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Introduction: 

Antibiotic resistance has been a 

growing public heath concern in the world. 

This phenomenon caused by genetic 

mutations and gene transfer in bacteria has 

allowed these microorganisms to increase and 

in some cases acquire complete resistance to 

certain antibiotics that previously were 

enough to eradicate a bacterial infection. 

Resistance to the available drugs makes these 

bacterial infections very difficult, and 

sometimes impossible to cure, claiming the 

lives of at least 23,000 US residents every 

year according to the CDC [1].  

Penicillin was the first antibiotic, 

introduced in 1943, during WWII and used 

effectively for many years afterwards to treat 

serious infections. By the 1960s, three more 

significant antibiotics were introduced; 

tetracycline, erythromycin, and methicillin[1]. Figure 1. Timeline of  Antibiotic resistance identification 

and introduction of antibiotic [1]. 



Unfortunately, in the same decade, antibiotic resistance to all four previously mentioned drugs 

began to arise, limiting their usefulness to treat those infections. As seen in Fig. 1, this trend has 

repeated itself into present years, increasing the pressure to find new solutions to the ever 

growing problem.  

One of the main driving forces in bacterial development of antibiotic resistance is 

incorrect prescription of antibiotics, and poor adherence to the treatment by the patient. The 

presence of antibiotics in low or incomplete dosages enriches an environment in which many 

bacterial strains are able to accumulate genetic changes that confer antibiotic resistance 

resistance in a Darwinian fashion [2]. This is particularly a serious problem with Mycobacterium 

tuberculosis (MTB), which has been found to not only develop resistance to first line drugs used 

in standard treatment- referred to as multiple drug resistant (MDR), but it also has been found to 

develop resistance to the second line drugs used in treatment, -referred to as extensively drug 

resistant (XDR). According to the WHO in 2016 there were 240,000 deaths reported globally 

due to MDR MTB, and 123 countries have reported at least one case of XDR MTB [3]. It is 

important to understand the mechanism by which these bacterial pathogens develop resistance to 

drugs in order to develop plans for a swift intervention. 

Basics of Bacterial development of antibiotic resistance: 

One of the ways in which an organism may develop antibiotic resistance is through 

mutations in the chromosome that can be passed on to daughter cells. Alternatively, it can be 

spread to other microorganisms by horizontal gene transfer (HGT). HGT includes three types of 

mechanisms. The first is bacterial conjugation. This is done through a complicated mechanism of 

proteins which ensure plasmid transfer from one bacteria to another by means of forming a 

mating pair. Only organisms with this machinery are able to perform conjugation[4]. The other 



two are transformation and transduction. When it comes to being a pathway of antibiotic 

resistance acquisition they are less studied than the previously mentioned pathways, but have 

been found to support the theory that antibiotic resistance genes developed in the environment 

before finding their way into human pathogens[5]. 

Transformation is the ability of a bacteria to take up and express DNA from the 

environment. One of the hypotheses about how antibiotic resistance made its way into human 

pathogens is that they came from commensal or environmental bacteria. These bacteria are 

thought to have produced antibiotics as a defense mechanism, and therefore had immunity to the 

chemical they produced. Since a lot of antibiotics used in medicine are derived from 

environmental microorganisms, DNA taken up by a human pathogen would confer resistance to 

those drugs. [6]  

Finally, transduction is the process of a bacterial virus, or bacteriophage inserting its 

DNA into a bacteria and integrating itself within the chromosome. When the bacteria are in a 

stressful environment, the virus may enter the lytic cycle in which the viral DNA is excised and 

replicated, and capsules are produced in which DNA is packaged to make hundreds of phages 

until the cell bursts. During this DNA packaging, bacterial DNA can be mistakenly packed into a 

phage capsule, leading to transfer of a piece of bacterial DNA into another organism during 

infection [7]. 

