spectrometer, ThermoScientific, San Jose,
California, USA), was employed for the detection of
the metabolites. The GC-MS system was equipped
with a TG-WAX MS column (30 mx0.25 mm daily,
0.25-pm film thickness). The analysis was carried out
using helium as a carrier gas at a flow rate of 1.0 ml/min
and a split ratio of 1 : 10 using the following
temperature program: 60°C for 1min, rising at
3.0°C/min to 240°C, and held for 1min. The
injector and the detector were held at 240°C.
Diluted samples (1 : 10 chloroform, v/v) of 0.2 pl of
the mixtures were always injected automatically in the
splitless mode. Mass spectra were obtained by electron
ionization at 70eV, using a spectral range of m/z
40-450. Most of the compounds were identified
using the analytical method: mass spectra (authentic
chemicals, Wiley spectral library collection, and NSIT
library). The quantification of the components was
based on the metabolites as detected by the mass
spectrometer. Identification of the constituents was

carried out by comparison of their retention times
and fragmentation pattern of mass with those of
published data [35], and/or with those of the Wiley
9 and NISTO8 mass spectral libraries.

Quantitative mineralogical analysis of deteriorated
brick-masonry by radiograph diffraction

Radiograph diffraction (XRD) was employed to
identify the mineral compositions of the collected
brick sample. The tested brick sample was prepared
for analysis, dried at 110°C, and grounded to a size less
than 75mm. In the current study, PAN analytical
XRD equipment model Xx’Pert PRO with
secondary monochromator was employed. The
analysis was conducted with Ni-filter and Cu-Ka
radiation (A=1.542A) at 45 KV., 35 MA, and a
scanning speed 0.02° (26)/s). The scan was collected
in a range between 0 and 60°26, corresponding spacing
(d, A), and relative intensities (I/I°). Then, the
obtained diffraction charts and relative intensities
were compared with the data available at the
International Centre for Diffraction Data (ICDD
files). The XRD charts of the output results are
shown in Fig. 5.

Scanning electron microscopy-energy-dispersive
radiograph analysis of the deteriorated brick-masonry

The surface structural morphology, as well as elemental
composition of the brick sample, was investigated
through scanning electron microscopy with energy-
dispersive radiograph (EDX) detector. This helps
determine the existence of minerals and voids as well
as determine weathering status. In the current study,
SEM Model Quanta 250 Field Emission Gun (USA)
attached with EDX Unit (Energy Dispersive X-ray
Analyses), with accelerating  voltage 30kV,
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magnification 14x up to 1 000 000x, was employed.
Qualitative analysis using EDX was performed on
uncoated samples to avoid overlap of gold peaks
with peaks of interest [36,37], with a higher
accelerating voltage of 20kV and a large spot size
than the imaging. The resolution for Gun.1n. EDX
spectra was recorded in the spot-profile mode by
focusing the electron beam onto specific regions of

the sample, and EDX spectra were obtained between 0
to 10 KeV.

Results and discussion

Fungi

Three fungal strains were the most abundant in
deteriorated samples: Aspergillus niger, Aspergillus
terreus, and Aspergillus flavus (Table 1). However, 4.
niger was the most abundant isolate, and its identity
was further confirmed by using the 18 S rDNA
sequence technique. A 1639-base pair fragment of
the 18 S rDNA of the isolate was sequenced, and
the genus of the isolated fungus was assigned with a
maximum likelihood phylogenetic tree and sequence
alignment (Fig. 2). The isolated fungal strain shows
high sequence identity (>99%) to that A. niger strain
SB10. The 18 S rDNA sequence has been submitted to
GenBank with accession number MW344086.1,
(available at https://www.ncbi.nlm.nih.gov/nuccore/

MW344086.1).

These results are in agreement with those reported by
De Souza and Matoski [38], who also isolated
filamentous fungi of the Aspergillus genre (4. niger
and A. flavus) from brick samples collected from
surface walls of a hospital found in Brazil.
Moreover, Aspergillus species were already reported
to be the main deteriorative agents in many historic
cultural heritages and stone monuments [39]. It was
also observed that fungi grow fast on surfaces that have
calcium, like in the concrete case, and this stimulates
the fungal organic acid production [40,41].