In order for an antibiotic to be effective in an organism, there must be a target; such as a 

transporter or protein, and a certain concentration level, is able to inhibit its activity. Therefore, 

the two most efficient mechanisms of antibiotic resistance discovered have involved modifying 

the target through mutations in genes coding for such proteins and transporters, or acquiring the 

ability to reduce the concentration of antibiotic either by expulsion through efflux pumps or 



inactivation or modification with bacterial enzymes[6]. One such case is the mechanism of 

resistance to Beta-lactam antibiotics. Beta-lactam antibiotics are in the family of penicillin and 

contain a beta-lactam ring. Microorganisms which carry a resistance gene that produces beta-

lactamases are able to break the ring and inactivate the antibiotic. A gene coding for an extended 

spectrum of activity Beta-lactamase which was originally found in E. coli, for example, has 

found its way into other members of Enterobacteriaceae. Since it was found to be located in a 

highly mobile INCFII plasmid, it could be passed on to other cells through conjugation. It was 

also found to be in association with an insertion sequence, which is a type of mobile genetic 

element employed in bacterial transformation that can move between different positions on a 

chromosome or between two different other chromosomes, or plasmids [2]. Another set of genes 

conferring beta lactamases was also found by real time PCR in bacteriophage DNA in urban 

sewage and river water samples. These phage were able to transduce of these genes into 

susceptible E.coli strains, making them resistant to ampicillin [7]. 

Antibiotic resistance in tuberculosis (TB): 

MTB has only been found to transfer resistance to daughter cells, as it develops 

resistance through mutations in the chromosome. Isoniazid, rifampicin, ethambutol and 

Pyrazinamide are used as first line drugs used in standard treatment for TB. Unfortunately, cases 

of resistance to all of them have been discovered thus far. Furthermore, through whole genome 

sequencing, it has been discovered to develop acquisition in a sequential manner. Most often 

initial acquisition of resistance confers resistance to isoniazid, then rifampicin or ethambutol, 

followed by pyrazinamide, and finally to the second and third line drugs used in the treatment 

[8]. 



  

Isoniazid is a prodrug, meaning it requires activation inside the host before it can be an 

active inhibitor. In the case of isoniazid, it is activated by the catalase/peroxidase enzyme, 

therefore it requires that the organism is active. As seen in figure 2, two of the main genes 

involved in isoniazid resistance are katG, which encodes the catalase/peroxidase enzyme that 

activates isoniazid, and inhA, which encodes the NADH dependent enoyl-acyl carrier protein 

reductase which is inhibited by the active form of isoniazid. This inhibits mycolic acid synthesis, 

a major component of the cell-wall in this genus of bacteria. Therefore, the most common types 

Figure 2. List of gene mutations and their frequency of mutation associated with resistance to 

isoniazid, rifampicin, ethambutol, and pyrazinamide [8]. 



of resistance found in those strains that carry resistance to isoniazid have mutations in those two 

genes. Specifically, mutations in katG that during activation of isoniazid, result in an inefficient 

product, and mutations in inhA which either cause over expression of the reductase, or decreased 

affinity to isoniazid [8]. 

Rifampicin on the other hand, is able to act upon active and slow growing bacilli because 

it involves binding to the beta-subunit of the RNA polymerase, which in turn inhibits RNA 

synthesis. Hot spots of mutations have been found in several isolates between codons 507 and 

533, most of which confer resistance by causing conformational changes in the B-subunit of 

RNA polymerase- encoded by rpoB, which decreases the affinity to rifampicin. Nevertheless, 

there have been mutations found outside of these hotspots, just as there have been studies that 

showed strains with no alteration in the rpoB coding region that still carried a resistance to 

rifampicin [8]. This suggests that there is more than one pathway that leads to resistance to this 

drug. 

In addition, monoresistance to rifampicin is quite rare. As discussed above, MTB tends to 

amass resistance to standard treatment drugs in a sequential manner starting with isoniazid 

before moving to rifampicin [9]. Therefore, rifampicin is used as a surrogate marker for MDR 

TB because the hotspots of mutations conferring resistance have been well documented and 

fairly consistent through whole genome sequencing [8]. 

Figure 3 shows a global representation of the consistently high levels of resistance to both 

isoniazid and rifampicin in strains of MTB as compared to monoresistance to rifampicin, 

monoresistance to isoniazid, and susceptibility to both in MTB strains. 