Gas chromatography-mass spectrometry analysis of
the secondary metabolites of the fungal strains

To determine the various metabolites found in
chloroform extract of the isolated fungal strains,

GC/MS analysis was conducted. The identification

Table 1 Fungal isolates and their percentages of occurrence

of these metabolites could help in managing the
process of brick deterioration. GC-MS analysis was
performed on the chloroform extract of the PDB
medium cultivated separately with the three isolated
fungi. All the results of the three fungal extracts were
accomplished using computer search user-generated
reference libraries, incorporating mass spectra. Peaks
were examined by single-ion chromatographic
reconstruction to confirm their homogeneity. In
some cases, when identical spectra have not been
found, only the structural type of the corresponding
component was proposed based on its mass spectral
fragmentation. Reference compounds
chromatographed when possible, to confirm GC
retention times. Of 60 metabolites detected in the
strains belonging to the Aspergillus species, 10
metabolites were common between two or three
species as follows: only 5-octadecene, (E) was
common among A. niger, A. terreus, and A. flavus;,
a-cadinol, tetradecane, and hexadecane are common
between A. niger and A. fterreus; trans-caryophyllene,
o-humulene, tau-muurolol, and octadecane were
common between A. terreus and A. flavus, and
finally, nonadecene and E-15-heptadecenal were
common between A. niger and A. flavus (Table 2).

were Cco-

Metabolites obtained from chloroform extract of
Aspergillus niger

GC-MS analysis was performed on the chloroform
extract of the PDB medium cultivated with the three
isolated fungi. All the results of the three fungal
extracts were accomplished using computer search
user-generated reference libraries, incorporating mass
spectra. Peaks were examined by single-ion
chromatographic reconstruction to confirm their
homogeneity. In some cases, when identical spectra
have not been found, only the structural type of the
corresponding component was proposed based on its
mass spectral fragmentation. Reference compounds
were co-chromatographed when possible, to confirm
GC retention times.

For the 4. niger chloroform extract, the results revealed
the presence of 27 compounds (Fig. 3a). The total peak
areas of the detected compounds are 100%, and the
probabilities of the structures of the detected
compounds are listed in Table 1. The major

Frequency of occurrence

Fungi Sample 1 Sample 2 Sample 3 Color of fungal colonies
Aspergillus niger 80% 90% 85% Dark brown to black colonies
Aspergillus flavus 10% 5% 5% Green colonies

Aspergillus terreus 10% 5% 15% Brownish colonies that get darker as they age
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GC/MS analysis of different metabolites detected in the chloroform extracts of (a) Aspergillus niger, (b) Aspergillus terreus, (c) Aspergillus

flavus. GC/MS, gas chromatography-mass spectrometry.

compounds are 1-tridecene (8.35%), (12,4a,4aa,10aa)-
1,4,4a,5,6,7,8,9,10,10a-decahydro-1,

4,11,11-tetramethyl-1,4-methanocycloocta[d]pyridazine
(10.97%), 1-hexadecene (13.91%), 5-octadecene, (E)
(24.76%), and E-15-heptadecenal (13.88%), for which
represented 71.87% of the total peak areas. Moreover,
some organic acid derivatives were also detected, such
as acetic acid ester and butyric acid ester. However,
acetic acid ester (17-(Acetyloxy)-4,4-dimethyl-7-
oxoandrost-5-en-3-yl acetate) and butyric acid ester
were detected in the metabolites of 4. niger. The
production of acetic acid could be attributed to the

hydrolysis of acetyl group esters, and the rate of
hydrolysis depends on the availability of water and
the temperature of the environment surrounding it

[42].