 



 

Figure 3. Proportion of isolates with co-resistance to isoniazid vs  rifampicin (INHr/RMPr), resistance to 

isoniazid and  suceptibility to rifampicin (INHr/RMPs), resistance to rifampicin and susceptibility to 

isoniazid (INHs/RMPr), and suceptibility to both drugs (INHs/RMPs). 

 

Ethambutol, like isoniazid also only acts on multiplying bacilli because it disrupts the 

biosynthesis of arabinogalactan, another important component in the cell wall of MTB. As figure 

3 points out, one of the main genes involved in the mechanism is embB, a part of the embCAB 

operon that encodes the arabinosyl transferase enzyme necessary for the production of the cell 

wall component. Certain aminoacid substitutions in codon 306 have been found to confer 

differing degrees of moderate resistance to ethambutol. Higher levels of reisistance have been 

found when mutations in embB and ubiA are present. ubiA is a gene which encodes a protein 

involved in cell wall synthesis. Mutations in ubiA are reported to be most predominant in African 

isolates, as they are lineage specific [12].  



Pyrazinamide is the fourth first line drug used in standard TB treatment and the newest 

one, having been introduced in the early 1950’s. It was an important novel drug when 

introduced, due to its ability to act upon semi dormant bacilli allowing the treatment to be 

shortened to the current standard of six months. The mechanism by which pyrazinamide works is 

still a debated topic, however mutations in pncA have been found to be the most common type of 

mutation in resistant strains [12]. 

There are many more alternative antibiotics used in the treatment of TB, they are also 

known as second line drugs, and are used in cases of MDR MTB. Some examples include 

fluoroquinolones -which act by inhibiting the topoisomerase II, Kanamycin- which acts by 

inhibiting protein synthesis, and Cycloserine- which inhibits synthesis of peptidoglycan [12]. 

What is very troubling is that even though there are so many alternatives to the first line drugs, 

resistance has been identified in most of them and patients continue to die from XDR TB. 

Diagnosis of drug resistance and its impact:  

 When it comes to identifying drug resistance in microorganisms, one of the most widely 

used methods involves growth of culture on a plate with disks infused with different doses of the 

antibiotic to be tested. For most bacteria, this takes no longer than a few days including the steps 

from the process of isolation of the pathogen to the growth on media infused with antibiotic 

through the diffusion disk [12]. However, MTB grows very slowly and it may take several weeks 

or months to get accurate assessments. This results in the treatment plan being inferred through 

empirical data based on a combination of past medical or social history of the patient and the 

local prevalence of resistance, which may turn out to be an inappropriate approach. This causes 

the potential for further development of resistance through exposure [8]. In addition, the standard 

treatment for tuberculosis consists of a six month course of several drugs, some of which are 



highly toxic, with potential adverse effects such as irreversible hearing loss. This highly 

discourages patient adherence to treatment, which is essential to avoiding an environment that is 

encourages development of antibiotic resistance during the treatment of any bacterial infection. 

The reason for the length of tuberculosis treatment in particular is that Mycobacterium 

tuberculosis has the ability to go into a dormant state in which it is not replicating, leaving most 

of the antibiotics used in he treatment useless because they require cell growth. If treatment is 

halted early, and sometimes even after the standard treatment period is finished, cells that were 

dormant during the treatment may re-infect the host as they become active again [13].   

Novel studies on new technology: 

In 2010, the WHO endorsed a new disposable cartridge based nucleic acid amplification test that 

detects resistance to rifampicin. This test, known as Xpert MTB/RIF, is suitable for point of care 

testing as it has made most of the steps involved in susceptibility testing automated and can 

diagnose resistance in about two hours. This has allowed for a reported 23 million Xpert tests 

procured in 130 countries, which has greatly increased accurate testing for MDR TB and resulted 

in more appropriate treatment of patients with it [14]. It works by amplifying the rifampicin 

resistance-determining region of the rpoB gene. Five different specific molecular beacons are 

used to detect the presence of MTB and the most common mutations that confer resistance to 

rifampicin. Molecular beacons work by emitting fluorescence during a polymerase chain reaction 

(PCR) when they bind to a complementary section of the DNA being amplified.  