Metabolites obtained from chloroform extract of
Aspergillus terreus

GC-MS analysis was also performed on the
chloroform extract of the liquid media cultivated
with 4. terreus, and it revealed the presence of 28
compounds (Fig. 3b). The total peak areas of the
detected compounds are 100% and the probabilities
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of the structures of the detected compounds are listed
in Table 1. The major compounds detected in the
chloroform extract are cis-2-nonadecene (10.61%),
5-octadecene, (E) (9.16%), 7-hexadecene, (Z)
(9.40%), and 2-allyl-5-t-butylhydroquinone (8.15%).
Moreover, esters of some acids such as 2-ethylhexyl
ester of butanoic acid, and trichloroacetic acid,
pentadecyl ester were detected.

Metabolites obtained from chloroform extract of
Aspergillus flavus

GC-MS analysis was performed on the chloroform
extract of the liquid media cultivated with 4. flavus, and
it consisted of 16 compounds (Fig. 3¢). The total peak
areas of the detected compounds are 100%, and the
probabilities of the structures of the detected
compounds are listed in the Table 1. The major
compounds are 1-butyl-2-pentyl-, trans,
cyclopropane, (8.27%), 5-octadecene, (E) (13.14%),
E-15-heptadecenal (15.38%), tetradecene (13.14%)
and 2-tert-Butyl-4-isopropyl-5-methylphenol
(11.40%), for which represented 61.33% of the total
peak areas. The identification was accomplished using
computer search user-generated reference libraries,
incorporating mass spectra. Peaks were examined by
single-ion chromatographic reconstruction to confirm
their homogeneity. Major secondary metabolites found
in the chloroform extract are shown in Fig. 3c.
Aspergillus species were already reported to be the
main deteriorative agents in many historic cultural
heritages and stone monuments [39]. It was also
observed that fungi grow fast on surfaces that have
calcium, like in the concrete case, and this stimulates
the fungal organic acid production [40,41].

Moreover, some studies reported the ability of fungi to
produce some chelating agents that resulted in the
solubilization of the divalent and trivalent cations
[11,30]. This chelation process could result in the
exfoliation of many monument and historical
buildings surfaces [43]. The fungal growth in the
bricks causes cracks and crevices on the surfaces due
to the production of acids and other organic and
inorganic compounds [27]. The organic acids and
their derivatives result in the demineralization of
several substrates. In conclusion, fungus resulted in
coloration, exfoliation, and pitting of historic
buildings. The GC/MS analysis obtained from
chloroform extract of the isolated fungi also showed
the presence of high amounts of various aliphatic and
aromatic  hydrocarbons such as  hexadecene,
hexadecane, E-15-heptadecenal, 2-tert-butyl-4-isopropyl-
5-methylphenol, tetradecane, 1-nonadecene,
cyclopentane as well as many other hydrocarbons.

Limited information is available regarding the effect
of various hydrocarbon contaminants on building
materials. There are few lines of evidence that
hydrocarbons could result in the inhibition of
concrete strength in the ground [44]. Many sites

have been reported to be contaminated with organic

hydrocarbons. Among these contaminants are
benzene,  toluene, xylene, ethyl benzene,
naphthalene, anthracene, phenols, cresol,

polyaromatic hydrocarbons, phenoxy acid, as well as
others. The hydrocarbons resulted in the staining of
many buildings [45]. Taken together, the production
of various organic acids derivatives as well as several
aromatic and aliphatic hydrocarbons could greatly play
an important role in the deterioration of various
building materials including brick.

Mineralogical characterization

Quantitative analysis using radiograph diffraction of the
deteriorated brick-masonry

In the present study, one of the important
nondestructive techniques has been applied to
analyze the brick sample, which is XRD. In this
technique, the matter atoms scatter radiograph
waves, through the atoms’ electrons [46]. Then, the
radiograph radiation determines a wavelength that is of
the order of the usual interatomic spacing which is
found in the crystalline solids and hence will determine
the crystal domain size as well as the nanomaterials
structure. Thus, XRD is considered a unique method
applied for the determination of the crystallinity of
various compounds [47]. The XRD results illustrated
the mineralogical composition of the brick units and
confirmed that the tested brick sample is formed
mainly of quartz, SiO,; aluminum, Al;O3; and ferric
oxides, Fe;Oj3. The obtained XRD results (Fig. 4) in
our study showed that the brick sample contains quartz

(5i0,), which is identified by the peak at ~26°.