While this technique has been very helpful in increasing appropriate treatment of TB, it has some 

shortcomings. For example, a study conducted in 2014 using pooled data to analyze the 

specificity and sensitivity of Xpert MTB/RIF. Specificity reflects the ability of the assay to 

correctly identify a sample with no MTB, and sensitivity is its ability to show a positive result for 



presence of MTB in a person who has TB. This study showed only 67% sensitivity when used on 

patients with a smear negative sputum sample and 79% in HIV positive patients [15].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specificity, however remained high across the board, as seen in figure 4, meaning that the assay 

can correctly identify that a patient does not have an MTB infection.  

Cepheid Inc. has been working on improving the sensitivity and specificity of their product with 

a new cartridge called Xpert MTB/RIF Ultra assay. In a study conducted in 2017 they were able 

to compare the limit of detection (LOD) of the Xpert and Ultra cartridges by spiking serial 

Figure 4. Sensitivity and Specificity of Xpert assay in Smear positive, and negative samples, and samples from HIV 

positive and negative patients [15].. 



dilutions of quantified colony forming units (CFU) of known MTB strains into patients’ sputum 

samples.  

 

Figure 5. Limit of detection of MTB and RIF susceptibility at increasing concentrations of MTB CFU/ml 

with Xpert cartridge vs Xpert Ultra [14] 

Above results on figure 5 showed a great improvement in the LOD of MTB and a significant 

improvement in the LOD of rifampicin susceptibility in MTB. Both cartridges were 100% 

successful at detecting the presence of MTB at concentrations above 200 CFU/ml. However, 

while Xpert had 10% correct detection of positive specimens at 25 CFU/mL, Ultra maintained 

100% accuracy. In terms of detecting rifampicin susceptibility, the difference was less dramatic, 

with Xpert’s LOD being 112.6 CFU/ml, compared to Ultra’s 105.4 CFU/ml [14]. The biggest 

difference was that at concentrations below their respective LODs, Ultra produced more positive 

assay results.  



In order to increase specificity of rifampicin resistance detection, they refined the three 

pre-existing, rpoB molecular beacons (rpo1-3) and added a fourth probe (rpo4). In order to 

distinguish silent mutations in the rifampicin resistance-determining region (RRDR) from 

mutations conferring rifampicin resistance, rpo1 was redesigned so that its melting temperature 

would increase when hybridizing to the silent mutations as compared to hybridization to wild 

type DNA. Melting temperature can be identified by the peaks shown in figure 4. The new probe 

was designed to be more complementary to the mutation in S531L, resulting in a much higher 

melting temperature in the presence of that mutation as compared to wild type DNA as can be 

seen by comparing graph A and F in figure 6. 

 

 

 

 

 

 

 

 

 

 

 

Specificity and exclusivity of Ultra was tested by running 30 isolates of nontuberculous 

mycobacteria (NTM) and 18 gram positive and negative bacteria through the assay. All tests 

came back negative, reporting: “MTB not detected”. In addition, they tested for the possibility 

Figure 6. Melting temperatures of rpo probes in each common mutant gene are represented by 

peaks. Shifts in the peaks as compared to peaks in wild type MTB DNA (A) are a signal that there is 

a mutation in the zone targeted by the rpo probe. [14] 



that NTM would be reported as positive for MTB detection by mixing 10^6 CFU/ml of several 

clinically relevant NTM with 50 CFU/ml of rifampicin resistant MTB. All tests showed presence 

of rifampicin resistant MTB. This was achieved by adding two probes for M. tuberculosis 

specific genes IS6110 and IS1081. The inclusion of these two targets also allowed for higher 

sensitivity. Samples that are positive for those targets but negative for the rpo targets fall into a 

new category, called “trace”, indicating paucibacilliary tuberculosis. 

Following this improvement, a study done by a group of researchers not affiliated with 

Cepheid conducted a multicenter, diagnostic accuracy study recruiting adults with pulmonary TB 

symptoms in South Africa, Uganda, Kenya, India, China, Georgia, Belarus and Brazil.  

The study found that sensitivity in Xpert Ultra was much higher than Xpert when it came to 

detecting MTB presence in sputum smear negative samples of pulmonary tuberculosis patients. 

They also found that the Xpert Ultra cartridge increased detection of MTB in HIV positive 

patients by 13% [16]. However this increase in sensitivity came at a cost to specificity. Although 

Figure 7.Sensitivity of Xpert and Xpert Ultra when assaying culture positive samples and smear-negative, 

culture positive samples. Specificity of Xpert an dXpert ultra when assaying culture negative samples, 

samples from patients with no history of TB, and samples from patients with a history of TB. This table 

also contrasts the change in sensitivity and specificity when “trace “ is accepted as a positive result. 



the two new targets IS6110 and IS1081, help differentiate NTM from MTB, they yield false 

positive results for patients with a medical history of tuberculosis treatment more than half the 

time. This specificity is expected to increase with time since completion of treatment and can 

take up to seven years to reach the level of sensitivity that Xpert has [16].  

The increase in sensitivity is due to the new result category “trace”. Different approaches 

to accepting “trace” as a positive result affect the specificity. As seen in figure 7, when trace is 

excluded from the result, sensitivity decreases for smear-negative samples from 63% to 54%. 

However, specificity is recovered, increasing from 93% in patients with a history of tuberculosis, 

back to 98% by excluding “trace”. It can also be observed in figure 8 that Xpert Ultra has the 

lowest specificity, but when the “trace” result is excluded, the specificity is on par with Xpert.  

 

Figure 8. Percent Specificity of Xpert, Xpert Ultra, and Xpert Ultra without trace in years following 

treatment. Specificity of Xpert Ultra witout trace is highly comparable to that of Xpert, whereas Ultra 

with trace has the lowest specificity during the first years after treatment [16]. 



Specificity in this assay is important to avoid exposure of patients to unnecessary 

treatment which is highly toxic and inconvenient. However, in places where mortality due to TB 

is high, or in individuals with low sputum bacilliary burdens such as children and people with 

extra-pulmonary TB, the Ultra cartridge can be the best approach. This becomes more evident in 

the graph below from another study which found that the deaths averted by Ultra when compared 

to Xpert were almost proportional to the mortality rates of the countries. In the WHO’s Global 

Tuberculosis Report from 2018, they released a list of 30 high TB burden countries. Included 

were India, South Africa, and China, which had a mortality rate of 31, 39, and 2.6 deaths per 

100,000 population respectively [17]. Figure 9 shows data from a modeling study conducted in 

2017 on the impact of Ultra as compared to Xpert [18]. On the leftmost graph in figure 9, it can 

be observed that deaths averted in China are much lower than in India and South Africa. 

Although they still showed a great increase in unnecessary treatments, it is much more justifiable 

when reducing the mortality rates in these burden countries. 

 

Figure 9. Deaths and unnecessary treatments averted per 1000 people evaluated by using Ultra cartridge 

as compared to Xpert. Unnecessary treatments are high in all three countries evaluated, but deaths 

averted are high in South Africa, making the use of Ultra more worth the risk. 



 

Conclusion: 

MDR TB is a man made phenomenon, developed through mutations that happen because of 

inappropriate or inconsistent treatment. It is a global burden costing thousands of lives every 

year. Immediate and appropriate treatment is not only important to avoid progression and 

mortality of the disease, but also to avoid the development of more antibiotic resistance in the 

microorganism. Advances in understanding the mechanisms by which resistance develops can 

have a major impact in understanding transmission patterns and the development of new anti-TB 

drugs. New technology like Xpert has been helpful in quickly identifying TB infection and 

providing a significantly accurate estimate of drug resistance in order to provide proper 

treatment. This is important to avoid unnecessary exposure of MTB to antibiotics, creating an 

ideal environment for MTB to develop resistance to the drugs. Xpert Ultra is not yet approved or 

available in the United States, but it has been shown to avert deaths in countries with high 

mortality and shows promise as a way to assay individuals with low MTB count if used in the 

proper setting. Xpert and Xpert Ultra both have different strong suits, and have to be tested in 

settings with different TB incidence and mortality rates in order to figure out how to more 

appropriately use this new technology. Used in conjunction, these two assays may significantly 

lift the burden of TB from the most affected countries and help to slow the rate of antibiotic 

resistance development through inappropriate patient treatment. 
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