However, quartz is a common component of
limestone, sandstone, and granite as well as many
various sedimentary and metamorphic rocks [48-50].
The existence of quartz could be related to the use of
sand particles as an additive in the manufacturing of
bricks. Another reason for the presence of quartz could
be attributed to the elevated temperatures that result in
the release of water of carbonization and crystallization
of many organic compounds via an exothermic
reaction. As a result, the aluminum silicate will
dehydrate and form SiO, [51]. Iron oxide in the
form of hematite (Fe;O3) was also detected by a
peak at ~33°. These data are supported by the result
reported by Milinovic ez al. [52], who also detected a
hematite peak at 33.2° in a seafloor sediment sample.
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Figure 4

o)
DN Ve VAV aN %Q_/ﬁ
o

(a) 5-octadecene, (E)

(b) 2-allyl-5-t-butylhydroquinone

/\/\/\/\/////// W

(c) 7-hexadecene, (z)

(d) E-15-heptadecenal

\/\/\/\/\/\/\
(¢]

(e) Tetradecene

(f) 2-tert-Butyl-4-isopropyl-5-
methylphenol

Major compound found in chloroform extract of (a) Aspergillus niger, Aspergillus terreus and Aspergillus flavus, (b, c) A. terreus, (d) Aspergillus

niger and Aspergillus flavus, and (e, f) Aspergillus flavus.

On the contrary, the mineralogical composition of the
mortar sample obtained from the bed-joints of the
brick-masonry  composes mainly of Calcite-
magnesian (Mg.064 Ca.936) (CO;) together with a
high percentage of Quartz SiO,. Other minor
ingredients were also detected including halite
(NaCl) and gypsum [CaSO,4 (H,0),]. It is a lime-
based mortar of mainly lime and sand. The existence of
clay minerals indicates the addition of homra, in a
relatively low percentage to the mortar mixture.
Moreover, the presence of halite indicates a slight
salt decay infection by chloride salts. Figure 5a and
b shows the XRD pattern and the average composition
of the minerals of both brick and mortar samples,
respectively. Calcite and dolomite are among the
most carbonate minerals found in a variety of
metamorphic, igneous, and sedimentary rocks [53],
and this is obvious in our study, where a peak for
magnesium —calcite at ~29.5 is observed in the mortar
sample. Sanz-Montero ez al. [54], also detected a peak
for magnesium-calcite at the same range, and this
confirms our results. Some minor ingredients were

also detected in the XRD of the brick sample such
as  gypsum, halite, and homra. Gypsum
(CaSO,4-2H,0) forms in the presence of liquid
water, and this helps to identify the surrounding
climatic conditions [55]. There is a hypothesis
indicating that gypsum development could occur
owing to mortar joint carbonation [56]. Gypsum is
the stable calcium sulfate form under normal
conditions, and this explains its
efflorescence; however, gypsum

anhydrite  (CaSO,4) could occur at elevated
temperatures  above  350°C  [57].  Gypsum
efflorescence is a problem that affects brick-masonry.
It leads to the development of a thin white film at the
surface of the brick and which in turn alters the esthetic
teatures of the valuable construction. Salt efflorescing
also resulted from other minerals such as halite (NaCl)
that tend to form extensive efflorescence and its
accumulation is accompanied by an elevated drying
rate, thus sustaining salt growth at the building
surface [58]. Moreover, homra was detected in the
tested sample. A previous study showed that the

existence in
conversion to
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Radiograph diffraction pattern of representative (a) brick and (b) mortar samples.

addition of homra to the other brick components could
improve its quality by increasing the brick compressive

capacity [59].

Microstructure and micro-morphological examination of
brick-masonry by scanning electron microscopy with
energy-dispersive radiograph

Scanning electron microscopy (SEM) attached with
EDX (microanalysis) was employed to investigate the
structural morphology as well as the microstructure of
both brick and mortar samples. The scanning showed
the presence of pores in the brick sample (Fig. 6a).
Moreover, the presence of fungal hyphae was detected
(Fig. 6b), that is, SEM-EDX analysis showed a
heterogeneous distribution of gaps with the evidence
of fungal involvement, where the fungal hyphae
penetrate the brick sample (Fig. 6a, b). The porosity

of the bricks is a crucial factor that helps the
penetration of the fungus. Fungal penetration
resulted in a serious physical deterioration of the
bricks where hyphal networks will extend through
the pore space system of the bricks [60]. Therefore,
fungi increase the physical damage of the bricks by
extending their hyphae that penetrate into the brick
surfaces [61,62] and which consequently result in
stresses that damage the brick and the surrounding
structures [40].

However, the results of the microscopic examination
and elemental analysis of the brick sample showed that
the main component of the brick units is quartz, with
very fine grains. Heterogeneous distribution of gaps
and a minor quantity of crystalline salts (halite, NaCl)
through the sample were also detected. EDX analysis
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Figure 6
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SEM photomicrographs and EDX microanalysis of a thin section of (a) the tested brick showing the occurrence of pores, (b) brick sample
showing fungal growth with fungal hyphae, and (c) mortar samples. EDX, energy-dispersive radiograp; SEM, scanning electron microscopy.

showed that the brick sample is enriched in Si, Fe, Ca,
and Al with small amounts of Na, Mg, and Cl.
Regarding the mortar samples (Fig. 6c), the
microscopic examination shows that the mortar is
composed mainly of calcite with fine rounded quartz
crystals. The quartz grains are also very fine and
scattered in the mortar. Moreover, EDX analysis
shows that the tested mortar sample is enriched in
Fe, Ca, and Si as major elements. However, Cl, Mg,
Al Na, and S are found as minor elements. It is worth
remarking that the presence of Ca and Mg confirms
the importance of carbonate phases CaCO;, CaMg
(COs3),, whereas the presence of Na, S, and Cl
confirms the infection by chloride and sulfate salt

decay (e.g. NaCl and CaSO,). Additionally, the
presence of Mg, Al, and Fe confirms that the
sample contains clay minerals which confirm the
XRD results. Almost all of these elements are found
in the building materials of all historical buildings
[10,61]. The organic acids produced due to fungal
growth lead to the solubilization and/or chelation of
minerals such as Ca, Al, Fe, and Ks from the building
materials including bricks and mortar [63].

Conclusion
Cultural heritage is greatly affected by various types of

deterioration such as physical, chemical, and biological
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deterioration. The current study in the field of
geomicrobiology has focused on understanding the
different roles of fungi in the biodeterioration of
valuable historic monuments formed mainly of
masonry brick with the aid of various techniques
such as XRD, SEM-EDAX, and GC-MS. The
present study has tried to figure out a relationship
between the occurrence of various fungal strains and
their metabolites to the deterioration of historic brick
to better comprehend their contribution to the
biodeterioration of building materials. Our results
demonstrate that fungus existence resulted in the
physical deterioration of the monument by extending
their hyphae through the brick pores resulting in stress
on the brick. Moreover, fungi could result in chemical
deterioration due to the production of different acids
and acid derivatives that leads the brick demineralization
via chelation of various metals [63]. In addition, the
production of various aliphatic and aromatic
hydrocarbons by the fungi could play a role in the
deterioration process. The existence of fungal strains
in various monuments resulted in discoloration, pitting,
exfoliation, etc. Thus, the identification of the microbial
communities that exist on the building is a very
important  tool that helps control microbial
biodeterioration.  Various that promote
microbial growth and survival on the brick surface

factors

should also be evaluated to control microbial growth.
Understanding the deterioration mechanism caused by
different microbes should be well studied to design
appropriate conservation and restoration strategies for
historic buildings [63]. For future work, various
techniques should be employed to get more insight
into mechanisms and various causes of deterioration
processes. Among these techniques are terminal
restriction fragment length polymorphism, laser-
induced fluorescence, Mossbauer spectrometry, fourier
transform infrared spectroscopy, induction coupled
plasma-mass spectrometry, thermal analysis, laser,
mercury intrusion porosimetry, high-performance
liquid chromatography, etc.
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